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Disclaimer

This report was prepared as an account of wepknsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for

o U

the accuracy, conipteness, or usefulness of any information, apparatus, product, or process disclosed,

or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademaakpufacturer, or otherwise does

not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflechose of the United States Government or any agency thereof.
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Executive Summary

Natural gas engines offer a significant opportunity to reduce the greenhouse gas (GHG) emissions
produced by the heawguty freight and goods movement industry. This space midated by large

diesel engines that produce large amounts of GHGs and require complicated exhaust aftertreatment
systems to meet modern emissions standards. Switching from dieselttmal gas NG engines can
reduce C@emissions by up to 27%.

The man purpose of this study was to evaluate one of the biggest barriers to NG engine adoption:
maintenance. Specificallthe project teamsought to evaluate the differences in maintenance

frequency and costs between various generations of hehity NG engias and current diesel engines

in the freight and goods movement sectdihe natural gas vehicle (NGV) industry currently lacks
comprehensive analysis and metrics regarding maintenance costs due to the fact that users tend to be
siloed by various use casescompeting in similar verticals. In addition, vehicle and engine
manufacturers have been reticent to make this data widely available. There is little publicly available
data that clearly compares the relative maintenance costs of NGVs and currenttdiekslwith

modern exhaust aftertreatment systems (pe210) to effectively capture recent NGV technology
ROl yOSYSyGas S@ltdad GS bD+xaQ LRGSYGALFE G2 t26SNI 2
total cost of ownership.

The objective of thélGV UPTIME project t ¢ L a9 &adlFyR& F2NJ ! LIRFGSR t SNF?2
LydSaNd GAy3a al Anyisitdbydheyhis $hfodnatibdSygpsadedniplete a comprehensive

data-analysis study that documents vehicle maintenance costs, technology solutions, ampidmigtes

for reducing maintenance and other related ongoing costs for medamd heavyduty NGVs used in

freight and goods movement. This project evaluates these vehicles alongside comparable diesel models,
including emissions aftertreatment systeni$e project evaluates NGV maintenance costs on both a

systemwide and component level to help improve totabstof-ownership calculations and determine

maintenance cost differences between NGV technology generations and current advancedieksdn

engines specifically for mediurand heavyduty freight and goods movement applications.

This study of realvorld maintenance costs of NGVs is funded by the U.S. Department of Energy and led
by Clean Fuels Ohi&nergetics Incorporated served as the data amalgad, while the National

Renewable Energy Laboratory provided the project with vehicle and maintenance data analysis and
alternative fuel expertise.

The datacollection stage of this project proved to be particularly challengihg.project teanspent

the majority of the first two project years actively trying to recruit fle&tgotal of 138 fleets were
identified and pursued by the network of Clean Cities project partners. The project kicked off in March
202(x just as the COVHD9 pandemic was begimmg. This presented a serious challenge for fisatia-
partner recruitment. Many fleets that were contacted were focused on and struggling to maintain their
businesses and did not have the available bandwidth to learn about the NGV UPTIME puo,écthey

did learn about it, most felt that the time investment would be too gré#tfortunately, the final count

of participating fleets did not reflect the amount of time and effort invested in recruitmenject

1t dzy SSG {Ay3IK WKIgINE dblddz2NIt DFa 9y3aAySa @ad 5ASasSt ¢
https://lwww.cummins.com/news/2022/05/04/naturafjasenginesvs-diesetengines.
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recruitment was somewhat successful in thestfi~1.5 years in terms of securing the c'ontFecemUired |
number of vehicles. However, this included only three fleatse of which is very large.

Despite having only three fleets willing to provide data at the end of the recruitment period, the data
collection resulted in a dataset that included over 1,800 vehicles with at least one repair(&0gr

Model years of vehicles in the dataset ranged from 2010 to 2021 (though over 95% of the vehicles fell
between 2014 and 2019). Total vehicle miles traveledriacks in the dataset was just shy of 780

million miles, and the total number (8Gs analyzed was approximately 244,500 use&tils.

The project teammodified our analysis approach due to the limited number of participating fleets and

the various dataquality issues. In many instances, it was also not possible to make direct comparisons
between the three fleets due to the differences in data completeness. Despite these data thsues,

teamwasa GAff FofS G2 YI1S Ay(iSNBdatrdey 3 20aSNBIF GA2ya ¥

Our initial expectations were that NG trucks would require higher amounts of baseline maintenance
earlier on in their lifespan, while diesel trucks would require more maintenance toward the end of their
lifespan due texhaust systenfailures.This prediction was based on our assumptions that NG engines
have shorter oithange intervals and require more routine maintenance for their ignition and fuel
systems. In contrasthe project teamanticipated that the complicated exhaust aftertreatment systems
required for diesel engines would become more expensive to maintaimeasucks age. NG engines, by
comparison, have much simpler threeay catalytic converters for exhaust aftertreatment and are
typically maintenancdree for the life of the truck.

¢tKS aiddzReQa YIFIAYOdISylyOS |yl f@éaAaaterdiRetSan hedBiesdl Kl G b D
counterparts, but the maintenance costs never reacheddkpectedparity between the two fuel types.

The NG trucks in this dataset generated more ROs and required more maintenance expenditures than

their diesel counterparts at alost every odometer range. This trend was observed in the maintenance

data from all three patrticipating fleets. Further investigation revealed thafpihwerplant cooling,

ignition, and exhaust systems accounted for most of these observed differences.

The specific componeHrevel analysis for all of these systems revealed some interesting differences
between the two fuel types. Thaowerplantsystem required the most maintenance for both fuel types,
but the NG trucks had significantly more ROs forayimder headcomponent than the diesel trucks.
Cummins mentioned that their NG engines generally require more valve adjustments than their diesel
engines, which could explain the differencesyfinder heaerelated maintenance.

The cooling system also h&dge differences in maintenance frequency and cost between the two fuel
types. The NG trucks in this dataset experienced significantly oomling systenfiailures than the

diesel trucks. Cummins does not provide ttomling systentomponents with their K& engines, and it is
possible that the cooling systems installed by the original equipment manufacturers (OEMSs) are not
adequately equipped to handle the additional thermal load from NG combustion.

These higher temperatures could also be affecting turlaoghr reliability for NG engines, as the NG

trucks accumulated three times as many turbochargeated ROs compared to the diesel trucks. The
higher exhausgas temperature from NG combustion could be creating additional wear within the
turbocharger. Theosts associated with the additional turbocharger maintenance required for NG trucks
offset most of the advantages gained from the simpler exhaust aftertreatment system. The diesel trucks
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generated three times as mamxhaust systennelated ROs, but the avageexhaust systenrelated
costs were very similar between the two fuel types.

This study was able to quantify some of the key differences in maintenance frequency and costs
between NG and diesel trucks, but the data limitations did not allow us t@parthe comprehensive
analysis desired. Gaining access to a dataset with greater variety and granularity would allow for better
tracking of the reliability improvements across NG engine generations and make it possible to pinpoint
areas that would benefitrom additional development. This information would in turn allow OEMs to
make the improvements necessary to better align the maintenance requirements for diesel and NG
engines. Eliminating this maintenance disparity between the two fuel types would reamevef the

biggest hurdles for NG adoption.
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Abbreviations List

CNG compressed natural gas

DOC diesel oxidation catalyst

DSL diesel

ECM electronic control module

GHG greenhouse gas

GPS Global Positioning System

MY model year

NG natural gas

NGV natural gas vehicle

NREL National Renewable Energy Laboratory
NTEA National Truck Equipment Association

OE original equipment

OEM original equipment manufacturer

PAC Project Advisory Committee

PM preventative maintenance

RO repair order

SCR selective catalytic reduction

UPTIME Updated Performance Tracking Integrating Maintenance Expenses
VMRS Vehicle Maintenance Reporting Standards
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Project Overview

This study ofrealworld maintenance costs of natural gas vehicles (N@%s)unded bythe U.S.
Department of Energgindled byClean Fuels Ohi@ttps://cleanfuelsohio.org). Theobjective of the
NGV UPTIMEUpdated Performance Tracking Integrating Miéenance Expenségroject wasto
collectmaintenance cost data from a wide range of goods and freight movement fleetscanplete a
comprehensivalata-analysisstudy that documentsehicle maintenance costs, technology solutions,
andbest practicedor reducing maintenancandother related ongoing costs for mediurand heavy
duty NGVsTle projectevaluaed NGVsalongside comparabldieselvehicles

The study also aied to identify specifc freight and good movementapplications or dutycycle
variables that affect maintenance costs significantly and disproportionately when comparing natural gas
and diesel engine systems.

Project Background

TheNGVindustrycurrentlylacks comprehensive alysis and metriceegardingmaintenance costsince
userstend to besiloed by various use cases or competing in similar verticals. In addition, vehicle and
engine manufacturers have been reticent to make this data widely available. This has led titagfauc
available information for current and prospective NGV users.

There is little publicly available data that clearly compares the relative maintenance costs of NGVs and
currentadvancedliesel trucks with modern exhaust aftertreatment systefpest2010) to effectively

capture recent NGV technology advancemestgluateb D+ 3 Q L2 6 Sy G Al f G, andf 2 6 SNJ 2
investigateOf  AYa 2F bDzaQ f 2 ¢(8lthdata@niprolingdogeiféctivéngssamdsg y S NE K A L
national energy securijly NGWPTIMR &  LJdzNJtdzbad§e thislinormation gap and facilitate an

unbiased analysis drawing andiverse dataset of national fleets to provide rohusalworld resultsfor

the broadestpossible group o$takeholdes.

The project implemented a provemulti-dataset analysis approaett both the systemand
componentlevelsto determine the maintenance repair frequeilesand cost differences between
compressed natural gas (CNgaines(includingprevious ancturrent stateof-the-art generation$ and
advanced cleasdiesel enginesrfcludingpost-2010 and posR017generation3.The study aimed to
capture the impacts of different technology solutions and best practices used by ppajener fleets
capable of impactingr reducing maintenance costs. Theoject results provide fleets, NGV industry
stakeholders, and other engsers relevanwith currentrealworld information

Theprojectresults showcase the analysis findirfgsoken down by engine arar fuel type)at the
system, assembly, and componédevekto better determine theNGVA Yy R dzZuiréliBs@tis and to
identify specific researchievelopment andoutreach need.

Project Team

The coreprojectteamwas comprised of three primary organizations with coempéntary expertise.

1 Clean Fuels Ohis the NGV UPTIME project prime awardee and lead. Clean Fuels Ohio also led
the fleetdata-partner outreach coordination among the Clean Cities Coalition partners. Clean
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Fuels Ohio is a 501(c)3 Har-profit organizaton focused on improving air quallty and health
redudngSY GANR Y YSy G+t LRtfdziAz2yZ IyR aGNBy3adKSyAy3
cleaner, domestic fuels and energgving vehicles. Clean Fuels Ohio partners with organizations
of all sorts to impement advanced transportation fuels for fleets and facilitates development of
statewide infrastructure to support advanced fuels.

9 Energeticss a fultservice clean energy consultancy focused on clean energy solftions
transportation, advanced manufacturing, grid, and more. Energetitaboratively works with
state and local entities to help smartly and cestectively integrate clean energy technologies
and strategies into their reakorld operations Energeticés the NGV UPTIME data analysis lead
and provided its expertise in engigerehicles, fuel systers, and fleets.

1 TheNational Renewable Energy Laborat@fREL)s a U.S. Department of Enenggtional
Laboratory whose mission is dvance the science armhgineering of energy efficiency,
sustainable transportation, and renewable power technologéeslto provide the knowledge
to integrate and optimize energy systenisw 9 [ Q& S E LJS dklaikabl&ransppréafiodzR S & &
renewable power, energy efficiencgnd energy systems integration. NREL provided the NGV
UPTIME project with vehicle and maintenance data analysis and alternative fuel expertise.

Project Advisory Committee

Clean Fuels Ohio assembleBmject Advisory Committee (PABat brought togethe key NGV industry
stakeholders includinthe following

1 NGVAmerica anational trade association dedicated to the development of a growing and
sustainable American market for vehicles powered by natura{ld&jor hydrogen.

1 TheNatural Gad/ehicle Technology Foruisian hdustry workgroup facilitated by NREL to
provide insights into advancedGWtechnologies andreateopportunities to discuss data and
research oNGengines, vehicles, and infrastructure.

1 TheNational Truck Equipment Assation (NTEA)s The Association for the Work Truck
Industry, represering 2,100 companies that manufacture, distribute, install,,seid repair
commercial trucks, truck bodies, truck equipment, trailensd accessorieNTEA supports both
the vehicle/eqiipment manufacturer industry and vehicleyers provides indepth technical
information, education, and member programs and servieasl produces Work Truck Week.

1 Gedabis aGlobal Positioning Syster@P$, telematics and data analysigrovider.

1 AsséWorksprovidesfleet-management, maintenanegacking,and GPS/telematics softwaresa
well asdata-analysisservices

1 ARV Internationalk a eadingNGVitrainingprovider across North America

1 Yborra & Associates, LISCed by Stephe Yborra former NGV industry expentho servedas

bothNGVAmericRa 5ANBOG2NI 2F al NJ SiAy3a FyR GKS /Sty

S5ANBOG2NI 2F al NJSG !'ylrftearar 9RdzOI hads2y 9 [ 2YYdz

continued thscorearea of expertisén NGVSs.

Cummings a medium and heavyduty diesel and sparignited NGengine manufacturer

Hexagon Agilitys an NGQuel-system provide(for dedicatedNGsystens).

ICOM North Americes an NGuel-system providerfor duatHuel dieselNGsystens).

Clean Energy Fualsan NGuel andfuelingstation vendofprovider.

=A =4 =4 =4
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1 Trilliumis an NGuelingstation vendor/provider

1 Columbus State Community Cokleg Columbus, @io, is a Alternative Energy Automotive
Techniciartraining provider

Key PAC membergere interviewed to help determinerucialareas that the project should focus on.
The phone interviews includetie followingPAC membetswith multiple people attenéhg most calls:
(1) Cummins(2) Natural Gas Vehicle Technology For{@)Yborra & Assaates (4) AFV International
(5) AssetWorks(6) NTEAand(7) Hexagon Agility. The purpose of $kénterviews was tonaximize the
costeffectivenessand benefitsof the U.SDepartment of Energy & ¥ dayldfoXogus the project on
enginesrepresentngthe majority of the NGV markein(terms ofvehicle sales, fuel/energy use, etc.).

The following summaresome of the kefPAC interview findings:

i Data Collection
o0 Vehicle Maintenance Reporting Standards (VM&8Ed maintenanceéata is key
o0 Compile dectronic records (.csor .xIsxfiles) for import into database
o0 (Gonductwebmeetingphone intervieve with fleetsand collectfollow-up data
0 Collect ehicleandengine info €.g.,model, model yeafMY], original equipment(QH,
engineaftertreatment systemp
o Collect dity andapplication info €.g.,application/job type average speedypical
maxmum gross combined vehiclkeeight, route type percentdeadheadoperation).
o0 Focus on Cummins engin@sirrent and last gearationonly).
o Focus orheavyduty, stoichiometric,dedicatedsparkignition CNGengines.
0 Focus orMY 2010+or possiblyMY 2014+ diesel enginesvith diesel particular filters
selective catalytic reductign
0 Focusoni KS { NXaorera Q FANA G
o Collect fleetwide data inaldingvehicle/engineinventories, maintenancedata, fueling
data, andduty-cycle/operations summaées.
o Key systemandcomponents includ¢he fuel system (tank to injectors), spark pludsr(
NG vehicles pistonsand theexhaust systenincludingthe aftertreatment systeny.
M Industry Metrics
0 Totalcost ofoperationis keyto fleets This mcludesthe vehicle acquisitiortosts,
maintenance costgpg@rts and labor)andfuel coss. (By contract, he NGV UPTIME
project is focuse@xclusivelyon the maintenancecostscomponent)
o Costpermile isthe primary metricthat fleets use to track vehicle costsoth at the
vehicleleveland thesystem/componentevd.
i Maintenance
o Itis crucial taunderstand iffnow well thdleet followda G KS Y I yrdahter@rcelzNB NAE Q
schedule andpedficationst and whetherit follows the(separaterequirementsfor
diesel and I&Vs
o Determine whetherthe fleet provides birdenedor unburdenediaborrates. It was
suggested that the project useegionalor nationalaveragdabor rates, which would
remove a variable anldetter anonymizethe data
o0 Identify andbin scheduled ersusunschedulednaintenance.
o Ignore laboronly jobs

NGV PTIMEStudy: RealWorld Maintenance

o
Trends of Heaviputy Natural Gas Vehicles NGV & UP-TIME

10



[? CLEAN FUELS = energetics

o0 Focus on recurring failures ovisplated failuresexclude accidents
0 Apartscostandlaborcostis neededor each job
o0 NGfuelingstation mainenance should not bacluded in vehicle maintenance
o ltisimportanttoyy RSNA ( | Yy R K 2eghni@dn€ri trafdd $Sad@rapairs
and what internal quality-assurance standardgein place to verifyandenforcethis.
1 Warranty.
0 Need to understand warranty terms/maintenance arrangement
0 In-house omanufacturershop
o Understand low warranty work isdlocumented irthe maintenance trackingystem
(includingcourtesy repairs)
1 Operations
0 Need to understand if/how fleets stasndoperate NGrehicles differently from diesel
o Needinformation onnormal dayshours of operationandholidays tounderstand
downtimeversusnormal days off

Fleet Data PartndRecruitingefforts

Structure and Resources

The coreprojectteam was supported by stronggroup of regional Clean Cities Coalitievith strong
NGV usageThe Clean Cities Coalitions executed the grassflaatt-data-partner recruiment using
their established and broad Isbf local relationships and connections with fleet operatdrse Clean
Cities Coalition partners involved in the fleecruitingprocessncludedthe following

=

Clean Fuels Ohio (OH)

WisconsirClean Citie§wI)

DallasFort WorthClean Citie§T X)

Central Oklahomg&lean Citie§OK)
TulsaClean Citie§OK)

Virginia Clean Citig¥A)

EmpireClean CitiegNY)

Clean Communities of Central New Y@
Clean Communities of Western New Y@xy)
St. Louis Clean Citi@dO)

= =4 =4 =4 =8 =4 -4 -8 =

The fleet recruiment waspurposefullybroad to attract and secure fleets from small to lartpeal to
regional to nationglandbasic tomore sophisticatedleet management and maintenanogperations.
Fleets had to meethe requirements for enginéypes andoperationsdefined in the project charter and
guided by the PAC inpanhd had to operate both NGVs and diesel vehicles.

Clean Cities Coalitions were given a project overview to thorgugiderstand the proje€@ #cus and
needsas well agraining on the outreach materials available to them. $&eutreach materials include
the following

1) TheNGV UPTIME project websitétps://cleanfuelsohio.org/ngwptime/) describesthe
projectQ Burpose, sponsor, goals, partners, and points of contact for fellps:
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2) TheNGV UPTIME Data Partner Fact Sfieetuded in this report as Appendix i8)a hgh-level
summarythat quickly describgthe project, fleetdatasharing needs, and what fleetsceive in
exchange for participatian

3) TheNGV UPTIME Data Partner FRager(included as Appendix B a nore detailed
description ofthe project, datasharing needs, anghat fleets receive for participation

4) TheNGVUPTIME Data Sharing Agreemisnaformal agreement template between Clean Fuels
Ohio andthe participatingfleet that describe how sharel data and other information would be
treated. This was importanasmany fleets were concerned about data security and anonymity.

5) TheNGVUPTIME Data Partner Step by SRepcessincluded as Appendix @)a ctailed
description of therequirements of tke data-collectionprocess to answer fleef§uestions. This
was important because many fleets were concerned about the time investment to participate.

The purpose of the website and documents summarized above was to broadlypsbgretinformation
with fleets, with the goal of recruiting the maximum number and breadth of fleets while minimizing the
time spentin phone/email discussiorsy Clean Cities Coalitions and others involveanuiting

Process and Results

A total of 138 fleets were identifieand pursued by the network of Clean Cities project partners. The
project kicked off in March 2020just as the COVHD9 pandemicwas beginningThis presented a

serious challenge for fleatata-partner recruiting. Many fleets that were contacted were focdisa,
andstruggling tg maintairning their businesesanddid not have the available bandwidth to learn about
the NGV UPTIME proje®r, if they did learn abouthe project most felt that the time investment

would be too great. The fleeecruiting team (Clean Fuels Ohio, Clean Cities Coalitions, and Energetics)
were very flexible and persisteabout speakngwith allinterestedfleets, answeingtheir questions
andworkedto allay their concerns about participating in the projacid providing the necessary
operationaldata.

The mainand reoccurringreasons that fleets decided to not share data with the project inclualéatk
of availabilityoutside of their core busiss focus, concerns abailie time investment being too high,
and concerns aboulata anonymity and/othe Data Sharing AgreemeR@omplexity

Fleet data partnerecruitingwas somewhat successful in the firdt.5 yeardn terms ofsecuingthe
contractrequired number of vehicles. However, this included only three fieetse of whichis very
large.

To expand the search and improve flegesults, thePACand NGfueling-provider colleagues were
requested to leverage their industry contactsdaclout to introduce potential fleet data providers to the
projectteam.Energeticalsosupported the expanded recrintg effort, whichidentified an additional30
fleets based on staff contacts/relationships, fleets with industingtainabilityaccolades, and related
paths.However,only three fleetaultimately decided to participate in the project and shasperational
data.

Despite havingnaintenance cost datkom only three fleets,the number of vehicles dataset included
over1,800vehicles with at least one repair ordévlodel years of vehicles in the dataset ranged from
2010 to 2021(though over 95% of the vehicles fell between 2014 and 20M8al vehide miles traveled
for trucks in the dataset asjust shy of 780 million miles, and the total number of repair orders
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analyzed was approximately 244,500 useable repair orders.

DataCollection

Once participating fleetsigned datasharing agreements, callvere scheduled with the fleet managers
to get an overview of available dasad operational practicesand to establish a data transfer process.
Theprojectteam developed a standardizélget questionnaire andrehiclespecification worksheet that
were used to guide conversatisduring thesedata callsFleet managers were also encouraged to share
their overall experiencgwith operatingNGtrucks.Ths anecdotal information helped aggregate the raw
datacollectedfrom each fleet and corroboratedénds identified during the analysis process.

DataAnalysis Methodology

KeyObijectives

The two main objectivesf this studyare to identify maintenancéequency and cost differences
between dieseland NGpowered heavyduty vehicles used for freight amgbods movement. The
analysis process divided into repaifrequency and repaicost componentsalongwith additional
considerationgo ac®unt forthe hierarchical nature of the VMRS datzllected Both the frequency
and cost analyss begin by evaluatg overall differences between the two fugpes before delving into
more specificcomponentlevel differences. dditional analysissdone to comparédreakdown
frequency and cost differences

Collection Methods

A secureMicrosoft SharePoint site was uddo transfer data from tharticipatingfleets to theproject

team. Thsraw data was reviewed and verified to ensure that it met the criteria required for this project.
Followup calls were scheduled with fleet managers to address any questions or concerns identified by
the projectteam. ThePython programming language was ad to perform preliminary data cleaning and
anonymization. The cleaned data from each fleet was then aggregated and transferred to a Microsoft
SQL Server database.

The first step of the dataleaning process involved mapping the fields in the raw datadedin the

project database. The complexity of this mapping proeesied depending othe structure of the raw

data. Some of the raw data fields simply needed to be renamed to the field name used in the database,
while others required additional transfanations(i.e., unit conversion from kilometers to milgsSome

of the fleets provided a single table with all vehicle and maintenance informatibithneeded to be
separated into vehiclkspecific and repaiorder-level information before being sent ttvé¢ database.

Data aggregation was avoided during the dal@aning process to maintain the highest resolution of

data possible. Anonymization wtse final step in the datangestion process. Any identifiable

attributes, such adocation information or flet-specific codes, were scrubbed from the dataset. New
identifiers were also assigned to each fleet, vehicle, r@pair order (RQ)
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DataLimitationsandValidation Methods

Once all the raw data had been cleaned and ingested into the SQL Server datahaseyugh data

guality analysis was performed. This analysis revealed several issues witholldoteddataset. Some

of these issuessuch aghe odometerreading issue described below, were able to be corrected through
imputation and statistical techgues. Otherssuch agliscrepancies iROduration, were not able to be
corrected and the analysis had to be tailored to work around these issues.

The biggest limitation with the dataset collected for this project is the lack of fleet and vehicle variety.
The analysis below includes data from three fleets with varying sizes and maintenance practices. Fleet 1
was the largest fleet in the dataset and had the most sophisticated mainteneacdéng data. They also

had the most detailed VMRS data of all theetk in the studywhich made it possible to do component

level analysis between the two fuel typdmit their data was not free of errors. The data from Fleet 1

had a significant number of odometer aRDduration inconsistencies. Fleet 0 was the smalieshis
datasetin terms of the number of vehicles, but they are operationally larger than Fleat 2xad more

robust maintenance tracking capabilities. Although their data was not as detailed as the data from Fleet
1, it had the fewest number of outlier and erroneous data poiBeta from Fleet 2 had the largest

vehicle age rangbut also had the largst number of erroneous and missing data points.

Fleet 2: Miles between Repair Orders

DSL S 2
%

Fuel Type

NG

-50000 0 50000 100000 150000 200000 250000 300000
Miles

Figurel: MilesBetweenConsecutiveRepairOrders for Fleet 2

Figurel provides an indicatoof the missing maintenance data from Fleet 2. The plot shows the number
of elapsed miles between consecutiR€s for each vehicle. The metric was calculated by first sorting

Ct SSi HQa YI Ayl(S ydodéan@ROBperidate. hin tigg $domadsialSe frond the
currentROwas subtracted by the odometer value from the previ®@to calculate the number of

miles traveled betweethem. The points circledbovelikely indicate missing datasit is improbable

for a vehicle to travel more than 50,00diles without any maintenance. These variations in data errors
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and completeness made it difficult to make representative comparisons across erets for much of the
analysis below.

KeyAssumptions

Given the scope of the project, it was not possiblged afully complete picture on fleet operations or
vehicle duty cycles through the data that was provided. The analysis process relied on the information
regardingfleet operation, vehicle duty cycles, agdneralmaintenance practices gathered from the

data calls to determine if comparisohstween fleetswere possible and faiAn overview of analysis
assumptions for each fleét provided below.

Fleet 0 was the only fleet in the study that restricted their N@&keuto certain routes and regions, but
their fleet manager indicated that all of their trucks have similar duty cycleba@é a mix of regional

I YR rivR @S tyie FoR&>. The trucks typically operdiee days a weekfrom Monday to Friday.

The mantenance for all of their vehicles is handleehinuse and their engine shop is Cummins

certified. All of their technicians are trained to code maintenance in the same manner, so there should
not be variations between technicians. TR®open and close ates are indicative of when the vehicle
entered and left the shop. The reported labor costs argénallusive.

Fleet 1 was the largest fleet in the datasand their trucks operate out of several hubs across the

country. The diesel andGtrucks are intechangeabldi.e.,there are no designated drivers or roujes

All of the routes are regionalith every truck returning to the hub at the end of the day. Most

maintenance is performed thouse but major work(e.g.,engine replacemersis outsourced to
VSYR2NE® CtSSi mMQad YIAYyGSylFryOS GNIOlAy3 az27Fidsl NB
captured consistently across all hubs. The fleet manager also indicated de@anelating to routine
maintenance are not closed when the vehicle lea¥esshop but arénsteadkept open until the next

time the vehicle comes in for the same servithis practice was consistent between both fuel types.

Their reported labor costs include overhéaut are not fully inclusive.

Fleet 2 was the smallest flem this study in terms of business size. Almost all of their trucks are used to
transport dedicated freight. This means certain trucks are assigned to certain customers, but the routes
and loads are similar for all trucks. The fleet manager indicateglweze still developing their VMRS
recording procedures and currently only had confidence in the accuracy of the first three digits. This
fleet also does not employ ihouse mechanics and outsources all maintenance to local vendors. The
vendorsrange froldY 2 Y | Yy R LJdrigitaleguiphdnkmaniifacturer (OEM) operated shops

for their diesel truckswhile NG truck maintenance is handled by shops trained to worklGengines.

All of this information from the data calls was used to develop the falgwassumptions

1 Odometer andROduration errors are consistent between NG afidselvehicles within a fleet
1 Duty cycles are consistent between NG aieselvehicles within a fleet

9 Labor rates are the same for N@d diesetechnicians within dleet.

9 Diesel engines have similar maintenance requirementsrvals regardless of manufacturer.

Odometer Erragand Correction

One of the key metrics in theGVUPTIMEBproject is the odometer data for each vehicle. All fleets iis th
study collected odmeter data as supplementary information duritige creation ofRGs. Fleet 1
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implemented an automated procedure to aupmpulate the odometer through their telematics
equipment, but this system was not perfect and occasionally recorded erroneous valuegh&he
fleets relied on the technicians to manually populate the odometer values.

The odometer data is vital to evaluating repair frequency differences between diegENGpowered
trucks, so iisimportant that this data is free of errors before ansilycan begin. In previous studies that
relied on odometer data, the project team was able to corroborateRt@dometer values from other
sourceqsuch as fueling or telematics datdnfortunately, this approach was not possible for this study
asthe participating fleets were not able to provide another reliable sourcthisfdata. As a result, the
project teamusedstatistical methods to correct odometer inconsistencies in the maintenance data.

Figure Zoelow plots odometer readings ovegpair-order creation dae for an example vehicle from the
dataset. Barring any significant changes in vehicle usage patterns, odometer values should increase
linearly over time. While there is clearly a linear trend, there are also several erroneous spikes and dips
present in the data. It is important to correct these erroneous points because they could lead to
misleading statistics furthealong inthe analysis.

Odometer readings over time for vehicle FL1-NG-177

GO0000

300000

400000

300000

Odometer

200000 AJ—

100000

2015 2018 2017 2018 2019 2020 2021
RO _Open_Date

Figure2: Plot of Raw Odometer Readings folExampleVehiclein the Dataset

The poject team explored several different approaches to correcting the odometer data but settled on
nulling the erroneous values and then using linear interpolation to predict the null values. This approach
resulted in most of the original raw data being pressd and only the erroneousatabeing replaced

with predicted values. The erroneous values were identified programmatically by recognizing the fact
that odometer values cannot decrease over time. Any odometer value that decreased was first flagged
for eadh vehicle. If the flagged value was creating a valley, then the flaggedwatueulled. If there
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was a peak prior to the flagged value, then the previous value was nulled. This presaspeated
until therewere no more peaks or valleys in the odometiata. The nulled valuasere then populated
through linear interpolation. The results of this approach are showkigare3 below. The predicted

odometer line retains the majority of the original data points while eliminating the peaks and valleys.

Actual vs. Interpolated Odometer Values for \Vehicle FL1-NG-177

eooooa Actual Cdometer
Interpolated Odometer
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Figure3: Plot of Actualvs.Corrected Odometer Readings folExampleVehicle inthe Dataset

Statistical &sts

Simple statistical tests were used to compare fleets and vehicles by fuel type throughout the analysis.
These tatistical tests provide a quantitative comparison of the differences seen on a plot. -Aample
t-test was used to determine if the meahstween fleets and fuel types were statistically differdnt.

the results below, a positivevalueindicates that the first group had a higher meadue while a
negativet-valueindicates the second group had a higher meatest results also have aassociated p
value, which is the probabilithat thesemeandifferences occurred by chan¢expressed as a decinal

A pvaluesignificance level d3.05(i.e.,5%)wasused to evaluate thee testresults. Ifthe p-value is less
than 0.05, then thedifference seen between the two populatioisconsidered statistically significant.

DatasetProfiles

Vehicle specifications and maintenance records were requested from each participating fleet. The
maintenance data was collected in thewest format possible. This was done to capture as much detail
as possible and to decrease the effort required from the fleet managers to participate in this study.
Energetics also provided a standardized worksheet to collect vehicle specification aatl dwiy cycle
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information from each fleet. The fleet managers completed the worksheet to the best of theiresbilit
but some vehicle specifications antany of the fields relating to vehicle duty cycle were left blank

Unit_ID Fleet_ID  Model_Year Make Model Engine_Year [Engine_Moke_Model Engine_Size_L Engine_Size_HP Fuel_System Exhsust_Afierreatment Application  Typical_Losd_lbs Avg_Terrain Deadhead Operating_Region
DsL-0 1 2015 FREIGHTLINER NULL NULL 128LL6D13 13 NULL NULL NULL NuLL NULL NULL NuLL Mid-Amenca
DsL-1 1 2015 FREIGHTLINER NULL NULL 128LL6D13 13 NULL NULL NULL NuLL NULL NULL NuLL Morth-West
DsL-10 1 2015 VOLVO NULL  NULL 128L L6 XE13 13 NULL NULL NULL NULL NULL NULL NuLL South-East
DSL-100 1 2016 VOLVO NULL  NULL 128L L6 XE13 13 NULL NULL NULL NULL NULL NULL NuULL South-East

Figured: Example oMissingVehiclelnformation

Vehicle Data Profile

Count of Vehicles in dataset by Model Year
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Figure5: Distribution ofVehicles byModel Year fromAll ParticipatingHeets

The overall modeyear range for all the vehicles in this datasatiatively smallwith almost all of the
vehicles falling within a-§ear timeframe from 2015 to 2021. This condensed range made it difficult to
make comparisons between different generations\gdand diesel vehicles. Another important note is
that the average NG truck is newer than the average diesel truck in this dataset. This can be attributed
to C f S Spiioritizaién ofpurchasingNGpoweredtrucksstartingin 2019.
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1000 Count of Vehicles in dataset by Make and Fuel Type
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Figure6: Distribution ofVehicles byMake andruel Typefrom All ParticipatingHeets

Over 70% of the vehicles in this dataset were manufactured by Volvo. Once again, Fleet 1 had an
outsized influence on the diversity of the dataset. This lack of diversity in vehicle manufacturers did not
have a significant infence on the NG vehicle analygigen thatall engines in the study were produced

by Cummins. The various diesel engine moutalkidedin the dataset were assumed to be analogous to
each other in terms of theigeneralreliability and required maintenammeeds

Maintenance Data Profile

The maintenance data was stored at tR®levelas well asit the VMRS ode level. Th&®CGOlevel table
provides aggregated information agepair-order duration, cost, and labor hours for all maintenance

that was performed during a shop visit. The VMig8elevel data provides the most granular level of
data that was available. This data includes unique rows for every VMRS code and labor category that
was recorded for &2Q ForRGs that had multiple VMRS codes, it was not possible to identify the main
reason forthe ROcreation. Asioted, the quality of the VMRS codes differed from fleet to fleet.
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CK 14: Repair Reason: (K 15: Work Accomplished: ~ CK 18: Failure Code:
Driver’s Report Replace New Inoperative

Clean Energy Consulting

CK 32: Vehicle Assembly:
Qil Pan & Screen Assembly

|
027-036-008

|_|_l

CK 31: Vehicle System: CK 23: Vehicle Component:
Transmission - Automatic  Filter Element - Transmission il

Figure7: Example oW MRSOodes andDescriptions

An example of a complete componelevel VMRS code is provided abovéigure7. Examples of the
supplementary codes that provided additional informati@gardingRepair Reason Failure Type, and
Work Accomplished are also included.

DataDistributions byHeet, Fuel Type,and @st Categoly

Count of Repair Orders By Fuel Type
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Figure8: Number ofRGs byHeet andFuel Type
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Fleet 0 is operationally larger than Fleet 2 but only provided data for vehicles that have comparable duty
cycles. This led to them having the smallest nemiif vehicles an@®Osin the dataset Fleet 1 had the
most vehicles and contributed 85% of the maintenance data collected. Fleet 2 had some of the oldest

NG vehicles in the datasethich ledto this fleet having the highest number BIGs per vehicle.

Count of Repair Orders in dataset by Model Year
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Figure9: Number ofRGs byVehicleModel Year andFuel Type

The distribution oRGs by model year provides an idea of how much maintenance data is available by
vehicle age. Almost 80% of maintenance records in this dataset wereageddy trucks that were
manufactured between 2014 and 2017. This condensed timeframe of available data made it difficult to
make comparisons between different vehicle generations.
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Count of Repair Orders By Fuel Type and Cost Category
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FigurelO: Labor- and PartsRelated RGs byHeet andFuel Type

Percentage of Data by VMRS Code Completion
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Figurell: Percentage oMaintenanceDataQ ¥MRSCode Completenesdy Fleet and Fuel Type

Maintenance data from Fleet 1 was the most complete and had the higivesallquality. 100% of
their dieseldata and 90% of their NG data contained the fulli§it VMRS code used to identify the
specific parts that required service. Fleet 0 also had-higdlity data, but most of th&G were only
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coded to the assembly level. Several dgtality issues weralentified inC f S Sdata. iFd@ é&xample,
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Repair Frequency Analysis

The analysis below focuses on identifydifferences in repair frequency between diesshdNG
poweredtrucks. The evaluation starts at the overall level beflm®usingon specific componentevel
differences. A breakdowfrequency analysis is also performatthe overall and component levels.

OverallRepair Frequency

AlIRGs, including warranty and breakdown repaiase included in the analysis belototh Fleet 0 and
Fleet lindicatedthat their maintenance data includes warranty work, but it was not éaseparate
this outfrom the regular maintenance work: f S Sdéta ideQtified breakdowsrelated maintenance
through the VMRS repaieason codes, but the othawo fleets did not provide this information.

Distribution of ROs Iifeet andFuel Type

Distribution of Repair Orders per Vehicle per Year by Fuel Type
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Figurel?2: Distribution ofRGs Normalized byehicle G@unt andNumber ofActive Yearsper Vehicle

Maintenance intervals for vehiclégpicallyhave both a time and mileage componehtgurel2 shows
differences irthe number ofRG generated over time by fleet and fuel tygef S Sdieselpéhéred
trucks generated slightlpnore RGs per year than their NG trucks. Fleet 1 and Fleleatdmore RGs for
their NG trucks. The overall spread of the distributioal$® wider for NG trucks in Fleet 1 and Fleet 2.
This suggestthese NG vehiclegxhibitedmore variability in the amount of maintenance required.

T-tests:

RGs per Year by Flee
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GroupsCompared T-value P-value
Fleet O vsFleet 1 4.339 3.326e05
Fleet O vsFleet 2 10.010 3.641e19
Fleet 1 vsFleet 2 19.651 1.915e52

Statisticalt-tests were performed to compare the differences between fleets and fuel types. The results
of the t-tests comparing the averages between fleets all hadlues less thaf.05(corresponding to a
confidence level above 95%)his indicates there is enougtatistical evidence to conclude the mean

RGs generated per year per vehicle are different for each fleet.

GroupsCompared T-value P-value
Fleet O:diesel DS.vs. NG -7.223 8.177e13
Fleet 1: DSL v&IG 1.817 0.073
Fleet 2: DSL v&G -7.311 1.035e11

A second set oftests wasperformed to comparehe annual ROs fatiesel and\NGtrucks within each
fleet. The results showed thalh¢ mean numbesof annualRGs generated for diesel andGtrucks in
Fleet 0 and Flee® were greater for natural gaswith statistical confidenceGiven the pvalue greater
than 0.05 for Fleet 1 hiere was nosufficientstatisticalevidence to conclude diesel afndstrucks inthis
fleet generated differenamountsof annualRGs.

AverageDistanceTraveledBetween ROs

Average Miles Between Repair Orders per Vehicle
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Figurel3: AverageDistanceTravelledBetweenRGs perVehicleby Fuel Type
(Each point represents the average for a single vehicle.
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The average diance traveled betweeRGs provides an indication of serviagervaklength differences

between diesel and NG trucks. This metric was calculated by taking the average of the differences in

odometer values reported by consecutiR€> for each vehicle. Theterpolated odometer values were

used in this calculation to account for the odometer errersountered withFleet 1 and Fleet 2.

The diesel vehicles in all three fleets travelled a greater distance betREerThe difference in average
distance traveld between the two fuel types was aroun@@0 miles for Fleet 0 and FleetHleet O

had a few outlier diesel vehicles that traveled almost twice the average distance beR@emMost of
their vehicles traveledn averagedetween 2000 and 4500 miles betweeiRGs regardless of fuel type.

Fleet 1 had the most similar distributions for average distance travelled betRébetween the two
fuel types. The majority i€ f S S  mravélledibatiieén] B0 and 4500 miles betweeiRGs. A
smallnumber of vehicles had very low values for this metric. This was mainly due to new vehicles in
their fleet that had multipleRGs before becoming fully operational.

The differencébetween the twofuel typesin Fleet 2 was much larger at 2,800 miles. The distributions
for Fleet 2 also had the smallest overlap. All of the points for their diesel vehicles were above the mean
line for thar NGvehicles.

T-tests:
GroupsCompaed T-value P-value
Fleet O vsFleet 1 2.734 0.006
Fleet O vsFleet 2 -8.510 1.807el7
Fleet 1 vsFleet 2 -12.401 3.217e35
GroupsCompared T-value P-value
Fleet 0: DSL v&lG 5.787 7.357e09
Fleet 1: DSL v&lG 42.803 0.0
Fleet 2: DSL v&IG 24.759 7.390e99

Thet-testresults are all statistically significantith a greater than 99% confidentavel. As such,hiere
is enough evidence to conclude that the averages between flEaddetweenfuel types within fleets
are all statistically different.
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AverageDistanceTraveledBetween ROs by Model Year

onsulling

Average Miles Between Repair Orders per Vehicle by Model Year and Fuel Type
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Figurel4: AverageDistanceTraveledBetweenRGs byVehicleModel Year
(Each point represents a singlehicle)

Figure 14above shows the distribution of miles travelled betweR@ by vehicle modelyea€t SSi n Q&
distribution clearlyshows that older vehicles travelled fewer miles betwdd® than newewnehicles

This follows the expected pattethat older vehicles require more maintenance than neweaes

The distributions for Fleet 1 get broader as the model year increases. The maintenance data from Fleet 1
had a significant number of instare@here vehicles amumulated multipleRGs within a short odometer

range. This is likely due the nuances ithow RGs are creatednd closedor Fleet 1.Thefleet manager

indicated thatRGs related to routine maintenance itengs.g.,0il changeyare kept open until the nex

time the vehicle comes in for the same servitkis lead$o instances where multipl&Gs are opened at

very short @ometer intervas, which skewshe distribution. An example of this can seenin Figurel5

below. These twdRGs were likely created at the same time but have slightly different odometer values.

Unit_ID RO_Mumber RO_Open_Date RO_Close_Date RO_Duration_days Predicted_Odometer
FL1-NG-211 FL1-MG-R0O-59443 2016-07-19 14:01:05.000 2016-07-21095:36:38.000 1.6496875 542309
FL1-MG-211  FL1-MG-R0O-59438 2016-07-19 14:37:33.000 2017-07-27 21:53:23.000 373.302662037037 54812.2333333333

Figurel5: Example oMaintenanceData Detailsfrom Fleet 1
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Fleet 2 had the largest variation between the two fuel types for miles traveled bet®€snbut their
diesel trucks were newer than most of their NG trucKseir diesel vehicles were very tightly clustered
compared to theNGvehicleslt isalso possibléor the newest vehicles to show a very small value for

average distance traveled betwe®Gi R dzS (2 -X fgaredhald@endite. |

AverageDaysBetween ROs

Average Days Between Repair Orders per Vehicle
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Figurel6: AverageDaysBetweenConsecutiveROOpen Dates byHeet and Fuel Type
(Each point represents the average for a single vehicle.

The daysetweenRG metric allows for comparing service interval lersggth a timebasedscale. This
metric is based othe differencesin days between consecutiROopen dates for each truck. Each point
in Figurel6 represents the average number of days betwét®s fora singletruck.

Many of the ame trends from the distanebased servicinterval metric are still prevalent, but there

are a few key differences. Both fuel types for Fleet 0 average around 12 days bé@elout the

diesel vehicles tend to travel longer distances betwB&B. This gggests that Fleet O may be assigning
shorter, more local routes to their NG fleet. Both fuel types have very similar averages and distributions
for Fleet 1, suggestintipeir trucks run similar routes regardless of fuel ty@ef S SdiesehtrQcks have
significantly longer service intenglboth in terms of time and distance, than their NG counterparts.

T-tests:
GroupsCompared T-value P-value
Fleet 1 vsFleet O -13.950 6.283e44
Fleet 1 vsFleet 2 -29.126 1.558e183
Fleet O vsFleet 2 -18.942 1.257e79
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GroupsCompared T-value P-value
Fleet 0: DSL v&G -5.855 4.946e09
Fleet 1: DSL v&lG 18.361 3.101e75
Fleet 2: DSL v&G 17.144 6.464e65

The ttests show that the average days betwe&s are significantly different between diesel aNG
vehicles for all three fleets.

Distribution of ROper 10000 VehicleMiles

Distribution of Repair Orders per 10,000 Vehicle Miles by Fuel Type

Fleet_ID=0 Fleet_ID =1 Fleet_ID =2
7 12
14
6 10
n 12
2
=
o5 8
=t 10
=}
5 ' .
a4 - 8 . 6
P s -
_8 -
5 ¥ 6
E3 S - 4
a e . - e E et
D -
r ~ 4 :
:. H
2 : 2 . R
t 2 7
1
DSL NG DSL NG DSL NG

Fuel Type Fuel Type Fuel Type

Figurel?7: AverageCount of RGs per 10,000/ehicleMiles
(Each point represents a single vehigle.

The average number &G generated per 10,000 vehicle miles wbsweenapproximately?2 and4

for both fuel types in the three fleets. TiNGvehicles had higher average in all three fleets. Fleet O

had the fewest number of outliersvith the average for all of their vehicles falling between 1 afri.
TheRGs for the diesel trucks in Fleethhda more rightskeweddistributionthan the NG trucks

meanirg that a greater percentage afiesel trucks hadverage RO counts less than the mealhof the
diesel vehicles in Fleet 2 were of the same age, produced by the same manufacturer, and had similar
duty cycles. These factors led to these vehicles haviragatight distribution oRG.Cf SSNG H Q&
trucks on the other hangspanned multiple generations arthd more varied duty cyclesvhich led to a
much wider distribution oRGs. The newest vehicles that accumulated less than 10,000 miles were
excluded fom this visual to reduce noise and outliers.

T-tests:
RGs per 10,000 Miles by Fleet
GroupsCompared T-value P-value
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Fleet 1 vsFleet O 0.299 0.765
Fleet 1 vsFleet 2 2.008 0.046
Fleet O vsFleet 2 1.307 0.192

The ttests show that all the participating fleets have a similar numbeR&s per mile. The difference in
averageRGs between Fleet 1 and Fleet 2 was the only one that was marginally significant.

RGs per 10,000 Miles by Fuel Type for Each Fleet

GroupsCompared T-value P-value
Fleet 0: DSL v&G -3.016 0.004
Fleet 1: DSL v&G -13.647 5.681e40
Fleet 2: DSL v&IG -8.863 -5.552e15

The average counts &G per 10,000 miles were statistically different between the fuel types for all
three fleets. Theseresults provide a significant amount of evidence that NG vehicles require more
maintenance than diesel vehicles regardless of variations in duty cycles and maintenance practices.

AverageNumber ofDaysOut of Serviceper 10000 Miles

Average days out of service per 10,000 Vehicle Miles by Fuel Type

Fleet ID =0 40 Fleet_ID =1 Fleet ID=2
1.75
0.6 35
]
% 1.50
o 0.5 30
s
o 1.25
=4 25
04
2 20 1.00
@
- 0.3 .
= 15 . 0.75
> .
ot -
g 0.2 10 ; 0.50
L] RS
1]
= b3 o
< 0.1 ‘;_, ________ 0.25
£ B gt oSG . T [
R " gop ol
0.0
DSL NG DSL NG DSL NG
Fuel Type Fuel Type Fuel Type

Figue 18: AverageNumber ofDaysBetweenROOpen anddoseDates
(Each point represents a single vehigle.

Figue 18is intended to show any differences that may exist in ové&@itluration between the two fuel
types. Tls metric is calculated by first counting the numhgrelapsed days from RO open dateRO
completon date for eactrepair order Values arghen grouped by fleet, fuel type, and Unit,|Bnd the
average is calculated for each group. Approximately 15% dR@efrom Fleet 1 had null completion
dates and 31% of th&RG from Fleet 2 had aerroneous completion dates. Thegalueswere omitted
from this visual.
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In general, both fuel typeappearto spend a similar number of days out of service due to maintenance.
The averagalaysout-of-serviceper-10,008miles metric is identical for diesel and NG trucks for Fleet 0.
Diesel trucksn Fleet 1 have a slightly higher average time out of service thair NG counterparts.

Fleet 2exhibitedthe most substantiatiifference inROdurations between diesel and NG trucks.

Fleet 1 : Top Repair Orders by Average Duration

Fuel Type RO Description Average RO Duration in Days
OIL ANALYSIS KIT 267.226713
ELEMENT - OIL FILTER, FULL FLOW 255.9688248
OIL ANALYSIS 224.2544555
BRACKET - MOUNTING, FRONT LICENSE 186.3187269
KIT - SEAL, GEAR, STEERING 180.7669676
SLEEVE - EXHAUST MANIFOLD 180.2237153
TRACTOR, 240K SCHED SVC, ENGINE OVERHEAD 177.2540865
FILTER ASSEMBLY - OIL, FULL FLOW 172.0750193
FLEET 1 LABOR CODES 168.1179255
ELEMENT OIL FILTERS 158.3701633
OIL - REAR AXLE 147.2900347
APM 139.4061556
HOSE - HYDRAULIC, FRONT BRAKE 213.0935532
ASSEMBLY - COMPLETE, TRANSMISSION, AUTOM 142.6259582
NECK - FILLER, TANK, GASEOUS FUEL 141.5061774
FILTER ELEMENT - TRANSMISSION OIL 135.7477567
B PM 127.0655211
APM 127.0320152
TUBE - DIP STICK 125.0043287
OIL ANALYSIS 124.2041627
HEAD - CYLINDER 123.7803494
FILTER - CRANKCASE VENTILATION 120.1083179
ELEMENT - FUEL FILTER, PRIMARY 119.4710908
FLUID - AUTOMATIC TRANSMISSION 107.4486715

Figurel9: Examples ofengthy RODurations from Fleet 1
(Note: PM refers to preventativeaintenance.)

The yaxis scalén Figue 18for Fleet 1 is vastly different due to differences in data recording procedures
for the ROcompletion dates. The data managfor Fleet 1 indicated that their technicians leaygen
certainRGs for routine maintenancée.g.,oil changepuntil the next time the vehicle comes in for the

same service. This practice results in very len§t@y; which skew the averageOdurationto be higher

than expected. There was no evidence that this practice differed between their diesel and NG trucks, so
it was still possibléo make comparisosbetween the two fuel types.

T-tests:
GroupsCompared T-value P-value
Fleet O vsFleet 1 -34.109 8.343e99
Fleet O vsFleet 2 -1.497 0.135
Fleet 1 vsFleet 2 31.967 1.647e99
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GroupsCompared T-value P-value
Fleet 0: DSL v&G 0.056 0.956
Fleet 1:DSL vsNG 5.793 8.627e09
Fleet 2: DSL v&lG -5.812 5.420e08

Not surprisinglybased on the abovementioned RO practicdise results of the-test show that Fleet 1
had statisticallyhigheraveragedays-in-shop from Fleet 0 and Fleet 2. The diesel AGvehicles had
statistically different averages for this metric within Fleghigher dieseland Fleet Zhigher NG)

AverageQumulativeCount of ROs bideet andFuel Type

Cumulative Repair Orders by Fleet and Odometer Range
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Figure20: CumulativeCount of RGs per Vehicle byHeet andFuel Type
(Each line for the plots in the first two columns representsRt@accumulation for a single vehicle.

Figure20 showsthe differencesn the rate ofROaccumulation by fleet and fuel type. Each one of the
orange and bludines in the left and middle column of plots represent a single vehicle. The black dotted
line represents the average and is calculated by first grouping togetheCatienerated by fleet, fuel

type, and odometer rangend then taking the average. The plots in the rightmost colgimowthe

average lines for both fuel types on the same plot for easier comparison. Note that the variability of the
average lines increase ¥ odometer range gets higher due ttoe decreasing sample size of vehicles.
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The NG trucks in all three fleets accumulaR@s at a faster rate than the diesel trucks for most of the
odometer rangeFor Fleet 0 and Fleet hé cumulative count oRGswas relatively similar between the

two fuel types prior to the 200,00fnile mark. This was expected because newer vehicles typically
require less maintenangeegardless of fuel type. Fleet 1 had the most comparable maintenance data in
terms of number of ghicles, ages, and duty cycles. The gap between the NG and diesel vehicles within
Fleet 1 continued increasing after the 200,80de mark. By the end of their lif@round the1,000,000

mile mark, the average NG vehicle accumulated 80 nie@ than the guivalent diesel vehicle. Fleet 2
had showed a large difference between the two fuel types even before the 200p@80nark. This fleet
hadthe largest age range for NG trucks and the smallest age range for diesel trucks in the dataset.
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Figure21: AverageNumber ofRGs Generatedper Active Vehicle byHeet andFuel Type
(Fleet 0 is shown in the topmost graph, followed by Fleet 1 and Fleet 2.)

Figure21 shows the average number BIG generated per all active vehicles otee total accumulated
mileage 6dometer rangé. This metric is calculated by first grouping the maintenance dafteby; fuel
type, and odometer rangé&ounded to the closest 10,000 milesyhen the number dRGs ineachgroup
are counted and divided by the number of active vehickegive vehiclesrea count of total vehicles
that were operating in the fleet in given mileage range regardless of whether they hR®Daccur
within that range. The dashed lines show the number of active vehicles per fuel tygsy addmeter
range in each fleet.
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It was hypothesized thaliGpowered trucks would require monmaintenance in the beginning of their
lifespanandthat diesetpowered trucks would require more maintenanevard the end of theirlife.
This trend was not observed in this dataset. The NG trucks in all three fleets required more overall
maintenance tharthe equivalent diesel trucks throughout the odometer range. The variatiGtOn
generated per vehicle increases as the sample size of active vehicles gets smaller.

PercentUptime

Percent Uptime by Fuel Type and Fleet
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Figure22: Distribution of\ehicles byPercentUptime
(Each point represents a single vehigle.

Figure22 shows operational differences between diesel aN@trucks for each fleet. It is calculated by
dividing the number of active days by the total days for each truck. Total days equals the number of days
between the firstROand lastROfor each truck. Active days is equal to the total days minus the sum of

RO duration days. The accuracy of this metric is highly dependent on the accuracyR®tpen and
ROcompletion dates.

Fleet 1: Average Repair Order Duration by Fuel Type and Repair Reason Type
Repair Reason Type Avg. RO Duration in Days
Fuel Type DSL NG
Scheduled Service 259.42 130.7
Preventive maintenance 144.3 219.75
Scheduled Inspection 78.98 167.05
Scheduled Repair 15.83 11.72
Breakdown 6.08 1.12
PM Repair 5.97 6.42
Unscheduled Repair 3.58 3.55

Figure23: AverageROduration byRepairReasonfor Fleet 1

As noted earlier, Fleet 1 had different methodsefording RO completion dates depending on the type
of maintenance that wabeingperformed.RG for routine maintenance items with set intervals were
left open until the next time the vehicle needed the same service. This made it challenging to calculate
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accurate uptime metrics for this fleet. TR for these routine maintenance items were excluded from
the uptime calculations for Fleet 1.

Fleet 2 had the biggest differerem uptime between theidiesel and NGpoweredtrucks, but there
were a signifiant number of inconsistencies in tR®Oclose date andROduration fields from this fleet.
84% of the reportedRkOduration values did not match the differereketweenROopen and
compleion dates. These data errors are likely the biggest contributothéoextraordinarily low uptime
values for their NG trucks.

Fleet 0 had the most accuraROduration data and therefar the most reliable uptime metric. The
average uptimgercentagefor both fuel types hovered between 83% and 86%. Their diesel trucka had
larger range for uptime percentagésantheir NG trucks. Fleet 1 had very similar distributions for both
fuel types and their averagewere within 1% of each other. There were a few outlier vehicles that had
uptime-percentage values that were close 