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Abstract

Refuse truckscommonly referred to as garbage trucks are a critical component of a
muni cipality-s wa) Their pnmaary pugpese s todllectj trardspog t r
and deposit waste from households or businesses to designated transfer sites or dumps
Historically, refuse trucks have been powered by diesel fle.consumption of diesel

fuel paired with the frequent accelerations or decelerations between each residential
household along a route attribute to high amounts of tailpipe emissions and noise pollution
within neighbourhoodsThere is significant opportunity to explore avenues of powertrain

electrification in refuse trucks to reduce their emissions and improve energy efficiency.

To rapidly test promising powertraingehicle softwaremodels were deveped. To
accurately model the energy usage and power requirements of refuse trucks, environments
for the models to operatgere created. The environments were created usirgpard
diagnostic and positional data collected from refuse trucks in the Cidawfilton in

Ontario, Canaddl he data collection was done under a research collaboration between the
City of Hamilton and the McMaster Automotive Resource Ceiltne.approaches used to
develop the drive and duty cycles for the vehicle models offer soreative approaches

without the need for invasive devices to be installed.

The powertrains that were modelled inclsde allelectric, ranged extended electritda
conventional refuse truck®\ comparative analysis of thpumpto-wheel powertrain
efficiencies were completed looking at metrics such as fuel economy, payload capacity and

fuel costs.Lastly, a look at truck emissions from a welwheel perspectivavere
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completed to investigate the impact of each powertragreenhouse gassasdtheeffect

on air quality of their immediate surroundings.



/ dedicate this thesis to my family and close friends, who have pro\

me with never ending love and suppor
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Chapter 1

Introduction



Refuse Trucks

Refuse trucks, commonly referred to as garbage trucks are a critical component of a
muni cipality-s was Their prmaary pugpese iorcdllecti trandpors t r y .
and deposit waste from heeiolds or businesses to designated transfer sites or ddmps.
example of a refuse truck is shown belowFigure 1.1. Waste is typically stored in the
rear of the truck where it will be compacted to allow the truck to carry a large volume of

waste.

Figurel.1: A side profile of a refuse trudi].

The history of refuse trucks is fascinating, amddernday refuse trucks have been
servicing roadways for less than a centirgfuse truck innovation closely followed the
industrial evolution and the introduction of the automobifes cities became more
industrialized and populadle more robust methods of managing waste became more

apparent

Cities like New York, UScreateda sanitization department in the early"2@ntury to

develop methods of safely collecting, handling and disposing of waste, horse urine and



manure and othezontaminantsHere, sanitization pioneers made efforts utilizing dump

truck like vehicles to colleabadsidewvaste.

The first major advaneeent in refuse truck technology was the intrdduc of the
DempsterDumpstey George Dempster in 1932]. George utilized a wheeled waste
container that could be tipped mechanicatis containers were callest/mpstersvhich

was the first introduction of this word to English vocabulary. The next technological
breakthrougiwas in 1938 with the introduction of ti@arwood Load Packeroduced by
Garwood Industries in Detroit, Michigaf8]. The addtion of an onboard waste
compaction system allowed the truck to more than datbtapacity using a hydraulic

press.

Modern day refuse trucksperate usinghe same principlesut in a much more efficient
manner.These trucks vary drastically in size and function in different geological regions.
This is predominately because waste collection requirements are unique to each
municipality, regardless of being next to each other or on opposite sides of the world. First
world countries usually have a weleéfined waste collection operation where different
types of waste are handled accordingly. Traditionally, waste from businesses, construction
or demolition sites are handled by contracted waste disposal companiesipilii@as
typically handle waste collection from residential properties, commonly referred to curb
waste. In some cases, municipalities will contract this work out in part or full to a waste
disposal company. The techniques to handle different types ¢¢ weguire specialized

refuse trucks which are elaboratedSiection2.3.



To assist in defining the waste collection scope throughoutiisss some consideratns

need to be set. Canadian municipal eside waste collected from residential properties

will be studied. In Canada, this waste is commonly called munisgial waste (MSW)

and can be categorized into the following: garbage, leaf and (yafd/), organic,
recycling and other seasonal bulk items (Christmas trees, etc.). These types of waste are
collected from households, businesses, institutions and construction and demolition sites
[4]. MSW is defined as any material (Rbazardous or hazardous) that has no further use
and can be managed at recycling, processing, or dispos§kitElsisthesiswill primarily

focus on the collection of garbage and organic.

1.1 Background and Motivation

Heavyduty appications such as refuse trucks are expected to remain primdaggt
powereduntil 2030, whenzere mi ssi on vehicles such as batt
and fuel cell vehicles (F&/ - s ) are pr oj e cdorapdtitivée t diksel c o me
alternative45]. The motivation for this thesis stems from this idea, to take a deep dive into

electrifying refuse trucks to expedite this transition to &srassion vehicles.

A significant portion ofliterature aboupowertrain electrification and different areas of
powertrain optimization resides in the consuwiesel lightduty vehicle areaNith heavy

duty vehicles, there is a soft target for electrification, because the benefits are significant
Heavyduty vehicleanake up a wide array @fpplications ranging from long haul, short
haul, construction and utility usélhese different use cases carry varying degrees of driver

behaviour different vehicle sizes aratiditional functionalities that convention ligthtity



vehicles do not have. Additional functionalities can include thingsaliipping function

on a dump truck, a snowplow, a crane or a waste compactor on a refuse truck. All these
added functionalities usually dethuwadgimgwer p
a degree of complexity to powertrain electrificatidfost of these functions are driven

through hydraulics which mesh well with mechanically driven componé&idstrified
powertrainsntroducethe decision of continuing wittonventional fidraulics or switching

to an altelectric system to drive any additional functionalities.

To narrow down an area of heaslyty truck application, refuse trucks were chosen due to
their unique route characteristics, additional waste handling functioaatityheir integral

need in municipalitiesvorldwide Their route characteristics include numerous stops and
starts, changing in truck payloadd backto-base routine. Bacto-base means that refuse
trucks typically return ta centralized yard at the eofithe workday to park for the evening

and night. These route characteristics are similar to delivery vehicles as well, except
delivery vehicles do not have significant added functionalities that draw additional power

from the engine.

Literature on refustrucks sparsely populatesrtainareas of research. Little literature and
opensource data exists to quantify refusgck routes. This quantification includes drive
cycles, which descri bes t heSpecifichoiretuserrickss v el 0 ¢
are the ability to load, compact and offload waste throughout the day. These actions use up

fuel and add additional loading on the engine, that is documented irkegiiterature[6]

[71[8].



The waste collection efforts of refuse trucks contribute to around 40% of the total cost of
waste collection in municipalitig®]. As such, investigating avaas to reduce fuel costs

or move towards electrified powertrains is appealing from a business point of view, as fuel

cost make up a significant portion of coatsl can be very volatile in pric€o investigate

the usage of a refuse truck, is it conventerdo so in a software environment, to rapidly

trial different powertrain use cases in a refuse truck. Before modelling can be completed,
the refuse truck-s operating environment ml
cycle, how steep or sHalv the roadway grade is, how the payload of the truck changes

t hroughout the day and the additional | o ¢

compacting and unloading waste.

As previously mentioned, minimal data exists on the aforementioned quansfiable
Therefore, there is motivation to acquire this data directly from a solheeCity of

Hamiltonin Ontario, Canad#& a municipality thathe McMaster Automotive Resource

Centre (MARC) resideswhere studies for this thesis were being completedvas

convenient to approach this municipality given the proxiraitg their usage of modern

day refuse trucks. Data was | ogged from Ha

environment to simulate software models in.

Simulating different truck powertrasnandanalysng their efficiencieson reatllife routes
will aid in highlighting promising trends on where refuse truck technology might be

headed, in the age of electrification.



1.2 Objectives andContributions

The purpose of this thesis is to explore current literature contribugjmetsfic to refuse

trucks and explore less established areas of refuse truck operational trends and powertrain
modelling.Further, a streamlined and rovasive approach to gatheginefuse truck data

will be explored, to help pave the way for easy access to munwgsaé collection data.

Lastly, promising trends of electrified powertraigl be trialled using data from real

world refuse trucks. Th®our objectives of the thesare outlined as follows:

1. Complete a comprehensive literature review on current andddtétte-art trends
of refuse truck technology.

2. A comprehensivean-invasive data loggingpproach to gathering, processing and
analysng refuse truck data will be outkied. This data will be used to help
understand thevaste collectiomequirement$or the municipality of Hamilton.

3. Complete drive and duty cycles describing the kinematics and hydraulic loading on
the refuse truck throughout the day will be presemitro-trends will be explored
to highlight trends over many operation days and weeks on urban and rural routes.

4. Formulate and testehicle softwaremodels of baselin@s well aspromising
electrified powertrain trends thanight be beneficial to the City of iHalton and

conduct a comparative analysis between these powertrains.

1.3 Summary of Thesis

A chapter breakdown of the thesis is provided in this section. Chapter 2 discusses the

current state of refuse trucks with modeiay technology. The functionality ofrafuse



truck is explained along with what optiowsste collection consumers haaecesso. The
drawbacks of current heaxduty trucking powertrain technology are addressed, setting up

a transition to the following chapter. Chapter 3 explores the-astdte-art technology

trends where heawguty trucking and refuse trucks alike may dieected.Reatlworld

products are discussed and quantified to help strengthen arguments towards each respective

powertrain architecture.

Chapter 4 initiates the beginning of the contributions of this thedisetoefuse truck
industry. Here, the methodology behiddta logging realvorld refuse truck data is
explained and data processing techniques reveHteddata collected and processed from
real refuse trucks was prepared to be used in the next ch@ptgrter 5 explains the
workflow for developing refuse tok drive and duty cycles, to quantify the trucks
operation on a dato-day basisThe duty cycle of a refuse truck is composed of the power
and mass cycles which quantify thedraulic loading on the truck and the change in the

t r uc k - sCygearsgsitscaaddnacrdrends for weekly operational data are presented
and discussedMany derivatives from the collected data are provided, including stop
estimation along routes, road grade and-iggderencing to differentiate different route
characteristicsThe different route characteristics are defined as whether the refuse truck
is travelling between the collection zone, truck yard and transfer station or whether the

truck is collecting waste in the collection zone.

Chapter éexplains how the powertraimgeremodelled and simulated in tA¢47LAB and
SimulinkenvironmentThe modelled powertrains include a conventional diesel truck with

a 6speed gear transmission, ana#ctric truck and a range extended electric triitle
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parameterization and mass charaezsgion of the refuse truck were completed using
resources from the literature, manufacturer, physical truck and modelled environments.
Once the mass profile and parameters of the truck were determined, information about
route cycles from Chapter 5 wersead as inputs into the vehicle models to simulate how
each alternative powertrain would compare to a conventional diesel powered truck in the

City of Hamilton.

The modelled powertrain efficiencies were comparedCivapter 7in terms of fuel
economy,payloal capacity, emissions, aqmimpto-wheelenergy consumption codt.

was found that the a#lectric truck can withstand the same payload demands as the
conventional truck whereas the range extended electrichiactio sacrifice payload given

the maximunload constraints on the chassis. The electrified powertsemativeoffer
significant savings irenergy consumption costs, due to their better fuel economies and

lower energy unit costs.

A summary of the completed wqrkonclusions and future work are covere@€apter 8

Here, the contributions of thibesisto the literature are realizeButure work contains
insightful trends developed from literature reviews, working with a waste collection team
for a municipality and througlvehicle softwaremodelling environments. Th#esis

concludes with references.



Chapter2

Current Refuse Truck Technology
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This chapter introduces tloairrent statef refuse truck technologyat is present in most
first world municipalities around the world, specifically in North Amerib@sight is
offered into the near future fesome municipalities, whereas other municipalities may
alreadybepushing the statef-the-art technologyThe basics ohow a conventional refuse
truck uses its energy to function is explainedietail. In this case, conventional refuse
trucks are defied as trucks that utilize current or near futi@ehnologies. In the field of
heavyduty trucks, these technologiesnsist of large engines that consudiesel or

natural gas fuelLasty, types of commonly used refuse trucks will be explored.

2.1 Status of Refuse Trucks

The status of refuse truck technology largely remains unchanged since the development of
the early day loadepacker trucks Here, refuse trucks have traditionally used diesel
engines to propel the vehicle around and utilized hydsato handle the eboard waste.

What has changed over the years are refuse trucks have become larger, more fuel efficient
and smarter at route optimizationhey have also become more specialized for certain
waste collection applicationRefuse truckshat have waste loaded into the rear or side or

more commonly used on residential routes.

Trucks tha havefront or sideautomated loading arms typically service businessear@nd
more commonly being used in newer municipality waste programs to sehgge t
residential areasuch as irthe City of Mississauga located in Ontario, Candall-off

refuse truck primarily service constructicareas or used in junk clearing services.

11



Refuse trucks are responsible fesidential wasteecovery, whicltcan vay based on the
provincein CanadaAlberta and Saskehewarhave some of the highest amouoitsvaste
generatiorat 1007kg and881kg respectivelyper capitawhereas Nova Scotia and British

Columbia have the lowest 854 kg and 209 kg respectively in 20p2r capitg10].

Waste Generation by Source, 2012
(kilograms of un-diverted waste per capita)

Source
. Non-residential . Residential

1,000

500 I I I I I I I I I
0 .
Que. N.L. N.B. B.C. N.S

Alta. Sask. Man. Canada Ont.

Sources: Statistics Canada; The Conference Board of Canada.
Note: Data for residential and non-residential waste generation for Newfoundland and Labrador is suppressed by Statistics
Canada for 2010 and 2012, so the values reported here are from 2008.

Figure2.1: Residential and neresidential yearly waste generation per capita, for each projifte

Canada-s yearly average residential waster

kg in 2012 and about one third of this wastdiverted to recycling and composting depots.

Refuse Troks are commonly classified as heagtyty vehicles in Canada as their gross
vehicle weight rating (GVWR) typically falls within the clas$o@ categories, with class
8 trucksweighing over 14969kg[11]. As such, refuse trucksithin the same classification
of other heawduty vehicles such as lofitaules or shorthauler semirucks. Refuse
trucks are part of a specialized group of heduty vehicles thadeal with demanding duty
cycles. Other examples of truclise refuse trucks are dump truclsgrvice vehicles and
snowplows. These types of trucks are illustratedrigure 2.2. A duty cycle define
additional functionality of a trugKike raisng a crane or timg an orboardcontainer to

12



offload a payloadin the case of a refuse truck, theded functionality is loading,

compacting and offloading waste.

Figure2.2: Applications of eheavyduty truck Dump Truck (Left) Snowplow (Right)12].

Since refusérucks are part of the headuty industry, they fall under common scrutiny of
high emissionand the consequentidirect and indirect health impacts of these emissions.
Almost all heavyduty trucks in Canada (97.5%) are powered using diesel fuel, andlas
are a particular interest in climate change policy making in Cd®dahe consumption
of diesel fuel paired with the frequent accelerati@nsdecelerations between each
residential householdlonga routeleadto highamounts of tailpipe emissions and noise
pollution within neighbourhoodsAccording to energy use in Canada, heduy freight
vehicles (which includes refuse trucks) contribute yearly betwiger 19% of all
greenhousgas (GHG) emissiona the transpdation sectof13]. This is a dsproportional
representationf road emissions caused by all vehicles on the road. The number of light
duty vehicles far outweigh the number of hgaluty vehicleson the roagdyet the amount

of GHG emissions of heawjuty vehiclesis about half of lighduty vehicleg13] [14]
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[15]. These yearly GHG emissions have steadily increased fromta0®@18 by 19.5%

[13].

Further, because these trucks primarily usiesel fuel with compressieignition (ClI)
internal combustion enginesmissions from these trucks contain particulate még@ter)

and Nitrogen Oxides(NO.) which can directly impact the health of residents in the
immediate environment. Short term exposureNfO; is linked to adverse respiratory
effects, especially iatrisk groups such as childrealderly,and those with asthn{a6].

PM is also linked taespiratory as well as cardiovascular complications and has been
classified as a carcinogenic in 2012 by the WH6)]. Reducing emissions also benefits
heavy duty trucking economically, dgeicost d fuel is usually the largest operational cost

of truck fleets, at around 38 40% of costs pekilometre [5]. Based on the factors
discussed,mprovingthe fuel efficiency of these vehiclesll both benefit the economics

andenvironmental impact of operatitigick fleets.

Diesel powered heawvguty trucks are expected to dominate the industry until 2030, when
zeroemi ssion vehicl esFCB/ucsh aae DBEVWj®ctaad

competitive to diesel alternativesl.

2.2 Anatony of a Refuse Truck

The anatomy of eefuse truckcan varybased on the modelpplication,and geographical
location.At a high leve| arefuse trucks composed od chassis and wastecontainment

unit (WCU) that sinstalledontoachassis, illustrated below.

14
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Figure2.3: The Anatomy of aefuse truckincluding the chassis and waste collection [jit

The chassiscludes the powertrain, energy storagentrols,andthed r i vcahrFers
conventional refuse truck, the powertrain is composed of a fuel tank, engine, torque
converter, transmission, power ta# (PTO)and differential or final drive ratid:he PTO
is responsible for powering the hydraulic pump. The powertrain for a conventional refuse

truck is showrnn Figure2.4.

e — Fuel Tank .
=L
Torque issi
- —> Converter Transmission
u_\_/'u

Engine

. Y
Hydraullic Cj
— VVVVVVVVVVVV e —

Final
Drive

Figure2.4: A conventional refuse truck powertrain.

Duringwaste collection theVCU is responsible fostoringwaste compactng waste from
the hopper intdhe storage bodyand utilizing any loading armshat load waste into the

collection hopper atach household
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The chassis and waste collection unit are typically produced in separate facioned
by different companies. Established automotive companies such as \Raterpilt
Freightliner and morgroduce the chassighich is used for a wielrange of applications
The chassis can be used for refuse trucks butialsyp trucks, mobile cranesnowplows

and other types of service vehigle

The usigeof arefuse truckduring aday can be described by itsive andduty cycle The

duty cycleis composed oh mass cycle and power cycle. The drive cycle is a spretv
time profile that describethat kinematics and can be used with a complementary road
grade profileo capture the changes in elevation of the route. The mealesdescribsthe
change inpayloadof the truck as it picks up and drops ofivaste. The mass cycle is
important to consider assignificantly affectsthe road loadsf the vehicle over the day.
The power cycle includes all auxiliary power required perate the vehicle including
climate control of the cab and the power draw of the hydradiopactionsystem.
Together, the mass and power cyadscribe the additional truck functionality aareé used

in tandem t o def i fhecreabnefthtesedutylcycles cahedmg fromy c | e .

previous literature athrough infield data collection.

An important aspect ofefuse trucks isn the on-boardWC U . Wa@rd canmonly
powered using hydraulics or natural gas, with emerging state of the art technologies using
all-electric units. Typically, the compaction and lifting sequences of tié¢CU are
accomplished usingydraulicswhere thehydraulic pumpis powered fom the PTO. A
PTOallows a subsystem to parasiticallsawenergy from theransmissiorof the vehicle

shown inFigure2.5.
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Transmi sSsi 0]

Figure2.5: A schematic showing the power taé# connection on a mukl$peed automatic transmission
[17].

This means theump drive shaft isnechanicallyconnected t@n additionabutput shaft
of thetransmissiorandthe WCU has noternal energy storaggsually there is a marginal
gear ratio between the pump drive shaft and the transmission, where the pump \atll spin
a faster speed than the transmissizuring acompactionoffloadingor loadingcyde, the
hydraulic systenusuallyrequirestherefuse trucko be idlingas the higkpowerdraw for
this cycle will causa decrease in vehicle drive performance. When the PTO is engaged,
the enginespeedwill typically increaseand remain aa target speed depending on the
engine type andnanuf act ur er -Assistadphgdcauli€ liftmg tan benused
regardless of vehicle speasd theengine speed can remain close to,itheughthe vehicle
will mostly be stationary during this tinesthe operator will want to return the waste bin

to the same location.

Understanding the fundamentalsidstecompaction is a crucial part to thigesis as the
compaction process requires a very high amount of power to be drawn from the engine, or
in the case of an alélectrical vehicle, power from the high voltagdV) battery.

Compaction capability in a refuse truck is important as it enables the trgabkréomore
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wastein a smaller footprinallowing it to operate more economical§izing a WCU with

its compaction unit camary dramatically based on tle®untry, as research has found the
densities of waste can vary dramatically. Some factors affpeiaste density can be the
environment, as a more wet environment will lead to a higher water cam@mgst the
waste orvery sandy climates can lead to sand accumuldfi8h Further, studies have
found that more industrialized and developed countries typically have lighter MSW
densitiesranging from150 to 180 kg/m’ [19] [20], whereasdeveloping countriesange

from 300to 600 kg/m, with an extreme example of Gaza, Palestine having up to 1040

kg/m’ [18].

Apart from environmental differences between countries, other factors leading to high
densities in developing countriesuld be the lackf separation between MSW and organic
waste and less abundance of kg materials such as carboards, plastics and paer

The inability of some developing countries to adequately sepaaate into different areas

of disposal garbageLYW, organicsrecyclingand bulk itempputs more strain on refuse
trucks compared to more developed countassiess locations can be seed as the

compaction chamber of the truck will fill rapidiyith higher dense waste

The compaction system of a refuse truck will valightly based on whanodelof truck
is used, such as retwvaded or froMoaded refuse truckslhe basic anatomyfadhe

hydrauliccompaction system is shown beléov a rear loading refuse truck

18



Compaction
‘_ Chamber _‘

Moveable
Ejector Plate™

Rear Lift
\ Gate

Compactior
[ Plate

Collection
Hopper

Figure2.6: An illustration showing the basic system of a refuse truck hydraulic compaction system.

Overall, thehydraulic compaction system can be explained in the following steps:

1. Waste is loaded into a collection hopper by an operator or automated lifting arm

2. Waste will successively be added as the truck services a leading to the
waste in the collection hger to increasa volume

3. When the waste hopper is full, a compaction plate is hydraulically depressed
against the collection hopperveepinghe waste into the compaction chamber.

4. A moveable ejector plagrovides an even amount of pressure against astew
as it is pushed into the compactmramber anavill move horizontallytowards
the front of the chassis as the chamber fills.

5. When the truck visits a landfitir transfer station after the route is complete or
the compaction chamber is full, the corof@n chamber ishentilted upwards

and simultaneously the rear lift gate opens
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6. The moveable ejector plateenpushes all the waste out from the compaction
chamberNext, the @mpaction chamber is lowered aheérear lift gate closes,

allowing the refge truck to continue collecting more waste.

As mentioned earlier, the anatomyagefusetruckscan vary significantlyas sometimes a
lighter and shorter vehicle is required to be moemoeuvrablén urban settingsr a more
robust vehicle is required for higher payloads. For the vast amoefusedesigns, they
can be split into the following categories: Sidmder refuse trucks (SRT), Rear Loader
refuse trucks (RiRT), FrontLoaderrefuse trucks (FRT) and Roll-Off refusetrucks
(RO-RT). It is important to consider each type of vehiatethey are optimized at tackling

specificjobs

2.3 Types of Refuse Trucks

2.3.1 Front End LoadeRefuseTruck

FL-R T -fesature automated collection systems, where a lifting fork afrdm of the
vehiclelifts a bin and deposits it in a hopper locatedthe middle of the vehicleThese
types of vehicles are usually used to collect wimsteommercial and industrial businesses
that use large dumpsters to collect wastéront-endloaderwill collect more wasteer
stop comparedo a rear or side loadingefuse truck averaging around 1.5 6.1 cubic
metersor 180+ 280 kgper bin[21]. As a result of collecting more waste per stop, a front
endloader will make less stops per day as well, approximately+1D stops,and will
need tovisit a transfer station 2 4 times per day to offload wadi&l]. Additionally, the
compaction sequenaethe WCU is usually depl@d after a bin is collected, as the hopper
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will be full. The fuel economy of models agéd 6 years old was found to be 7100
L/100km [21]. The fuel economy is slightly better than side or rear loaders dtree to
vehicle being more active anadwaysand highways traveling between different pickup

areasas opposed to frequent pickups along residential routes.

Figure2.7: A Heil front end loathg refusetruck [1].

2.3.2 Side and Rear Loader Refuse Trucks

SL-RT and RLRT are very similar in application as they are both used to service either
commercial or residential properties. Rear loaders have a hopper at the rear of the vehicle
where waste is collected. Side loaders have a hopper between the vehicle cab and waste
reservoir, and waste is collected at the side of the veRialsh type of truck can also have

its WCU split into two compartments which allows the collection of more tree type of

MSW. A sideloader and redioader are illustrateoh Figure2.8.
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Figure2.8: Split rearloader refuse truck (leftHeil automated sidéading refuse truck (righfl].

The hoppers on rear loaders are commonly manually loaded or using a hydrssibtive
loading arm Similar procedures are used for side loaders as well, but new models can
feature an automated lifting arm that picks up whsteand disposes them into the hoppe
shown inFigure2.8. This eliminates the need for an operator to be outside the truck and
allows the driver to complete the route as apeeson crew. Because thagpes of trucks
frequently visit residential properties, who accumulate less waste on a weekiyeaakby

basis than commercial and industrial properties, the avéiageassrangel from 8+ 11

kg and up to 40 k{2]. Also,the number of stops per workday is the highest compared to
the other types afefuse truckst around 50@ 1200 cans collected, resulting in the truck
having to offload at a transfer station one to two times per day due to the high amount of
waste colleted. A study found the average fuel economy for trucks manufactured from
2009+ 2012 to be 60.% 130.7 L/100km for MSW22], with newer models achieving

better fuel economies.

22



2.3.3 Roll Off RefuseTruck

RO-RTsconsist of achassis and a detachable waste siown inFigure2.9. Therear of

the chassigantilt upwards to either dropff or pick-up the waste binThese trucks are
commony used for large scale commercial operations or removing waste from
construction and demolition sites. It should be noted that these trucks cdraasgmrt

MSW, such as when a homeowner is decluttering their househb&l chassis features
hydraulics todrop-off and pickup the bins but does not have @mboardcompaction
system like the other types of refuse trucks have. The waste that is placed in the bin is left
untouched and hauled off to a waste facildata orreal world duty cycleare less known,

as these trucks are typicalgperated by companies and not municipal governments.
Typically, 5 + 10 binsare collectedlaily containingaroundl11 + 30 cubic meter®f waste
each[16]. When a truck collects a bin, it will visit a transfer station or landfill immediately
afterand as such will be present on the highway more @iteopposed to more frequent
accelerationsrdecelerationfound in RL-RT and SER T - Fsr trucks manufacturddom

2005+ 2012, the average fuel economy ranged fddmt 67 L/100km[16]. This is the best

fuel economy compared to the other types of refuse trucks and is mainly due to the drive

patterns associated with this typetrfck.
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Figure2.9: Roll off refuse vehicle and waste collection [283].

2.4 CurrentFuelOptionsand Emissions

Current refuse trucks primarily rupff dieselin Cl-engines orcompessed natural gas

(CNG) andliquid natural gas (LNG) fuels sparkignition (SI) engines The usage of

diesel has been preferred in the past due to its greater esffigggncy compared to

gasoline. This alternative comes at the cost of harmful emissions inchativan dioxide

(COy), NO« and M. To mitigate some of these concer@§G or LNG powered refuse

trucks trickled into newealternative truck decisions whelder dieseltruck s s er vi ce |
expired.CNG fuel is bettr suited for refuse applications oueNG as CNG is typically a

cheaper fuelNatural gas is decoupled from the price of oil and as basla less volatile

price. The stable price of natural gakws fleet owners to more accurately account for

their operational costs.

These types of fuels come from nm@newable sourcess they are extracted from the
ground with a finite number of available resources. With texlégchnologyrenewable
alternaives exist for eacin the form of renewable natural g&NG) and biodiesel RNG

is the resultant of biogas formed from decomposing organic matter, whereas bisdiesel
24



manufactured from vegetable odsanimal fat§24]. Biodiesel is available in a pure form
known as B10. B5 and B2@also exist an@reblends of diesel and biodiesebntairng

up to 5% and & 20%o0f biodiesefrespectivelfj24]. RNG, B5 and RO carbeinterchanged
with their respective nerenewable counterparts with little to no vehicle powertrain

alteration, though B100 requiresodifications to the engine.

CNG has less energy density than LNG but because refuse trucks operate ottoa back
base route, the need for a higher energy dense fuel is usually not reGjbzetknsity of

CNG and LNG are betwed80+ 215kg/m’ and430+ 480kg/m’ respectively[25], based

on the operating temperature and pressitre fuel pricesn the United Statefor gasoline,

diesel, LNG and CNG iSD/GGE are displayed iRigure2.10, where GGE represents

the gasoline gallon equivalertistorically in the pastlO years, CNG has usually been
cheaper than diesel, gasoline and LNG. The price of LNG has been tracked since 2016 and
isusually cheaper than gasoline and dieBlends of biodiesel such as B20 typically track

the price of diesel.
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Figure2.10: Average retail fuel prices in the United Ste@4].

An importantfactor to consider while comparing different types of faetthe efficiency

and emissions associated wehktracting and delivering these fuels to vehiclaslirect
emissions and additional energy are required to extract fuels from their raw source and
transport the refined fuels topamp, where a vehicle can consume them. Thebigect
emissions and energysageare defined as wetb-pump (WTP)[26]. The WTP - is
defined as th@ercentage ratio of energy owtrsus energy in, to produce the fuel. The
primary focus on emissions are {80, andmethane CH.) as these types of emissions
have the most impact on global warmif&y]. In 2020, the U.S. GHG emissiomgere
composed of 79%0,, 11% CH, 7% NQ and 3% of fluoride gasdg&8], illustratedin

Figure2.11.
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Figure2.11: Overview of U.S. Greenhous Gas Emissions in J@30

Fluoride gases are a general term used to categorize hydrofluorocasidpts,r
hexafluoride, nitrogen trifluoride and perfluorocarbow$ich are synthetic and potent

GHG- s. These gases are typically globaltted i
warming potentiad (GWP)factors in the tens of thousan@WP describe how muchof

aneffect a gas has on warming the atmosphEne factors that affe¢tow large or small

a GWP value depends on the followii2g]:

1. How strongly do thg effect the atmosphere?
1 Different gasepossess the ability to act astronger blanket to warm the
earth-s at mos ph eritsradialive effeiencys quant i f i
2. What is their lifetime in thetenosphere?
1 Each gas remains in the atmosphere for varying amounts of time once it has

been emitted. This can range from a few years to thousands of years.

The lifetime and GWP for each type of GHG are showhahle2.1.
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Table2.1: Lifetime and Global Warming Potentials for various greenhouse gases.

GHG Lifetime (years) GWP (Average)

CGC; 300- 1000 [30] 1[31]

CH, 10[29] 28[31]

NO« 100[29] 265[31]
Fluoride Gaseg 3 weeks to 1000+ yeaf80] | 1000+ 10000+[29]

For the scope of emission analysis, fluoride gases will not be consaiethd emission
databaseseferred tothroughout thighesisdo not have infonationon the quantities of

these gasses that are emitted from refuse truck operation.

NOx and CH can bequantified as carbon dioxide equivalents ¢(€OCQeis a term used

to define all GHG-s wunder . @necriof@@nsaidtai t t h
have a factor obneor a GWP ofone NO, and CH emissions can be converted to CO2e

using the corresponding GWP factarsTable2.1. CO.eis calculated using the following

formula:

650 220 Eq.2.1
Owv

For each type of fue(diesel, biodiesel, CNG and LNG), the efficiencies of energy

production and emissions associated with Vi{j€PoneMJ of energywere obtained from

' The lifetime of CQ can vary dramatically based on the natural process of carbon dioxide reabsorption by
the environment.
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the Argonne Greenhouse gases, Regulated Emissions, and Energy use in Technologies

(GREET) mode[32]. These metrics are displayedTiable2.2.

Table2.2: Comparison of different fuel types attetbir WTP impacperoneMJ of energy consumed

Criteria Diesel | Biodiesel | Gasoline| CNG | LNG

WTP-[32] 84% 91% 82% 86% | 83%

WTP CQ Emissiongg) [32] 1226 1357 1548 848 | 1069

WTP Additional Emissions- COe (g) [32] | 7.40 7.13 1271 | 17.13| 13.66
Fuel Cos{USD/GGE)[24] 2.89 2.90 2.89 213 | 252

2.5 Compressed Natural Gas Refuse Trucks

For all types of refuse truslkdiscusseth 2.3, CNG can be used as an alternative fuel type

to dieselThe use of CNG powered refuse trucks have become more popular in recent years
as they haw alower GHG emissionNO. emissionsand quieter operation compared to
diesel power trucksA studylooked at the operatiah dataof CNG refuse trucksvhere

70% of the sample sizeas composed of SRT and FL-RT, and the remaining percentage
wereRL-RT and RORT [33]. In thisstudy, the realworld fuel use and tailpipe emissions
wereassessed.ike their dieselpoweredcounterparts, SIRT and RE:RT have worse fuel
consumption comparddO-RT due to the increased number of stops and lower sustained

speeds.

Most new CNG trucks used -8hgines but are still regulateshder the heavduty Ck

enginestandardg34]. CNG engines are usually less efficient than dieked to the

? For B20 diesel blend. WTP efficiency does not include energy captured by plants through photosynthesis.
* CO, equivalence includes Gland NQ
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volumetric efficiency of injecting gas with air, compared to injecting liquid diesél at

[33]. The volumetric efficiencies of diesel and CN€& approximately 0.70% and 0.62%
respectively. Additionally, both engines have high compression ratios with CNG as 12:1
and diesel as 17:1. To summarize, diesel engines can getheragame amount of power

as CNG with less fuel.

It was also found thahe emissions of a loaded CNG refuse trimtkeasedNOx by 47%,
CO by 31% anthydrocarbonsHC) by 300% on highway drivingersus an unloaded truck
[33]. A variety of CNG refuse trucks were considered, using a Cummins 1&20x35
kW engine.For an SL-RT, the fuel economyanged from138.4+ 180.9 DLE/100km
where DLE represents the dieigle equivalentor the amount of natural gasquired to
have the same energgrient as diesel fudkor an SL-RT the fuel economy ranged from

94.0+ 117.6DLE/100km.Thetruck models were manufactured in 2012 and 2013.

2.6 HydraulicHybrid Refuse Truck

A type of hybrid powertrain more commonly found in heawy trucks uses
hydropneumatics accumulators that store some energy during bridkishgwulic hybrids
can be arranged in series, parallel or squawllel similar to electrified hybrid
powertrainsDuring acceleration, this stored energy can be spent to assist the vitécle.

powertrain is shown ifrigure2.12, and has the following functionality:

1. When thevehicleis turned onthe engine anchotorfoump charge the higpressure

accumulator
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2. As the vehicle accelerates, the energy stored in thegdmggsure accumulator is
used The highpressure fluid flows from the higbressure accumulator to the low
pressure accumulator, turning the motor/pump in the procédwen the
accumulator can no longer suppénergy, the engine supplies energy to the
powertrain.

3. When the vehicle brakesome braking energy is routiaiough the pump intthe
high-pressure accumulator.

4. At high speeds, thengine supplies all tractive effort to the powertrain

B . ]

v
Engine Transmission Final
Drive

J—'i

Motor &
Pump

<LOW Pressure < ><—ﬁ
(High Pressure <

Figure2.12: A parallelhydraulichybrid powertrain.

In the case of a seriéydraulichybrid, the powertrairtan recoveup to 70% of energy
that would be lost from brakir[§5]. This energy recovery paired witte hydrostatic drive
assisting the mechanical drivaljows this powertrain to reduce fuel usage and in turn

reduce emissions.
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2.7 Summary

In conclusion, the current state of refuse truck technology was expldredunctionality
of a refuse truck has been defined along wtthaccessonhydraulic systems thadre
responsible for loading, compacting and offloading wasteeview on the most popular
types of refuse trucks including RRT, SL-RT, FL-RT and RGRT was completed from
available literatureThe impact of conventional refuse trucks on the environrasniell
as different fuel alternatives has been investig&teallow for comparisons to be made

between electrified powertrain alternatives.
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Chapter 3

State of the Art Refuse Truck Technology
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In this chapter, statef-the-art powertrain technology will be discussed as it appbe

refuse truck application¥.ehicle electrification is rapidly accelerating in many avenues of
vehicle uses, most popular in consumer leuad light-duty vehicles.Some comanies

have started offering medium and healty electrified alternatives for many use cases
such as buses, school buses, delivery vehicles and refuse trucks. Some of the discussed
powertrain technologies in this section are theoretical, whereas some beawve

implemented into real world vehicles.

3.1 Battery Electric Refuse Trucks

BEVs offer an exciting alternative to the way traditional refuse trucks have operated in the
past. The nature of refuse truck operation involves a large diesel engine that puppdies

to the powertrain and hydraulic system to complete tasks such as waste compaction,
offloading and loadingThe large diesel engine must frequently operate in regions where

it is less efficient. Due to high road loads and typical driving habits iassdavith a refuse

truck, the diesel engine must be sized to provide high torque at low sGeadeguently,

when the truck is idling or operating the PTO, the engine is running in inefficient regions.
Additionally, a refuse truck makes many stops amgtstalong its route which puts the
diesel engine imefficient regions as the vehicle is accelerating twss of kinetic energy

to heat from the brake pads or air brakes being used to slow the truck down.

The scenario of high torque and slow speedatp®r, paired with frequent stops makes a

refuse truck a perfect candidate &mry sort of powertrain electrification. An electric motor
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can operate in much higher efficiencies under the same conditions and can utilize
regenerative brakindregenerative laking is a term used to define diverting some or all
braking energy into another form of energy rather than heat loss. In the application of
electric motors, an electric motor can act as a generator which resists the motion of the
vehicle in turn slowingthe vehicle down and converting some kinetic energy into electric.
The advantages beyond regaining kinetic energy are that brake pads will experience less

wear as they are used less oftertpgurovide lesser stoppirfgrces

A battery electric vehiclesialso more mechanically simptéan a conventional or hybrid
vehicle. The powertrain is composed of a battery, inverter, traction mwat@noptional

final driveratio, visualized below irrigure3.1.

Traction Final
Battery { Inverter } Motor .

Figure3.1: A battery electric vehicle powertrain.
The attractiveness of adllectric refuse truckeasbegun to make sense to manufacturers
as battery energy densities have risen and the cost per kWh of battery packs have dropped
over the years. The battery pack can be viewed as a significant drawhatklextric

heavyduty vehiclesas the volume, mass and cost aanas barriers for manufacturers to
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enter the market. In the follamg subsections, two manufacturers who have entered the

all-electric refuse truck market will be explored.

3.1.1 MackLR Electic

The Mack LRElectricis an example of a class 8, fully electric refuse tiihet integrates
an allelectric chassis with a hydraulically powered W.Albie specifications of this truck
model arddisplayed inTable3.1 and wereobtained from press releases and specification

sheetg36] [37] [38].

Table3.1: Mack LR Electricrefuse truck specifications.

Specification Value Specification Value

Curb Mass Not Specified Transmission 2-Speed

Battery Capacity / Range 376 kWh Charging Time 120 min @ 150 kwW
Range (on the job) 160 km Waste Handling Unit

Battery Chemistry NMC Manufacturer Heil DuraPack 5000

Dual Traction Motor Model Capacity 11500 kg

Power Rating 130 kW (each)
Peak Torqug 5500 Nm

The Mack LR Electric can be used for both recycling and refuse colle¢tienorrboard
HV battery supplies energy to &l components, as well as the accessory low voltage
componentslt features a twestage regenerative braking system to help limitvibkar on
brake pads and regain kireeenergy that would otherwise be converted to heatide

profile of the Mack LR Electric is shown Figure3.2.
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Figure3.2: A side profile of the Mack LR Electric refuse truck.

3.1.2 Lion8 Electric

The Lion8 is an alklectric automated side loadingefuse truckproduced buy Lion

Electric. Some important specifications of thehicle are listed beloyd9] [40].

Table3.2: Lion8 Electric refuse truck specifications.

Specification Value
Tare Weight Gross Weight 11 200/ 24766 kg

Battery Capacity Range 336 kWh/ 274 km
Battery Chemistry NMC
Maximum Power Torque 350 kW/ 3400 Nm
Traction Motor Model Dana TM4PMM

Waste Handling Unit Boivin Evolution (Electric)
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Figure3.3: Lion8 refuse truck with 8oivin Electric waste containment unit installed.

The Lion8 truck is composed afchassis made by Lion and a wastetainmentinit made

by Boivin Electric.The vehiclecan reduceperating energy costs by 80&a,eductionof
60% in maintenance costs and a further 50% reduction in energy consurnptiba
electric WCU compared to a hydraulic W(8B]. Some benefits of an atlectric truck

are the reduain of working fluids used, such as hydraulic fluid, oil and power steering
fluid. Also, the presence of regenerative braking ensigmificantly prolongs the life of
brake padsSince less serviceable parts are in the vehicle, a reduction in possibigngew

could be seen.

The Lion8 paied with the Boivin Ectric WCU is capable ai 210 km range and the
ability to service 1200 homeAdditionally, theBoivin Electric WCU can be paired with
a diesel truck variant, replacing the traditional hydraulic ped/&/CU. This can lead to

afuel costsavingof 35%.The WCU capacity can range frakh + 25 nf.

This allelectric truck has zero tailpipe emissions and would be beneficralnaipalities

seeking better emission initiatives. Traditional refuse trucks have a large diesel engine that
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is responsible for both the acceleration of the vehicle and the hydraulic compaction cycles.
This creates a very noisy environment compoundedsbyofithe compaction cyclkehen

the engine is idling, producing even more noise. Because of this, refuse trucks are usually
limited to specific operating houtsecausef they ran too early in the morning or during

the night, residents would be awoken bgit noise.

All -electric trucks might be able to tap into different operating hours due étirtliration
of most noise previously caused. Earlier morning operating hours could allow trucks to

avoidheavier traffic during popular commuting times to work.

3.2 Hybrid Electric Refuse Trucks

3.2.1 Series Hybrid Powertrain

A type of hybrid powertrain that may ledfective in heawyduty applications are parallel

hybrid architecturesAn illustration of this powertrain architecture is showrrigure3.4.

A series hybrid includs a enginethat is mechanically decoupled from thee hi c | e - s
powertrain. The sole purpose of thiegineis to provide mechanical power to a generator,

that outputs electrical power in combination with an invefitee truck is powered entirely

by a main traction mototike a BEV, which draws power fromHV battery. The series

hybrid powertrain configuration is commonly referred to as a range extehedce

vehicle (REEV).This is because then-boardengineand fuel tank provide extra range to

the allelectric portion of the vehicl&imilar applications of series hybrid architectures for

refuse trucks are available in the literatj4#].
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Figure3.4: A range extended electric vehicle powertrain.

3.2.2 Wrightspeed

Wrightspeed is a company that specializes in retrofittimgpmercial heawguty trucks
such ashauling trucks or refuse trucks with an electrified powertrain, instedzkiofy
solely mechanical. The electrified powertraiapresents a series hybrid configuration
meaning theon-boardengine is deoupled from thdraction wheelsand one or more

electric motors are solely responsible for traction efforts

A REEV benefits in many waylike a BEV, as itcancapture regeneration energy from
braking andsields high traction efficiencies using electric machines. FurthREEV can
maintain desirable ranges as it can store a fuel such as gasoline or diesehmghich
significanty more energy dense than traditional lithiimn batteries. Because a REEV has
great range capabilities, th#V battery that is used tdrive thetraction motor can be
designed with high power densityattery cellghat often have low energy densities. This
means the battery will be able to provaleigher charging and discharging acceptance to

the system, increasing the yield of regen enemyigher acceleratianat the wheels. A
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battery pack that suits these needs will often discharge quickiyghout a cycle and have
rangelimitations, but these limitations will be offset by the energy supplied by the engine.

TheRoute1000 from Wrightspeed yields aroué kilometresof pure EV energy42].

Since the engine is no longer responsible for traction, the existing engine can be
significantly downsizedrom a large diesel engine ta@asoline or compressed natural gas
engine. The latter enginesll result in reduced GHG emissions and other texsuch as

NOx and PM compared to a diesel engine. It should be noted though that companies have
the option to use a smaller diesel engine as well, if thaéstieg infrastructure for their

truck fleetsfavoursdiesel more heavily than other fuel types.

Wrightspeed supplies different powertraitts customers seeking a new life for their
vehicles. TheiRoute1000which is used for refuse vehicles boasts aicédn of 60% in
fuel consumption paired with around $400in savings for annual maintenance and fuel
costs[42]. Typically, these vehicles will be outfitted witma&B0kW generator295 kW
traction motorand a fuel economy of 5.5 MP(42] [43]. The total cost for a retrofit is

estimated at $25000[44].

3.3 Hybrid Energy Storage Systems

A unique type of electrified poweriraarchitecture uses a hybrid energy storage system
(HESS). A typical BEV utilizes one type of energy storage system (E$®)h is battery
pack made up of identical cell$he benefit of using a single ESS includes a lower
complexity and more simplistEMS. A drawback of a single ESS is the inability to further

optimize f or t heBase@&dnithe Vekiclesequargmeritsi andapowertrain.

41



architecture, an ESS could be required to be more power dense or energf dens@on

trend amongst ES®¢hniques is to maximize tivehicle range by selecting battery cells

that are more energy dense than power dense. In a refuse truck application, the vehicle
would benefit from having an ESS that is power dense as well, to benefitémtoring

more regearative brakingand higher power output due to the battery pack being able to

supply a higher current during charge or discharge

The ESS structure of a BEV is prone to high peaiverage power ratios, and as such,

the battery type and pack configuratiselected for the vehicle must be oversized to
account for either the lack of energy or power dengiis The effect of frequent high

power loads on the ESS has been found to result in reduced battery cycle life, as various
literatures have reported findings of improved battery life whe#oaffing high power

loads from the main ESS to an internal combustion engine or alternate ESS such as an

ultracapacitor banfd6] [47] [48] [49].

To address the concern of high pgalaverage power ratios, the ESS can be hybridized
into a HESSusing two more types of energy stora®@me common combinations of

di ffer awmltde:ESS- s

1. Battery+ Supercapacitor
2. Fuel Cellx Supercapacitor

3. Fuel Cellx Battery+ Supercapacitor

This allows usage of both high energy and high power components to create a more robust

ESS that can be tailored to a specific application. A common trendtfre literaturg¢50]
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[45] [51] tends to pair batteries with ultracapacitors. This is because battery technologies
traditionally have a high specific energy and suffem cycle life limitations, whereas
ultracapacitors have a high specific power and have extremely long cycle lives. The

differences in specific power and energy are visualized beldugure3.5.

Cell-Level Specific Power and Specific Energy
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Figure3.5: Various Batteries and ultracapacitors plotted by specific energy (Wh/kg) vs specific power
(W/kg) [52].

Apart from reducing the high ratio of petik average power loads, implementing a HESS
has the potential to reduce theeck size of the main high energy battery ESS. Traditionally,
BEV-s wutilize high energy batteries to maxi
in oversized battery packs to meet the high power requests of the vehicle. By offloading
these high peer requests to a secondary high power ESSithenergy battery can then
be optimized to be smaller, while not sacr
well as, by having a secondary high power ESSptimearyhigh energy ESS can be sized

with a lower power rating, allowing for less expensied options to be exploreld3].
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3.3.1 Topologies

Different topologies of a HESS exist based on how the ESS components are arranged and
controlled. If a battery (high energy component) and ultracapacitor (high power
component) are considered, they can be arranged in the following ways with respect to the

main DC bus of the vehicle:

1. A passive topology has both the battery and ultracapacitor dirextjled to the
DC bus and is shown on the lefthiigure3.6. This is the simplest and lowest cost
topology. As such, the battery and ultracapacitor must be sized th riied
required DC bus voltage, and no control over the pespét between the battery
or ultracapacitor. Also, utilization of the ultracapacitor voltage variation (ability to
charge/discharge) is insignificant due to being directly connected with tteeybat
ESS[51].

2. A semitactive topology had one ESS connected directly to the DC bus and the other
connected through a udirectional or bidirectional DC/DC converter. By
connected the ultracapacitor through the DC/DC seeth@nmiddle portion of
Figure3.6, the voltage requirements of the pack can be reduced, leading to a smaller
pack size. Further, the DC/DC converter allows the ultrac@pgtack to have
significantly greater variation in voltage compared to a passive topology, allowing
for deeper discharge and charge cycles. Additional control strategies can be utilized
to control the power that flows to or from the DC/DC converter,ihgato a

reduction in the ratio of averagdo = peak power fluctuations in the batt¢bp].
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The disadvantages of this topology are the added cost and complexity of the DC/DC

converter and control scheme.

3. A fully activetopology is a continuation of a seractive topology in that both the

battery and ultracapacitor are connected to the DC bus through a DC/DC converter,

shown on the right oFigure 3.6.

Thi
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ESS-s

reduced, resulting in the reduction in the pack sizes of the battery and ultracapacitor.

The complexity of this topology is increased compared to the-getime HESS.

Because of the addition of ahetr DC/DC converter, the added weight of the HESS

control system may begin to be a more significant disadvantage.
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Figure3.6: Left: A passive HESS topology. Middle: A seattive HESS topology with thdtracapacitor
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connected to the DC Bus through a DC/DC converter. Right: A-adtive HESS, where both the battery

and ultracapacitor are connected to the DC bus through DC/DC converters.

While considering the HESS topologies, it becomes apparent tttaaddition of DC/DC

converters adds a level of flexibility for a control scheme and operating voltage range, at

the expense of added cost and complexity. Most literatures have used one DC/DC

converter, or a senactive configuration, as it overs a gowddeoff between flexibility

and complexity{50] [54] [55].
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3.3.2 Hybrid Energy Storag€onfigurations

Within a desired HESS topology, there exists various configurations®+ES t hat c an
used based on the application. Typically,
one is a high energy (HE) energgurceand the other is a high power (HP) energy source.
Conventional BEV-s util i z esiuglktgpetof\HR battesyf e n e
connected in series and parallel to create a battery pack. Since only one type of battery cell

is used in the pack, the power capability and energy storage are constrained to the cell type
and cannot be modified independer{¢#]. By using a HESS inside a BEV, the power
capabilities and energy storage can be considered separately as a HP energy source can be
used to offload peak power demands from the HE energy source. This gives the opportunity

for the HE energy source to be sized down accordingly by shifting more focus towards the
energy storage requirements. Typical candidates for HE and HP energy sources are

described below.

High EnergySources
NCA (Nickle CobaltAluminium Oxide)

This battery célhas great energy density (250 Wh/kg) and a power density of 1.3 kW/kg.
The lower power density is due to its high pulse resistance measured using the hybrid pulse

power characterization tel§i4].
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LG 1865HG2

This low weight and high energy capacity allow this cell to have an energy denz4§ of
Wh/kg. This isa significant amount cdpersourcedata on this cell type which makes it

useful for vehicle modellingb6].
Fuel Cell

Fud cells are great high energy density sources and work similar to batteries, although the
fuel cell itself does not deplete such as a battery cell [@G¢sA fuel cell requires a fuel

to operate continuously, such as hydrogehe application is a hydrogen fuel cefuel

cells are like batteries because they convert chemical emeogglectrical energyexcept

they camot be recharged. As such, fuel cell electric vehicles (FCEV) are typically
produced with an eboardHV batteryto accept regenerative braking. The battery and fuel
cell can be configured to work with each other in a HE#IBwing either component to

be downsized in power capacity due to the use of a DC/DC conveutgrcels area
magnitude higher irnegy dengy than traditional Liion battery cell technologywith

somefuel cells having an energy density of over 1600 WH#g].

High PowerSources
Ultracapacitor

Ultracapacitorsare like capacitors as they can discharge and charge rapidly, but
ultracapacitors have much higher energy capacities compared to capacitorfiaveey
very high power densites in the magnitude of many kW/kgnd low energy densis,

typically less tharl0O Wh/kg as seen ikigure3.5. The energy that an ultracapacitor can
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store is a function of its voltage. Due to the low energy density of ultracapacitors, many
are needeth a pack to have a meaningful impact on energy storage. Ultracapacitors can
be utilized in a HESS through a DC/DC converter, allowing the ultracapacitor pack voltage
to be lower than the HV DC busltage sdess ultracapacitorareneeded in a pack to

reach a desired energy storage capacity.
LTO (Lithium Titanate Oxide)

This battery type has a lithium titanate oxide anode and a nickel cobalt manganese cathode
[59]. The lower voltage of these battery cells istabilizing feature that eliminates the
production of the solid electrolyte interface (SEI) film on the anode. This production of
this film over time leads to decreasing battery capacity and thickening of the SEI film,
which in turn increases the intermakistance of the batte[§9]. As such, LTO cells are

more resilient to aging, have excellent low temperature charging and hiatie Charge

and discharge performanf&#9]. Due to the lower nomihaoltage of the cells, the energy
density is low but the power density is high, compared to other types of litbiucell
chemistries, at (6@ 75 Wh/kg)[53] and 3.2 kW/kd54] respectively. Du¢o the resilience

to aging, these cells typically have a much longer cycle life, in the range of >5000 cycles.

3.4 Summary

This chapter explored the current state¢he-art powertrain alternatives to traditional
internal combustion engine (ICE) vehicledl-electric and a ranged extender electric

vehicle were introduced as alternative powertrains to be the area of focus for the remainder
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of the thesis Real world examples of both powertrains were explored to verify their

feasibility in a refuse truck applitan.

HESS-s were explored as a theoretical al t e
heavy duty vehicles has been documented. The benefits of a HESS could become more
prominent regarding fuel cell application in refuse trucks. The high energytydehfuel

cells makes them an appealing ESS for refuse trucks over current battery pack technology,

due to the significant weight of battery packs sized for helany applicationsFuel cells

typically operate in only one direction, converting chenpoaéntial energy into electrical

energy. As such, pairing a fuel cell with a smaller battery pack in a HESS might make
sense. The battery pack can act as buffer to current fluctuations on the HV DC bus and

accept regenerative braking currents when trektisibraking.
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Chapter 4

Data Collection for Refuse Trucks in Hamilton
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This chapteiintroduces the waste collection requirements of Hamgtoa the rationale

behindthe decision o i mpl ement a data | ogger device |
fleet. The data logger selection and-get are introduced and explaineéin in-depth

review is conducted on how to log and decoslordedSAE J1939 orboard diagnostic

(OBD) datain refuse truckencluding time alignment between data streams, engine torque
percentage conversions, truck payload and elevation $atae data processing logic is

shared to assist in streamlining a data decoding process for similardhggvyucks tha

use the SAE J1939 protocol.
4.1 City of Hamilton Waste Collection Trends

Understanding thevasterequirements of region wherea refuse truckwill service is
necessary to properly size a truck and assist in finding efficient poweattainatives

The city of Hamilton was selected becausés the local municipalityo where research

was being conductetlamilton, Ontario, Canada is located near Toronto on Lake Ontario.
The city has been split up into three zones for the duration of this studyodeimeludes

dense urban regions like the downtown core and surrounding tightly packed residential
areas. The types of properties here are primarily industrial, apartment complexes,
commercial and various types of dwellings. Zdwe is comprised of Dundas ahalwer

west Hamilton. These properties represent a more traditional suburban area with
significantly fewer industrial properties than zayee Flamborough is Zonthreeand is
generally a more rural area composed of farmland with properties that areoneae cut

and clusters of suburban areas. These zones are illustratedi&ligure4.1.
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Figure4.1: Map of Ontario, Canada with amlargednap for the City of Hamilton. Notable areas include

Zoneone Lower Hamilton, Zondéwo: Dundas and Lower West Hamilton, Zaheee Flamborough60].

Hamilton has stark differences between its urban and rural communities due to different
types of barriers including physical and socioeconomical. The Niagara Escarpment
physically separates areas like Flamborough and Ancaster from the lower valley which
includes Dundas and lower Hamilton. The escarpment acting as a barrier and the Ontario
Green Belt above the valley act as driving factors which lead to dramatically different use
of land. This leads to Dundas being mostly a subuabaa butravel a few hundretheters

to the other side of the escarpment to Flamborarghitis mostly farmland due to the
Ontario Green Belt. Similar trends can be said between lower Hamilton and Ancaster
where the escarpment acts a barrier between lower income communitiesowttieveh

core in lower Hamilton compared with higher income communities in Ancaster. These

differences between communities lead to a varying requirement in waste collection, and as
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such the city must accommodate for these differences and ensure theflegtuckup to

the task.

Waste is collected weekly in each of the three zones in separated bins containing garbage,
organic and recyclingMlost waste is manually loaded into the municipally owned trucks,
where some trucks have an assistive loading arralpotip heavier bins into the collection
hopper.Based on a collection route report completed by the[2@y, the approximate
number of propertiesf zones one to three are the following: 40,000 properties, 11,000

propertiesand 13,000 properties.

The garbage disposal needs for each of the three zones in Hamilton from May 2019 to
April 2020 are shown iffigure4.2. The trends here are important in determining the needs
for each zone, as differences in the number of properties, geographic location and type of
property can vary significantly. It can bees that Lower Hamiltofzone 1)has the highest
requirement for garbage collection wher&@sdas and West Lower Hamilton (zone 2)

and Flamborough (zone 3equire comparable amounts of garbage collection. Overall,
zone 1 produces approximately 0.57 taper property on an annual basis, whereas zone

2 and 3 both produce around 0.41 tonnes.

The city handles collection of garbage and organics while contracting out recycling
collection to a waste collection company. As such, the scope of data analystesncl
garbage and organics and excludes recyclables. CompilifgSM collection data for

each zong20], produces the following trends displayedrigure4.3. Trends seen from
garbage collection have notable peaks occurring in May and October. A culture aspect in

Canada that occurs in Hamilton is spring cleaning, which is an activity many residents
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participate in after the winter seasaslsubsided. This can involve decluttering of items

in and around a household, contributing to a highannormal disposal of garbage in

May. Another trend is with LYW, where higher amounts are disposed of during the months
of November, May and June. Td&months correspond with seasonal factors such as leaf
fall during autumn or the start of gardening season in May and June. Another cultural factor
in Hamilton is the disposal of Christmas trees where 40 tonnes (zones 1 through 3 have 17,
8 and 17 tonnesollected respectively) were collected from each of the zones during late

December and into January.
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Figure4.2: Annual garbage collection per zone. Zone 1: Lower Hamilton, Zone 2: Dundas and Lower West

Hamilton, Zone 3: Flamborough.
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Figure4.3: Annual municipal solid waste collection for zones 3, split into the following waste

categories: Garbage, Organics, LYW and Bulk.

To service all theslecations, the refuse trucks run on predetermined routes 5 days a week,
reaching different areas within the zones each day. Most refuse trucks are rear or side
loading vehicles with some being a split bodies capable of collecting two types of waste.
Two sdeloading trucks are used in the Downtown Cleanliness Progwdrith is an
initiative by the city to collect streside public waste container§he split bodies can
either collect garbage and organics or LYW and organics. The number of trucks in the

city - s f | e einTahled4d , withhnost ofthem being class 8 trucks
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Table4.1: A breakdown of the City of Hartdn's refuse truck fleet.

Type of Collection | Number of Trucks
Garbage 8
Garbage & Organics 10
Organics & LYW 8
Bulk Waste 2
Downtown Cleanliness 4
Spare 6
Total 38

As discussed, the city has information on how much waste the city prodaitgs
approximate number of stops along some routesganéral information on their truck

fleet using fleet telematic software. The city does not Kagh fidelity data on truckm

their fleet,which is required to approximate the energy and power demands that their trucks
are exposed to daily. Understanding these energy and power demands is critical in
determining what electric powertrain alternatives might meet the demanciythas on

waste collection. High fidelity data for energy and power approximations typically requires

a resolution of 1 Hz or less and examples of this data can include:

1. Vehicle speed and GPS location
2. Truckcontrollerarea network (CAN)nformation

3. Route information such as number of stopsyemental change in payload, the

activation of the PTO

Since thigype ofhigh-fidelity information is not available directly from the city, a method

to capture this datadsitu had to be developed. A type of data logger that can record both

GPS and CAN data
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4.2 Data Logger Selection

To create a duty cycle that represents the functionality of a refuse truck in Hamilton, an
OBD data logger with GPS was installed as a-imvasive aproach to collecting data.

The chosen data logger was tB&Nedge2with the CANmod.GPS addn [61]. This

device was chosen because of its small footprint and low power draw from the truck (~2
Watts). This means the dataloggetwi not affect the operator -
require any additional sensors installed into the truck. The data logger plugs into the trucks
J1939 OBD port and is capable of logging J1939 OBD and GPS data at a sampling rate of

1 Hz to an extractde memory card. Each d&ytalledapproximately 100 MB of raw data.

The logged parameters are displayedable4.2.

57



Table4.2 Logged parameters from ti@dNedgeata logger with CANmod.GPS attachment.

4.3 Datalogger SelUp

The CANmod.GPS plugs into théANedgeZand theCANedgelugs into theCAN or

J1939port nsi de t

he dri ver - s ,sboabinFigurdd.y. THispat

Device Parameter Unit Device Parameter Unit
Time Epoch Engine Speed RPM
Altitude m Engine Torque %
Vehicle speed m/s FuelConsumption L/h
CANmod.GPS| Latitude and Degrees Engine Air Kg/h
Longitude Mass Flow Rate
. CANedge2 —
Pitch Degrees Trip Distance m
Roll Degrees Ambient Temperaturg  °C
Transmission Gear | R, 1+6
PTO Governor Switcl] ON/OFF
Brake Switch ON/OFF

steer

provides both rau€ AN data and power to both units making this set up very easy to install.

This assembly is placed in an out of sight location to not interrupt the operators. The

CANmod.GPS has an antenna with a magnet that can be affixed to a suitable location in

the cab. It was identified that some componentbaard the truck such as radeceivers

disrupted the ability for the data logger antenna to receive GPS signals. An ideal location

for the antenna is on a metal surface in the driver cab away from any instrumentation. The

physical assembly of the entire data logging unit is shiomiigure4.5. Not included in

the photo is the -Bheter extension cable used between the J1939 connector and the data

logger.
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Figure4.4: A J1939 port located by the steering column on 8 ightliner 108SD model.

Figure4.5: The physical data logger sap, including the GPS antenna, data logger, GPSadzhd J1939

CAN connector.
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Figured.6: The data logger installed into the split sidading rural/urban truck. Left: The data logger unit

was placed behind the driver's seat. Right: The J1939 connection isdtgehiag wheel column.

Other precautions were considered before installing the data loggéne truck Sections

of cable were exposed on the bottom of the cabin floor, creating the possibility of being
stepped on or other objects being placed on thkesaTo prevent any wear and teae t
J1939connector cable and the extension catee wrapped in a plastic cable protecto
shown inFigure4.6 (right). Also, inthe refuse environment, there is a possibility of rodents
chewing on wires, which the cable protector can help mitigddewear and teaissues

were encountered while using the plastic cable protector

Another precaution was placing the data logget uma container, shown iRigure 4.6

(left). The data logger unit is not rated for a dusty or damp environment and the container
helped mitigate some of the environmental effeds.well asthe container acted as a
barrier to prevent any foreign objects from hitting the ufitconcern with the J1%8
connector was the possibility of it becoming disconnected freiicie vibrations. Some

electrical tape was used to secure the connector, which workedLasily, extreme
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weather rated zip tigs40°C to 80°C) were used to secure calaled the data ¢gmer unit
to secure points in the driver-s cab. The
and are subject to the outside elements, especially overnight. Typical zip ties were found

to become too brittle in theintertimeand would break apart.

Before installation, it was unknown if the data loggreuld remain on while the truck was

shut off.To adequatelylan for unwanted power draw from the tregkow voltage battery,

it was assumed that the data logger walrlmlv power at all times of theéay. The data

logger and GPS adid draw approximately 1 W each, for a combined power draw of 2 W.
Over the span of a day, that4i8 Whor 96 Wh per weekend. The chassianufactureof

the truck specifiesip to three 100 Ah can be installetpending o the options selected

by the customer. To assume the worst case, one 100 Ah battery was considered. A 100 Ah
battery at an operating voltage & ¥ has a capacity of 1200 Wh. If the truck was not used

for the span of one day while the data logger rentame 4% of capacity would be drained.

Over a weekendn 8% in capacity drain would be seen. These potential outcomes were

deemedhcceptable.

To furtherreducee he potenti al i mpact of the data | o
the GPS adan was onfigured to only be on fror6 AM to 6 PM, as this could be
controlled from the data logger interfacgutside these hours, the potential power draw

would be 1 W instead of 2 W. The typical operating time of the trucks rangediooning

to early afternoonThis time range allowed f@dequate coverage of atypical schedules, if

any.
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After the initial trid was completedreferred to infSection5.2in Table5.1, it was found

tha thedata logger shuts off when the truck shuts off. This is because the operators turn

of f the truck-s | ow vol kiagilepodsibld on etmeytruckt t he
models that turning off the battery switch will still power some auyil@mponents, like

the data logger. As such, this is an important observation to make after an initial trial on a
newtruckThi s was confirmed as no CAN data was

time.

Another consideration on the data loggerugetwas how the data was logged to the
extractable memory card. There are many configurations that the resemchentrol

such as logged file siaghich was set to a maximum size of 50 MB. Aldte fileswere

split after midnight (00:00f the file size of 50 MB was not reached. This ensuresotfat
logged file does not include data from two different days. It was observed that with this
setup, two files were usually created for one day of operatioe.fmwas 50 MB in size
while the other was betwe&®+ 40 MB. To improve this setip, the maximum size of the
logged file before splitting should be increased%0 MB. This would allow one file per

day of operation, making data processing easier.

Lagly,t he i nterface between the data | ogger ar
The data | ogger can receivVve, acknowbedge ¢
avoid unseen communication between the truck and the data logger, the datavisyger
configured to only receive and acknowledge CAN signale remaining options are

specific tothe data logger manufacturer and WidNedgeZ Intro and Toolguide was

referenced to complete the £g1[62].
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4.4 Extraction of Déa andDecoding

The data loggerecords GPS an€@AN J 1939 dat a f rconmolldrdrem v e hi
network (CAN) in a raw MF4 file formathe raw CAN data is communicated through the

SAE J1939 protocol in heaxguty trucks This raw file format must then be decodesing

a DBC file for the data to be interpreted in a practical sense. This process is outlined in the

below figure.

n e

Raw dat a

Figure4.7: A simplified flow chart of how raw ata is logged and decoded using a J1939 DB(&lg

The rawJ1939dataorganizes CAN parameters through a series of suspect parameter
numbers (SPNs) grouped into structures of parameter group numbers (PGNs). SPNs
identify spedic vehicle metrics such as engine speedavheel speed. bist of t he PG
encoded structure are standardized across a wide range of truck manufactures, simplifying
how the signals can be decodda decode the PGNSs, the MFA4fiist finalized into a

format by ASAM measurement data format (MDF) standawmsng the following

MATLAB command

mdfFinalize()
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Finalizing the MF4 into MDF format allows proper sorting to be completed and enables
compatibility withthe VehicleNetworkToolboxX in MATLAB. Next, the finalized MDF
can be decoded by a database (DBC) file into readable parameters, which was obtained

from CSS Electronic1].

As previously mentionedheavy duty trucks use the SAE J1939 standard prd@&jehnd

thus many CANSPNs are shared across a wide range of truck manufactaneeninga

geneic J1939 DBC file can be used in this caSenilar to the data logger recording raw
CAN data, the GPS unit records data in a raw .mf4 file format as well and must be decoded
usingthema n u f a cCANMmoed GPS BBC filg§61]. The process to extrattte raw data

into readable parameters for both G&el CAN datareshown inFigure4.8.

Line oneformatan MDF file into a ravtimetableusing the read() functigrwhere can_idx

is equal 8as this is the number of CAN channels considered while finalizing an MDF
through MATLAB. Next, line two convertshe existing CAN channels the timetable
from a flexible data (CAN FD) rate to a classiéaim by removingthe extended data
length (EDL) formatting from the indexed chanrié]. Line threeconverts theimetable

into individual timetables of signal values captured over the J1939 protsiog a DBC

file to decode the signals.

rawTimeTable = read(m,can_idx,m.ChannelNames{can_idx});

rawTimeTable = removevars(rawTimeTable, "CAN_DataFrame_EDL");
msgTimetableJ1939 = j1939ParameterGroupTimetable(rawTimeTable, canDB);
msgEEC1 = j1939SignalTimetable(msgTim#&) 1939, "ParameterGroups”,"EEC1")

PowbdpE

Figure4.8: MATLAB code used to convert raw .MF4 files into readable J1939 timetable data.
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Line four illustrates an example for extracting a certaRhGN, EEC] that contas
information about some engiparametersA sample of thi?GN showing thandividual

S P N - engimefpercentage torque and engine speedhown inTable4.3. There are

many otherS P N in ach channel messagad the relevant ones can be extracted as
neededA similar process described for extracting CAN data can be used to extract the data

from the GPS unit.

Table4.3 A sampledecoded]1939 timetable message

Time EnginePercentTorq( EngineSpeeq A
'202204-21 10:59:43.56800000( 39 140.75
'202204-21 10:59:44.56825000( 25 723.375
'202204-21 10:59:45.56834999¢ 28 729.25
'202204-21 10:59:46.56840000( 29 741.125 .
'202204-21 10:59:47.56850000( 30 736.375
a a a

Usually,a manufacturer will have their own DBC fileat contain instructions for decoding
signals from their manufactured componefitse user will know what parameters they
have access to only after logging the available C8RNs and decoding themas

manufacturers do not release a lis68N\s availabldor each vehicle model.

4.4.1 Sampling Frequency

The sampling frequency of the GPS unit @ada loggemere set to a target of 1 Haut
the sampling frequencies between these two devices fluctuated over time. For simplicity,

the CAN datatime wasinterpolated to match the internal reéimhe clock on the GPS unit
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at a sampling frequency of 1 Hihe sampling frequency of the GPS un@isiconsistently

kept at 1 Hz, whereahe CAN datashowed a higher variance in sampling frequencies.

4.4.2 GPS and CAN Signal Time Alignment

Aligning the GPS and CANataallowed the location of the truck to be in sync with the
measured CAN data to allow comams to be madés such, it is important to verify the
time occurrence of each GPS signal is aligned with the CAN Gatazeniently, the GPS
addon records vehicle spe@d m/s and the data logger records wheel speed through the
CAN port in km/h. Theseignal traces can be compared after interpolating to confirm
whetherthe CAN data igime aligned with the GPS datA. sample comparison of these
traceds shown belowwhere both signals are in misshould be noted that when the GPS
ant enna- snpesldaday a phlysical Isarrier such as under a bridpe, measured

speed from GPS iasvalid.

30 T T T T T T T T

CAN 25
25 | GPS

20

Truck Speed [m/s]
s
T

Ji ” I

0 10 90 100
Percentage of Operatlonal Day [%]

Figure4.9: Vehicle speed signals captured from CAN and GPS, showing their aligaitieméspective to

time.
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Attention must also be directed towattle beginning and ending daylightsavingtime

(DST), as the data logging period occurred during the transiti@Sd In Canada and
among other participating countries, DiSThe practice of setting clocks one htarwvard

in warmer months, then bringing clocks back an hour in colder months. As a result, a day
in Marchwill be 23 hours whereas a day in November Wwé 25 hours, due to changing

of clocks for DSTIn Canada, Ontario which is in the eastern time zone, the colder months
operate in eastern standard time (EST), and the warmer months operate in Eastern Daylight
Time (EDT).Because t he dtane alock is bages rokreversal &imd
Coordinated (UTCand the refuse truck operate€id T or EST the conversion from UTC

time must be adjusted accordingly. The following time zone differences are observed for

both EDT and EST.

1 EST(Autumn/Winter) is 5 hours behind UTC (UT@5:00)

1 EDT (Spring/Summer) is 4 hours behind UTC (UTZ.00)

4.4.3 Conversion of Percentage Engine Torque

Some additional steps had to be considered after the data was decoded. Engine torque is
recorded as a percentagé the enginetorquespeedrelationship. The engine torque
percentage was converted to newioneter using @aorquespeedrelationship of a similar
sizeddiesel enging65], that was calibrattusing information from the manufacturand
illustrated inFigure4.10. Additional proprietary information from the engine manufacturer

may be needed tmrmally conert the engine torque percentage, but the engine torque is

assumed to be a percentage of the below ayixxes an engine speed.
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Figure4.10: Diesel engingorquespeedperformancesurve.

4.4.4 Interpreting Elevation Data

By default, he GPS unit directly measures altitude using trilateration which approximates

t he t rDucpko-ssi t3 on on the earth-s surface. T
not suitable for automotive applications dueatmeasuredincertainty of +/ 5 vertical

meters which led to a root mean square error (RMSE) of over 400 each day. Instead, the
digital elevation map from the United States Geological Survey called the National
Elevation Dataset (NED) was used with anralld)RMSE ofl.55meterqd66], that includes

coverage of Canada. The NED has been compiled into a lookup dat@&a@Sovisualizer

[67], where pairs of latitude and longitude coordinates can beadgtbto find the
corresponding elevatio.his described method of aligning location data with elevation

data works well for low amousibf individual trip data.

It became tedioug’hen compiling large amounts of trip data across many separate days

aseachdayhasa unique array of longitude and latitude coordinate pairs to be indexed with
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elevation dataTo work out this bottle neck in data processimmdpcal elevatiomprofile of
Hamilton was createdo reference for all refuse truck operation. Becausdotteion of

all refuse truck operation occurs within a set boundary, a digital elevation map (DEM)
could be created for this specific areaMX 7LAB functioncalled 7errain Elevatiof68]

was used that enables a grid of elevation ttata the USGS NED to be querigiven a
range of latitude and longitude bounds. This queried data is stored kdliy at a 1 arc
second resolutignor a resolution of 3Morizontal metas. The latitude and longitude
coordinates of the truck over the span of the day can betase@rpolate the respective
elevation using <D interpolation.This method is much quicker as it reduces a lot of human
interaction of downloading sets of neveehtion data for each day individually. The grid
of elevation data representing a region of Hamjltwhere the studied refuse trucks

operateé is shown below irFigure4.11.
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Figure4.11: A digital elevation map of a region in Hamilton and some surrounding municipalities.
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A comparative analysis between the intéaped elevation usinthe data fronFigure4.11
and data fronGPS Visualizewas completedThe data fronGPS Visualizewasassumed
to be the besin-class data avaible for the Hamilton regioffhe comparison between the

two elevation traces are shownFigure 4.12.

Overall, the interpolated elevation data from the USGS NED matchesGiaVisualizer
outputswith an RMSE of 0.102 over an entire dashis should be expected @PS
Visualizeralso queries from the USGS NED. There are some differences in peaks between
the traces were the interpolated elevation data usually overshoots both below and above
the peak values frol@PS VisualizerThis means more caution should be considered when

smoothing out noise due to bridges or other irregular changes in elevation.
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Figure 4.12: A comparative plot between queried elevation data f@RS Visualizewersushe developed

DEM for Hamilton.
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4.45 EstimatingTruck Payload

The truck-s mass coul d not \odaetalackoéserisorsy me a
and the cost and complexity of installing an appropriate sensor. The mass of the truck
before and after the workday was recorded at the scale houses located at each offloading
site. To approximate the gradual gain of truck nvesge in the collection zonea constant

mass was added to the truck at each stopping event that reflected the overall gain of truck

mass during the dayhe techniques behind stop estimation are elaborat®dation5.6.

Al ternatively, it would be podNsiwhloan-tso saegm!

law given byEqg.4.1.
"O a o Eq.4.1

To understand the frdaody diagram of a refuse trudkigure6.3 in Section6.3should be

referred to. Givertq.4.1, as the trucks mas§ § increases, the net forc€®( ) applied to

the truck must also increase to sustain the same acceld@tidhus, it would be possible

to measure the change in engine torque ove
minimize the error in this approximation, only route segments where the roadway is flat
should be considered to reduce the impact of roadegestimationAn additional driving

factor that was not measured during this study is wind speed. Depending on the

aerodynamic coefficient of the vehicle, wind speed can significaffégtthe road loads.

45 Summary

This chapter introduced the waste neegonents for the City of Hamilton to assist in

outlining what a refuse truckshould be capable of to successfully collect all the
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muni ci pal i tselecson evitergatimetermifing ¢halata loggewerediscussed

and the chosen dalaggerwas presnted. Framework was creati&dassist in setting up

the data logger and successfully capturing data and decoding it to be meaningful for data
analysis.A walk-through example for decoding @AN PGN is explaineé, allowing a

similar process to be completédr other PGN s o f i nterest . Some
discussed such as the errors involved with approximating the elevation at each time

instance as wel | as estimating the truck-s
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Chapter 5

Developing Refuse Truck Drive and Duty Cycles
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This chapter introduceshata drive and duty cycle are and how it relates to modelling of
refuse trucks in a software environmeiihis chapter also contains additional data
processing that was done-top of the work completed in Chaptetatobtain trends such

as the number of s the truck made in the collection zone or defining the road ghade.
notable topicdiscussed in this chapter is differentiating when a refuse truck is in the
collection zone or offoute in the form of geceferencing. This vehicle specific route
characeristic could allow better control on how energy is utilized in the powertrain, as
different driving habits are present along the trucks route-réfeoencing can also be
applicable to other vehicles that operate on afadiase route style andspecifc purpose

along their route such as delivery vehicles, buses and more. Finally, the chapter concludes

with general operating trends for both refuse trucks that were stusligglithe data logger.

5.1 DefiningDrive and Duty Cycles

Drive cycles are critical puts to vehicle models as they describe the vehicles velocity with
respect to time, giving the model an idea on how the vehicle must accelerate or decelerate
to account for the powertrain-s spent ener
compare to a typical car, a duty cycle can be used to compliment the drive cycle. For the
application of a refuse truck, the duty cycle is composed of a mass cycle and a power cycle,

or a hydraulic load cycl@.ogether, these cycles can be used as an inpweioice model

to accurately track the energy and power requirements of a refuse truck, illustrated in

Figure5.1.

74



Duty Cycle

Drive Cycle | Mass Cycle 1n—
1

l i Power Cycle :
e e ————

Drlver
Controller
‘ Vehicle h

Figure5.1: An illustration showing how a drive and duty cycle are used as inputs inlevipiew of a

vehicle model.

Generic duty cycles can be developed from online resources stinehNation Renewable
Energy Laboratory (NRELPr more tailored duty cycles can be created for a specific
municipal region with measured d4é®]. Some indepth literature has been published
partnership with the NRE@nimportant considerations needed to create arratetefuse

truck drivingand duty cycle§r], with other authors also contributing to this field of study

Onestudy investigated a deep look into the engine loading from hydsagiem through

the PTO[6], for a truck in PolandThe investigation lookedt a twin-flow fixed
displacemenhydraulicpumpthat powers amassistive loading arrfALA) or compaction
operationwhere the ALA and compaction are on separate hydraulic cir€ugsdata was
collected using pressure transducers installed into the hydraulic circuityumkddata
through the CAN busSome key findings are that the engine operates at inefficient
operating regions while the PTO is engagesithe PTO is usually aos#i when the truck
engine is idlinglt should be noted that the PTO can run when the trucKiisiror second

gear as well, but typically operators use the PTO when the truck is idling.
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Further,it was determined thadriver habits have less of a sifioant impact on fuel
consumption in refuse trucks compared to other helany trucks witlbouta PTO such as
long-haul trucks. Sincerefuse trucks have a PTO, reducing fuel consumption is more

largelydriven by appropriate truck powertrain optimization frintended purpose.

Another studylooked aturbanrefuse truck operatioacrossvarious cities in the United

States, across varying ambient temperatures, road grade and waste collection requirements
[7]. Data was collected using a CAN bus data logger, GPS antenclascale housesd

pressure transduce installed in the hydraulic circuit. This data was used to amalys
operation trends and construct drive and duty cyetbsre the duty cycle is composed of

a mass and power cycle. These cyeldsbe defined in the subsequent sections of this
chapter.This was the first documented drive and duty cycle study that was found and
provided thdrameworkto constructhe data collection, processing athlysng portions

of this thesis.

These effortdo accurately model the energy and power requirements of refuse trucks are
to provide more data on the current state of refuse truck operation, and how they can be
hybridized, electrified or run off alternative fuels rather than the traditional dieseld
trucks.There aretherclear distinctions ofefuse truclkdrive and duty cycles versus other
heavyduty vehiclessuch as, thaumberof frequent stops and starts that occur ibed to

handle variations in road gradad theconsistencyn predetermined routes that a specific

truck will traveleachday.

As mentioned previously, drive and duty cycles have been developed in literature, but the

open access to complete drive and duty cycles of realistic truck usage is limited. Further,
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the repreentation of refuse truck operation for rural routasnderrepresente®tudying
refuse truck operatiaiirst-handin the City of Hamiltorwill provide answers to these gaps

in research.

5.2 Research Collaboration with the City of Hamilton

The City of Hamilon in Ontario, Canada was approached to form a research collaboration
with the McMaster Automotive Resource Centre (MARC) to allow data colletrioon

their refuse truck fleet. This collaboration allowed two different trucks to be studied, one
that servied urban areas and another that serviced a mixture between urban and rural areas.
The datdogging took place over 5 operating days per week for a sgebwedels, totalling
approximately 500 hoursf operation Details abouteach week oflogged data are

displayedbelowin Table5.1.
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Table5.1: The sequence of data logging trialsamurban and urban/rural refuse truck

Week Month Area Type | Type of Data Collectec
1 Januay 31+ February 4 Urban CAN/GPS
2 March 7+ 11
i MZEE ;‘i ;2 Urban/Rural CAN/GPS
5 March 28x April 1
6 April 4 +8
7 April 11 £15
8 April 18 +22 Urban CAN*

9 April 25 £29

10 May 2+ 6

11 March 31+ June 3

12 June G610

13 June 1317 Urban CAN/GPS
14 June 2Gt 24

15 June 27 29

The two trucksare bothcategorized as class 8 vehicles and have similar vehicle

components. These components are display@dlihe5.2.

The major differences between these truaks how MSW is loaded into the truck,
illustrated inFigure5.2. The RL-RT has a rear compaction chamber, whereas the split SL
RT gives the operator the ability to load gafagd organiginto the side, ito separate

chambers.

* GPS data was not recorded for this duration as the signal to the GPS antenna was disropedbgrd
communicationradio andwill not be included in the analysis of this paper.

® Indicates that data was not collected for the entire week
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Table5.2: The parameters for the refuse trucks of interest at the City of Hamilton,

Component Description
Truck Type RearLoader Split SideLoader
EngineType 8.3 L Diesel Engine 8.9 L Diesel Engine
AdvertisedEnginePower
at 2000 RPM 223 kW 223 kW
Curb Mass 14400kg 16000 kg
WCU Type Manual Reatloader Split SideLoaQerwith Assistive
Loading Arm
WCU Capacity 19m’ 10m®| 15 n7 split
Wheel Specification 315/80R22.5 315/80R22.5
Service Area Urban Urban and Rural
Final Drive Ratio 5.29 5.29

Transmission

6 Speed Automatic

6 Speed Automatic

Figure5.2: Therearloading compaction chamber (left). The split sidading compaction chambers

(right).
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5.3 RouteCharacteristicRkeview

The truck fleet is stationed at a truck yard in Lower Hamilton, where trucks leave for
predetermined routes around the city and picl&W in a collection zonéAn example

route for thesplit SL-RT urban/rural refuse truck is shownHkigure5.3. Once the trucks

have serviced the entire area, garbegeffloaded at one of three transfer stations and
organics are offloaded at a processing building at the truck lattis casethe truck

offloads garbage at tHeundas transfer stanoOver the duration athis study, the trucks
serviced the same routes on each day of the week. There are a few instances where a truck

will go off its predetermined route to collect MSW in other areas, perhaps to coleadhe

for another truck.
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Figure5.3: A route overview of a typical urban refuse truck operational day in Flamborough, where the
GPS location of the truck is shown in blue.
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5.4 Collection Zone Ged&eferencing

The operation of the truck was split intollection zoneand offroute segmentsThe
collection zonerefers to when the truck is picking up curb side MSW from residential
properties. Ofroute refers to when the truck is travelling between the truck yard,
collection zone and offloading sites. Each segment waseferenced by constructing a
perimeter of latitude and longitude coordinates. Since the latitude and longitude of the truck

was known at sampling frequency of 1 Hz, this could be tracked accurately.

Some aspects of data processing sudstsating the number of stofhge truck collected

MSW at, or the change in truck payload, required isolating the truck while it was in a
collection zoneAdditionally, the isolation of the truck in the offloading sites was required

to observe the hydrawipower required while offloading MSW. To identify when the truck

was within these areas along a route, each-asea p e r i me-teferenced assng g e o
latitude and longitude coordinates decimaldegree( J units. An example collection

zone for a route is shown kigure5.3, illustrating how the geoeferenced perimeter was

setup.
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Figure5.4: Geareferencing a samplellectionzone of a refuse truck's route.

For the collection zone ifigure 5.4, a pair of latitude and longitude coordinates are
definedfor the outer edgesf the truck movement within the zone, creatingarided area
shown in light blueA buffer of 0.00B°was used to enlarge the bounded area to account
for human error in markinghe upper and lower bounds of latitude and longitude
coordinates. The buffealue was calculated through trial and error where it is large enough
to account fohuman error but small enough to not include significant area outside the
bounded zonel his method can be repeated to identify when the truck is in other key areas

such as the truck yard or transéation

5.5 Diriving Cycle

Thedrivecycleisa t i me seri es of ftlaemestepafd gecordndv el o c i

provides instructions on how # vehicle needs to accelerate or decelef@mples of
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urban and rural drive cycles are shownFigure 5.5 and Figure 5.6 respectivelywith
collection zoneand offroute segments visually identifiefls mentioned previously in this
chapter, the GPS location of the truck was used to characterize when the tsuckivea
collection zoneor off-route. The collection zones when the refuse truck is travelling
between each household along its designated,roateising of frequentaccelerations
and deceleratianduring numerous stops and stastisere the payloadsiestimatedThe
off-route segmentsconsist of higher sustained speeds and simulatesréfiese truck

travelingbetween the truck yarttansferstationand collection zonehere the payload is

known.
< Of+foutke Drive Cycle - Urban Route < Ofrfout—e—>
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Figure5.5: An urban refuse drive cycl®ute that services tldowntown Hamilton Regian
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Figure5.6: A rural refuse drive cycle route that services the Flamborough region in Hamilton.
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5.6 Estimating the Number of Household Stops

The speed of theuck was used to estimate the amount of household stbps in the
collection zone To achieve this estimation, &#ATLAB script was used to identify
instances when the consecutive truck spe@ed 0 m/s. If the speed was 0 m/s 8r
consecutive seconds or mpeestop was added to the accumulated numbleowseholds
stops for that dayThis number was determined from the literatur¢haslowest average
stop time at a househdld0], as any stop longer than 3 seconds would be included as well.
Because the vehicle speed is determined using tHmard wheel speed sensor of the

truck, thespeedaccuracy is assumed to be acceptable.

The functionshownin Figure5.7 has the following workflowwhere (v_veh) is the speed
of the vehicle and (N_stops) is the number of stops on a.rbirte one defines the
minimum duraibn in seconds required for the threshold to be true. baredefines the
threshold(v_veh = 0) and thesign change between when the threshold is true for the
minimum duration or fals&Vhen the threshold and minimum duration conditions are true,
runedgemcreases from 0 tb. When the conditions are no longer metedgesvill equal

-1, then return to QLine threeextractandiceswhenrunedgess equal to 1 ofl. Line four
calculates theun/engt(stop duratiohfor each stop occurrence. Lifiee filters and keeps
stops with atop duratiomgreater than or equal to thenimum duration. Lineix calculates

the total number of stops that meet the threshold and minimum duration conditions.
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Function (Find Consecutive Instandes a Minimum Durati and Threshold)
1. nin _duration = 3;
runedges=diff([false(1,size( v_veh,2)); v_veh==0;false(1,size( v_veh,2))]);
[edgerow, edgecol] = find(runedges);
runlengths = edgerow(2:2:end) - edgerow(1:2:end);
longruns = runlengths >= min_duration
N_stops = accumarray(edgecol(2:2:end), longruns)’;

o0k wN

Figure5.7: The MATLAB function used to estimate the number of stops along a route.
Using the above function, each stop can be defiAeshmple route for the redéwading

refuse truck is shown below fFigure 5.8, with the GPS location of the estimated stops

along the routshown in the collection zone
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Figure5.8: The dispersion of stops illustratémt the reafloader refuse truck on a route.
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5.7 Road Grade

Road gradd ) describes the incline or decline of a reag and is defined by the ratio of
change in vertical distan¢®Q) to the change in horizontal distar(®), shown inFigure

5.9. Positive values of road grade indicate an incline on the roadway, whereas negative
values indicate a negative slope or a declineludingroad grade isecommended as it

has a significant effect on road loadsaathors have found fuel rate increases e69@%

and emission ratecreasedor NO,, CO and HCby 60 + 450% for light duty gasoline

vehicleson flat road surfaces compared to greater tHa% rcad grades.

, D
o O

< q:[j 2
Figure5.9: An illustration ofa positiveroad grade.

Road gradeannotbe directly measured from the data logging equiproefrom a sensor

on the truck and thus must be estimated. To estimate the road grade, a relationship between
thevehicle velocity(w ) and verticalvelocity (w ) of the truck at each time step must

be determinedt should be noted that represents the hypotenusamponent irfFigure

5.9. TheNED elevation data was useddstimate the corresponding elevation of the truck
given the GPSoordinatesThe elevation was treated usimpgocesses described [inl].

Here, the elevatiodata wasuniformly downsampledio 1/20 Hz with the median value
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being calculated for each poirithis is to help eliminate the effeof bridges and other
irregularities in the elevation data that deviate ftoow a typical roadway would appear.
It is important to note that the NED dataset returns elevatiortdateepresesthe ground
surface. In thesvent of a bridge, the elevatiadata would show a sharp decrease in
elevation, whereas the actual roadway would beTtmtompute the median at each dewn

sampled point, a feloop was usedshown inFigure5.10.

for i = 2:lengthTime_downsamplejl
Signal downsampled,1) = medianSignalTime_downsamplgd1):Time_downsamplg@d,1));
end

Figure5.10: A for-loop used to compute the mediareath point of a dowsampled signal.
WhereSignalis the éevationdataat 1 Hz, Signal downsampleds the déevationdataat

1/20 Hzand Time_downsampleds the dwn sampledime array

Next, noise in the elevatiowas smoothedusing the MATLAB SavitzkyGolay filter

functionin Figure5.11.

Signal filtered = sgolayfiltSignal_downsamplerder, framelen)

Figure5.11: A Savitzky-Golay filterfunctionused to smooth and filter elevation data.

WhereSignal_filteredis thefilteredaltitude.

After the altitudewasfiltered andsmoothed, thgradient of the altitude was computed to

obtainthevertical velocitywith respect to timé Eq.5.1:

. 10
6 o —.
T o

Eq.5.1
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Road gradg ) was then estimated usiag andw in Eq.5.2:

(g @ Eq.5.2

Additional filtering based on conditions was implemented to prevent divisions by zero
while calculaing road grade. If the truck velocity or vertical velocity was zero, it was
assumed that the road grade was zero as well. With the given data logger and available
elevationdaa, accurate road grade estimatiowvaity low speeds or stationary speeds was

deemedoo complicated and not within the scope of this study.

Finally, aSavitzkyGolay filter and lowpassfilter wereimplemented on the road grade
array tosmooth the final result andliminate infrequent and high magnitudena

characteristics

The described workflow is illustrated Figure5.12. In this scenario, the truck gaining

about 170 meters of elevation while travelaigspeeds @0 km/h or more.
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Figure5.12: The process of filtering altitude signals to calculate &spective road grade

5.8 Mass Cycle

A mass cycle gives informatiomn h o w t pagoadchangeskovesthe operational
day.Within the collection zone, a refuse truck collects M8kVeach household stop and
was found to collect up to 811 tonnes per dayl'he mass cycle will allova model to
account for changes in road loads more accurately tlaes wheel rolling friction
('O i ‘adxadgrade O ) loads are a function of vehicle mass, showid5.3

andEq. 5.4 respectiely. The variables are denoted as vehicle magsdravity (Q, road grade
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(), vehicle velocity § ), ® andc are the zero and second coefficients of rolling friction

force

0 4R Eq.5.3

~

"0 G do o i CAio £q.54
The truck-s mass could not be directly mea
and the cost ancomplexity of installing an appropriate sensds.mentioned previously,
to approximate the gradual gain of payload wil¢he collection zonea constant mass

was added to the truck at each stopping event that reflected the overall gain of truck mass

during the day.

Stopping eventsvere tracked based on the collec8®S data. When the truck was
stationary for more thaBsecond, a counter was triggered for the total number of stops for
MSW pickup. It should be mentioned that if the truck were statjoata stop sign or

traffic light for longer thar8 secondsn the collection zonehis stop would be counted as

well, adding some error to the estimated number of stops. The city does not currently have
a record for the number of stops along a route, sensitivity analysien the accuracy of

stop estimatiorwannot be completed at this time.

To approximate the decrease of mass during offladads;uck was identified when it was
in a transfer station ahe truck yard area, and a decrease in mass occurred when the

offloading PTO cycle was initiated sample mass cycle is shown below
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Figure5.13: A sample mass cycle for the urban/rural split daheling refuse truck.

In Figure5.13, the payload of the tructoes not change whithe truck is offroute and
traveling from the truck yard to the collection zone. Wiilethe collection zonethe
payload will increase at each household where MSW is pickeBunng the offroute
segment proceeding tlwellection zoneportion, the pyload of theruck decreases when

the truck offloads garbage at designated transfer stations and organics at the truck yard.
Typically, thesplit-body SL-RT truck will offload twice per day whereas the singtedy

RL-RT truck will offload garbage once pday.

5.9 PowerCycle

Throughout an operatiahday, a refuse truck utilizes an-board hydraulic circuit to
compact and offload MSW. Some trucks have an assisted or fully automated lifting arm
(ALA) that is also run off the enoard hydraulic circuitThis hydraulic circuit is powered
through a PTO, allowing power from the engine to be transferred to the hydraulic pump
instead of the powertraiithe power and energy consumption of this hydraulicigiraust

be considered to accurately model a refuse truck.
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As mentioned previouslyushors in past literaturigaveinvestigated methods to isolate the
power required by the hydraulic circuit usimgessure transducers. These methods involve
installing apressure transducer into the areas along the hydraulic cursudlly near the
hydraulic pump outlet. It should be mentioned that some hydraulic pumps in these
applications have two inlets for a primary and secondary hydraulic cifdwétprimary
circuit will usually handle higher loads such as compaction and offloading MSW. The
secondary circuit will handliesser loads such as the ALA. This results in having to install
many pressure transducers, as a transducer is required at theytlehand at théoad
location on the truck. These transduagexuire additional expertise to appropriately install

and are a more invasive approach compared to studying the @Adksata.

To avoid using invasive sensors, tgdraulicsystem power and energy regeiments
wereconsidered from the enginepoint of view.A schematic of the trueks mechani c a

connection to the hydraulic system is shown below

grenmeerreeeee Fuel Tank

i —( Compaction
P10 L+ ortoaing
;»

Hydraulic System

Hydrualic
Pump

Figure5.14: A schematic illustrating thenechanical connection between the refuse truck's powertrain and

the hydraulic system.
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The loggedCAN from the CANedgeincludes engine speed, torque and a PTO activation
switch. The PTO activation swité active when the driver is using the primary hydica
circuit for compaction or offloadindduring this activation, the engine speed is set to a
target of 1200 RPMDuring this scenaripthe generated engine pow@r ) is equal to
the power required to idle the enginke () and the requiredower from the PTO pump

(0 ), as the truck is stationary during this time such,0  can be calculated using

Eq.5.5.
0 0 0 Eq.5.5

The ALA that runs on the secondary hydraulic cireloes not have an explicit indicator

of its usage, as the truck-s i ddndtiorssandt e r e
the target engine idle speed remains at 700 RPM. Engine torque and engine air mass flow
rate fluctuations atollection zone topswereanaly®d to determine if th&LA was used

or not.

An example of a compaction and offloading cycle with respect to engine power consumed
by the hydraulic systemind engine speeate displayed belovor the splitSL-RT in Figure

5.15andFigureb.16 respectively
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Figure5.15: A sample compaction cyclevhere engine poweds the amount of power consumed by the

hydraulic system
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Figure5.16: A sample offloading cycle, where the truck reversesamn 10 and 20 seconds during the

cycle durationEngine power is the amount of power consumed by the hydraulic system.

5.10 Split SideLoader Operating Trends

A split SLRT was studied over a period of 4 weeks that serviced the Flamborough and
Dundas in Hamilto, containing a mixture of urban and rural areas. A side profile of the
truck that was studied is shown belowFigure 5.17. The split SLRT has a split hopper

that he operator can load both garbage and organics into, located on the side of the truck.
There is arALA to help load the organic bins. The driver cabin has two steering wheels,

allowing the driver to sit on the side of the truck nearest to the curb.
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Figure 5.17: A side profile of the urban/rural split sideading refuse truck, parked inside a warehouse.

This truck operated 5 days a week, servicing a rural area Monday and urban areas Tuesday
to Friday. Based on the logged data and post data processing, operating trends of the SLRT
could be determine, shownTable5.3. It was found that the truck regularly collects more
garbage than organic, collecting more of each in the urban areas compared to the rural
areas. Rural routes are longer, consume more fuel, and hagehigbway driving than

urban. These driving conditions are reflected in better fuel usage on rural routes where the

truck, on average, had3® % bettefuel economy

Using densities for MSW garbage and organic found in the U.S. Veloiéeight

Conversion Factors [19], the capacity utilization of the split sidi@ader could be
determined. For rural and urban routes, the garbage capacity utilized ranged #669383
and 56x 77% respectively. The organic capacity utilized fmat and urban ranged from

10+ 11% and 23 35% respectively.

The number of stops the truck collected MSW at wihikle collection zonwas estimated

using a combination of vehicle speed and georeferencing analysis: EEachtod#lection
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zone on eactvorkday were identified and a perimeter of latitude and longitude coordinates

were constructed around each. These collection zones are shBignre5.18:

Table5.3: Split sideloader refuse truck operating trends for rural and urban routes.

Quatrtile Metric Mon | Tues| Wed | Thurs | Fri Metric Mon | Tues| Wed | Thurs | Fri
Upper Quartile 2643 | 3678 | 3315 | 3310 | 3305 58.2 | 83.6 | 95.1 | 92.0 | 8556
Garbage Fuel
Median Collected | 2260 | 3280 | 3270 | 3075 | 3125| Economy | 56.3 | 83.6 | 92.0 | 91.2 | 84.5
Lower Quartile| 9! 1570 | 2673 | 2735 | 2770 | 2805 | FOOY™ [Ts56 | 808 | 888 | 902 | 83.6
Upper Quartle| .| 558 | 1575 1650| 1670 | 1715 49% | 66% | 62% | 65% | 64%
Median Collected | 520 | 1505 | 1475 | 1425 | 1635 | Idling [%] | 41% | 62% | 62% | 63% | 64%
ki
Lower Quartile| <! 468 | 1425 | 1295 | 1135 | 1500 38% | 61% | 61% | 61% | 62%
Upper Quartile 249 | 404 | 474 | 427 | 407 Tip 183 | 75 | 70 | 67 | 67
Median yf“;‘:g;’; 238 | 395 | 461 | 412 | 397 | Distance | 165 | 75 | 69 | 63 | 67
k
Lower Quartile 192 | 341 | 431 | 388 | 385 fkm] 154 | 73 | 69 | 61 | 66
Upper Quartile| 565 | 93 | 80 | 63 | 80 106 | 63 | 65 | 62 | 57
Distance Fuel Usage
Median Between | 310 | 35 | 35 | 30 | 30 0] 9 96 | 61 | 64 | 58 | 56
St
Lower Quartie| SP™ [0 [ 15 | 15 | 15 | 15 86 | 59 | 62 | 55 | 56
Upper Quartile 107 | 95 | 72 | 80 | 81 55% | 77% | 69% | 69% | 69%
pper Q Garbage Garbage ° i i ° >
Median Mass Per | 9.8 8.4 6.9 7.5 7.9 Capacity 47% | 69% | 68% | 64% | 65%
ki i
Lower Quartiie| P9 o0 82 | 61 | 69 | 75 | V289 ["3306 | 56% | 579% | 58% | 61%
U tl 31 | 47 | 35 | 41 | 44 11% | 329% | 34% | 34% | 35%
pper Quartile Organic Organic 2 i i ° i
Median Mass Per | 2.3 3.8 3.4 35 4.1 Capacity 11% | 31% | 30% | 29% | 33%
ki ili
Lower Quartiie| P9 50 35 | 30 | 28 | 38 | VW29 [T1006 | 29% | 26% | 23% | 31%
Rural Urban Rural Urban

This allows stops outside tleellection zonesegment to be excluded which might include
stops for stogsigns, traffic lights and stops in traffic. Within the collection zone, stils
possible for the truck to stop for reasons other than servicing a household, but

georeferencing lowers the pogstp of including traffic related stops.
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Figure5.18: The locations of the collection zonésyck yard and transfer site for the split sibader

refuse truck.

The number of stops the truck collected MSW at winilthe collection zonés lower for
the rural route and higher for the urban route. The rural route is more likely to have
households spaddurther apart which limits the number of households the truck can visit

per day, compared to an urban area.

In terms of the power cycle, the number of compaction cycles throughout the study ranged
from 6 to 22 cycles each day, whereas the number of Alckes ranged from 50 to 170
cycles each day. Typically, the truck would offload MSW twice a day for organics and
garbage separately. Occasionally higher amounts of collected MSW resulted in up to 3
offloads per day. Compaction and offloading required ilgbdst peak powers ranging

from 10 to 40 kW and 20 to 35 kW respectively.
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Figure5.19: A complete drive and duty cycle sample of the sptie loader refuse truck for a rural route.

5.11 RearLoaderOperating Tends

Logged data from the RRT was compiled into operating trends to illustrate a general
overview of t heover’weekk of gperatiaA side profileaf theetrack
that was surveyed is shownRigure5.20. This truck operates with a crew of two operators.
This truck only collects garbage and offloaidgpayload at a transfatation then returns

to the truck yard to park for the evening amght.
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