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San Joaquin Regional Transit District Electric Bus Demonstration

Executive Summary

This reportpresents theevaluationresultsof battery-electricbusesin revenie service aSan Joaquin
Regonal Transit District (Rl Ibcated in Stockton, Californi&®TD committed to becoming aero-
emissionall-electric fleetby 2025 demonstratedten nextgenerationProterra batteryelectric busegor
12 months Five electric busesere purchased through ad$nillion grant under the Federal Transit
AdministratioQ&C¢ ! Qa0 [ 26 | YR b2 3heledmainingfife bases®bd 2 0 t NP I NI Y
purchased using other grant awards that R¥dreceived. RTD enlisted CALSTART to conduct an
unbiased, thirdparty evaluatiorof theseelectric transit busesThegoal of this demonstration was to
evaluate theperformanceand determine if the electric buses could mele¢ service requirements of
RTDThis was accomplished by comparing the performance and operating costs of the f¢etnyc
bua Sa G2 { Kdnvéntigh@diesekelBc®idhybrid buss. Furthermore, ser feedback surveys
were administered throughout the demonstration to track how user acceptaridke drivers,
maintenance staff, and manageshifted over time.

Theten busesin this demonstratiorwere all battery-electric Catalyst FC transit busesmagactured by
Proterra. The 40foot buses hava nominal range of 62 miles on a single chaagd usePrai S NNJ Q &
overhead fast charging systeffihis allows buses to opportunity charge on roat@ne of Stoctoy” Q &
main transit hubsThere are advantagesd drawbacks associated with @aute opportunity charging.

A main advantage is that buses can operate indefinitely withaug interruptions for chargind.ower
vehicle assignment flexibilignddependence on theeliability andfunctionality of the on-route

charging infrastructurés one of the primary disadvantage

RTD operatéthe new fleet of electric buses on five routes, includihgfirst all-electricBus Rapid
Transit (BRT) routi@ CaliforniaA summary of the electrious evaluation is shown in Table-ES

Table ESL: Summary of Evaluation Results

Data Description Data Value
Number of buses 10
91112017 ¢ 8131/2015
Number of months 12
Total daysin revenue service 1,038

Total mileagein revenue servicémi) 155,896
Average monthly mileage per bus (mi/maonth) 1,559

Availability (%) 88
Vehicle efficiencykWh/mi) 2.13
Vehicle efficiency in revenue service (kWh/mi) 2.00
Vehicle fuel economy imevenue service (mpdge) 18.8
Operational efficiency (KWh/mi) 2.57

Operational fuel economy (mpdge) 14.6
Average moving speed (mph) 14.8
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The busestraveled acombinedtotal of 155,896 milesduring the 12moth demonstration with 1,038
days of revenue servicd?erformance data was recordeding data loggerinstalled by the bus supplier
as well as through manuaiileage and fuel loggrovided by RTDThis was supplemented/b
maintenance reords anduser acceptance surveys.sibgseveralmetricsthat were calculatedaiuring
analysis, CALSTART devetbiindings and insights thdtelpedinform RTD of the reakorld
performance and operating costs of electric transit buses.

The electric buses were randomly assigned to one of five service routes but primarily operated on BRT
Route 44, which had the highest ridership of the assigned roukbss urban service route spans
approximately 14.4 miles in distance and serves pasgerfgam theDowntown Transit CentdDTGin
Central Stockton to as far south as Qantas Lane near#irpbrt Road.Thebuses traveled at an

average moving speed of 14.8 mpéxcluding idldime).

Maintenance datavas collected on five electric buses thgr the demonstration periodl' he average
availabilityfor the electric buses during the data periahs88% compared to 91% for the diesakectric

hybrid baseline busThere was little variatiombserved in the availability of electric buses, rangingnfro

a low of 89% to a high of 91%ore importantly, mosuunscheduled maintenance days were caused by
general bus system issues such as HVAC or broken components that were unrelated to the electric drive
systemof the bus.

Three types of efficiencies weamalyzed in the demonstratiomverall vehicle efficiengyehicle
efficiency in revenue servicand operatiorl efficiency.

1 Vehicle efficiency This is the mostommonmethodology for calculating vehicle efficiency. The
ten electric buses had avverallvehicle efficiency of 2.13 kWh/mi.
Y& O@RIQI QW | 6 D
"YE€ oawQa QiQ

1 Vehicle efficiencyn revenue serviceThis efficiency mtric uses the samealculation
methodology as overall vehicle efficiency but only includes energy consumed and miles traveled
during revenue service. A bus wady considered to bective andn revenue servicd it
traveledat least10 miles during th day The ten electric buses had amerallvehicle efficiency
of 2.00 kWh per milevhen in revenue service

YE O@RIQI QG | 60'RIQVL QE BIQL VAN
"YE OIGIRAL QE 'QIQUA TN iQ

1 Operational efficiencyOperational efficiency ian efficiency metribased orenergymeasured
at the meterand total miledraveled Using this methodology, operational efficiency was
calculated to be 2.57 kWh/miOperational efficiencys not to be compared with vehicle
efficiency but ratheits purpose is tgrovide greater insight tethe actual energyequired to
operate electric lnses Due to energy transfer losses between the meter and the bus, the
energy measured at the metevill be higher than the energyeceived by the budDuring the
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demonstration al9% loss in energy wabserved between the meter and the bus&nce a
transit agency is billed for energy measured at the matederstandng operational efficiency
was critical irdeterminingthe realworld operating costs of electric transit buses

YE O'@RAQI @ i 6D & QO 'AAQ
"Yewd Qa0 iQ

Vehicleefficiencybased ortotal miles driven was 2.13 kWh/mi. Théguates to 17.7 miles per diesel
gallon equivalent (mpdge)n comparison, thaiesetelectric hybrid buses had an average efficiency of
5.13mpdgewhich isthree times less efficienthan that ofthe battery-electric bugs. The duty cycle of a
vehicle can have a significant impact on its fuel economy. Due to this fact, it issamiptar note that

the battery-electric and diesetlectric hybrid buses did not always operate on the same routes and
therefore cannot be considered a direct performance comparison.

To further understand vehicle efficienagnergy consumption of the follang bus componentwas
monitored: DC1, DC2, air compressor, HVAC, powertrain, and power steering. The total energy
consumed by these components is comprehensive otaled energy consumed by the vehicle and its
components during the kEnhonths of operain. Figureb.9 shows a pecentage breakdown of the
energy that each bus component consumed during the demotistrgeriod.

FigureES2: EnergyConsumption by Vehicle Component
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The powertrainconsumed the highest amount of enetrgaccounting for 78% of the total energy drawn
by the buses. The powertrain provides the propulsion to move the vehicle and therefoexpected

for thiscomponent to have the highest energy draWeating, ventilation, and cooling (HVAIZ3w the
next highest amount of energyccounting forl0% of the total energy drawn. Stockton has a relatively
mild climate, with an average high ®2.1°An the summer and an average lows8.5°Fn the winter!
Though HVAC did not have a significant impactatteby performance in this demonstration,éan
become an issue falectric buse$n more extreme climates, particularyeas incolder climates.

During the demonstration, RTba | @& f e &ricitywithout demand chargewas$0.16/kWh to
chargethe electric busesWhen factoring in customer and peak demand chaytfes cost ofelectricity
was$0.49/kWh. In comparisorthe averagecost of diesel during the same period wga 15/gallon. This
is equivalent to $1.28 per mile wowerthe electric lusescompared t0$0.42 per mildor the diesel
electric hybrid buses. The costfiowerthe electric buses does not include credits from the Low
Carbon Fuel Standard (LCFS) program whkigpending on th& CFS marketing conditions, coolftset
the total cost of energyy $0.13to $0.14 per kWhwhen factored in.

5SYFYR OKIFNBS& OFly KIFI@S | AAIAYATFAOLYyd AYLI OGO 2y
determined monthly based on the highest average kW measured inraid5te interval duing the
OAffAY3I LISNAZ2RO® 5dzZNAyYy 3 we5Qa S| NI A-Sddddénia®iOG N& O
charge exemptionTheexemptionexpired in 201%vhich resulted in RTD incurring peak demand charges
during the course of this demonstratioRTD opeated two onroute overhead fast chargefgCrsywith

a maximum power rating of 500 kW each. This leldi¢gthdemand charges and resulted in significantly
higher energy costs to operate the electric buse®re than double the operating costs of diesel

electric buses

At the time of writing this reportPG&HEeleased a proposal that would establish new rates for charging
electric vehicles. If approved by the California Public Utilities Commission (CPUC), this would have
AAAYATAOlI yi A ¥éraflor@licos® & it wouldl $eék3olekirinate dodtly demand charges that
RTD faced throughoulhe demonstration. Though the proposal has not yet been approved, it is likely

that some form of this new rate structure will pass. Using the proposed ratePB&E had released,
CALSTART projected that RTD would pay $0.38 per npitavier the electric bus. With LCFS credits

factored in, cost per mile would be reduced even further, bringing £0.14 per mileBased on these
projections, he new PG&E rate steture couldgreatlyreducew ¢ 5 Qa 2 LJS fai-eledtrif Buse® 2 & U a

Surveys and interviews were used to capture experient&STD personneldrivers, maintenance staff,
and mangers The sirveys providedadditionalinsight into how the vehicles performed during the
demonstration.Comparisons were made between the electric bus and the basdiésetelectric
hybridbus to determine the advantages and disadvantages during normal everyday hise.
management team thatvas surveyed included the fleet manager, supervisors, and diredtolsoking
at driver acceptancand maintenance issueRTD managemesummarized and rated the electric
buses based on information from driveasd maintenance staffespectivelyFive2 ¥ w¢ 5 Qa
management staftompleted surveys at the beginnindthe demonstration angixcompleted surveys

1 Stockton, CA Climate & Temperatuhnéip://www.stockton.climatemps.com{accessed March 2, 2019)
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at the end in which they compared the electric to tigeselelectric hybridin terms of5 performance
metrics. Results are shown in TableZs® a scale from one to five.

Table E: FinalManager Survey Scores for the Electric Bus

Metric
Driver Acceptance
Safety

Reliability
Maintenance Issues
Avalilability for Service Operation

The numbers correspond to tHellowing:
1. Much Worse 2. Somewhat Worse 3. Same4: Somewhat Better 5: Much Better

The ratings depicted ifiable ES show final perceptions fromsk ¥ w¢ 5Qa Y I yalmomSy i G S|
had significant experience managing the fleet of electric and diselric hybrid buses. In each

category except safety, RTitanagementated the bus as somewhat worse in comparison to their

conventional buses.

The differencedetween a batteryelectric and diesef f SOGNA O K@ o NAR LINR LIz A2y
ability to get comfortable with the electric buses. Reliability of the charging infrastructure and issues

with the docking procesaligning the bus to connect witlhé chargerhead,was aprimary concern of

the drivers. A docking errorcaused by the operator or charging system, would delay the charging

processand would require operator® drive around the trasit center in order to try docking again.

Thisadded tme causel delays andtut into the breakdrivers would have between service loopgdl

performance metrics were rated as worse when compared to their conventional hybrid bus. Rather

than getting used to the new vehiclg,K S R dki@nS ¢ofitiued to degrade even though 73% of

them expressed they had been given sufficient trainomghow to efficiently drive the electric buses.

Therefore, it is reasonable to conclude that the issues with bus performance and charging infrastructure

to some degreediminishedii K S R atBegt&hdeldfthe electric vehicle. The maintenance $§edff

that proper training was never implemented which limited their ability to safely maintain and service

the bus. Despite the concerns shared by the maintenance staff, they unanimously agreed that the

Catalyst electric bus was a substantial improvement dlre earlier ProterraEcoRide modéhat RTD
hadpreviouslydemonstrated in 2013 Finallywhenw ¢ 5 Q& Y I y I 3 S vaskedihowthgit ¥ &I a
perception of electric buses changed over time, most responded positively. The responses included

GiKSe I BBIHESHNEAYHIR ala (GKS GSOKyz2t238 |yR SELISNRS
S INB Fo6ftS G2 62N {KNERdzZAK WNilk tfiese résiits arekirfornativds NI G A 2 v |
we note thatonly a sample of the RTD staff were surveyed thiedviewsmay not reflect the overall

views of the transit agency.
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Summary of Findings

This list summarizes the overall takeaways from the study

1

The electric buses hadvahicleefficiency of2.13kWh per mile, which equates tb/.7miles per
dieselgallon equivalent (ppdge). In comparison, the dies@lectric hybrid buses hadwehicle
efficiency of 5.13 ppdge which ighree times les&fficientthan that ofthe battery-electric

buses

The electric buses had an operational efficiency of 2.57 k&vmyle, which equates to 14.6
mpdge.Operational efficiency is an efficiency metric based on energy measured at the meter
and total miles traveledThere can be significant loss as energy is transferred between the

meter and the busRTD had a chargingfiefency of 81% which meansl% loss in energy was
observed between the meter and the bus&ince a transit agency is billed for energy measured

at the meter, understanding operational efficienagd charging efficienayas critical in

determining the ealworld operating costs of electric transit buses.

The average availability for the electric buses during the data period was 88% compared to the
91% for the diesetlectric hybrid baseline bugéwvailability is based otve number of days the
buseswere actually available compared to the days that the busese scheduledo be

available for operatin.

Peak demand charges can significantly impact the operating costs of electric buses, especially in
cases where omoute FCrsare required.If the number of electric transit buses using-mute

FCrss optimized, demand charges can be spread among morestarse the overall cost per

mile can be greatly reduceéifteenbuses utilizing two overheadCrsvould bring demand

charges down to $0.30 per mile.

L¥ FLIINRPSRT tD39Qad yS¢ NIaGS aGNHzOGdzNB OlFy &aid
Basedon PG&Fa LINP LJ2aSR NI} GSa IyR w¢5Q38 RSYIFIYR LINRTA
buses could drop down to $0.42 per mile.

TheLCFS Program can further decrease energy costs by an average of $0.13 to $0.14 per kWh,
depending on the LCFS market conditidnscombination with PG&E@ew rate structure, LCFS
could reduce charging costs down to $0.09 per mile giving electric buses a significant cost
advantage in fuel savings.

Electric transit buses that require opportunity charging are dependent on the riljadimnd
functionality of the orroute charging infrastructure. If the charging systeent downw ¢ 5 Q a
electric transit busewvere not able to provide serviamtil the charging system was fixed

Overhead fast charging requdéus drivers to perform docking maneuveto properly align

and connect the bus with the charging head. Docking errors, causeithiey the operator or
charging systengelayed the chargingprocess and requikoperators to drive around the

transit centerto repeat the process uit a successful connection was mad€hallenges with

docking frustratel operators and sometimes causdelays in service.

User acceptance was low among RTD staff. Reliability of theute FCrsand issues with the

in-cab ergonomics were the primaryuses of frustrations among the driverMaintenance

staff expressedhey needed more training and feedback from the bus supplier to maintain the
buses safely and efficiently.
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LIST OF ACRONYMS

BEV Battery electric vehicle, a vehicle whicts@ely powered by an onboard battery

CAN bus Controller Area Network

CARB California Air Resources Board

CEC California Energy Commission

CPUC California Public Utility Commission

DC direct current

EPA Environmental Protection Agency

ESS energy storage system

EV electric vehicle

FC Fast Charge

FCr fast charger

FTA Federal Transit Agency

GHG greenhouse gas

GPS Global Positioning System

GVWR grossvehicleweightrating

hp horsepower

HVAC heating, ventilation, and air conditioning

Hz hertz

kB/s kilobyte per second

kw kilowatt

kWh kilowatt hours

Ib pounds

LCFS Low Carbon Fuel Standard

LoNo Low and No Emission Vehicle Deployment Program

M/HD Medium-/heavy-duty, refers to vehicles 14,0@126,000 Ibs GVWR (medium duty) or
26,00L and greater lbs GVWR (heavy duty)

mpdge miles per diesel gallon equivalent

mph miles per hour
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OoBD on-board diagnostic system

OEM Original Equipment Manufacturer, also known as truck makers, truck manufacturers
O&M operations andnaintenance

PM planned maintenance

PMI preventative maintenance inspection

RTC Regional Transportation Center

RTD San Joaquin Regional Transit District

SMA Stockton Metropolitan Area

XR Extended Range

ZEB zero-emissionbus

ZEV zero-emissionvehicle, inclusive of all forms of cars, trucks, buses, antaff vehicles

that does not produce any emissions
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DEFINITION OF TERMS

Availability The number of days the buses are actually available compared to the days that the buses
were schedledto be available for operation, expressed as percent availability.

Averagemovingspeed: The averagaovingspeed of the buses while driving, not including stops and
idle time. These data are collected using data loggers.

Bus Rapid Transi8milar tolight rail service in terms of frequency and convenience but retains the
flexibility of bus service while avoiding the costly infrastructure of rail

Daily event: A daily event is an average of all the drive events occurring eRAthour period. The
data is collected using data loggers.

Data scrubbing: A series of validation tests to insure data was good and reliable. If any identified
inconsistencies could not be reconciled, the data was discarded diliggrocess.

Demand chargd?eak demand chargeare levied by electric utilities on their commercial and industrial
customers to recover their capital costs and are calculated based on the maximum amount of electrical
power (in kW) the electric transit bus draws from the grid during a charging eDentand charges are
generally charged monthly based on the highest average kW measured imadte interval during

the billing period.

Depotcharging: Where the electric transit bus recharges at night or when the vehicle is not in
operation. Electric transit buses charging overnight are designed to meet the daily range of a
conventional diesel bus. Thus, batteries need to be sized in order to stotgkramergy to cover over
100 miles.

DockingOverhead fast charging requires bus drivers to perform a docking procedure to properly align
and connect the bus with the charging head.

Drive eventAdrive eventis definedby the following parameterg speeal was greater than 0.1 mpdnd
the bus must not hawidledfor longer than 10 minutes continuously. If the bdked forlonger than 10
min for any reasonthe currentdrive eventwould end,and a new drive event would start when the bus
exceeded 0.1 mphThese data are collected using data loggers.

Opportunitycharging:Wherethe electric transit bus recharges while the vehicle is operating.
Revenue service: The time when a vehicle is available to the general public while collecting fare from

passengers. When vehicles are operated for special events or are providiffgelaservice, this is also
considered revenue service.

CALSTART X May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

TABLE OF CONTENT

1. INTRODUGCTION. ..ottt ettt e e et e et e e et eea e e e e e eesbe e e e e e eenbaanas 1
1.1 BACKOIOUNG.... oottt e e e e e e e e e ettt a et e e e e e e e e e e e e e e aanas 1
1.2 PrOJECT OVEIVIEW. ..cciiiiiiiiiiiiiiete ettt e e e e e e ettt e e e e e e e e e e e e e ne s et bn e e e e e e s 1
1.3 GOAIS Of STUAY ... ..ttt e et e e e e e et e e e e e e et e e e e e e e e e e e annnes 2
AN o ] {0 > o o 2

2. STATE OF ELECTRIC BUS TECHNOLOGY.......uuuuuiiaiaeeaeiiietieeieiiiriiiiiiiiseeeeeeeeeeaeeeeeessesnnnees 3

3. OVERVIEW OF SAN JOAQUIN REGIONAL TRANSIT DISTRICT......ccoiiiiiiiiiiiieeeceevi, 6

4., DATA COLLECTIQN .ottt r et e et e e e et e e e e ettt e e e e e eeenanns 8

4.1.1  Vehicle DESCHPIONS .. ....oiiieiiiiiiiiii ettt e e e e e e e e e e e e e e e eeeeeeeennenaaeeeees 8
4.1.2 Charging INfrasStrUCIUNE. ..........ue e e e e e e e e e e e e eees 12
4.1.3 ROULE ASSIGNMENLS. ... .ci i e e e e e e e e e e e eaeeeeeaeseene 16
4.2 PerformanCe Data............ccoouuuiiiiiiiiieeeiie et e e e e e 21
42.1 Data Logger EQUIPMEIL........ooiieeieiiiiieiiaee e e e e ettt s e e e e e e e e e e e e e e e eeeeeeeeeennns 21
4.2.2 IN-use Performance Data............ccccuuiiriiiiiiieiiiecee e 21
4.3  Operations and MaintenNanCe Data.................uuuiiiiiiiieiiieee e e e 24
431 Bus Use and AVAIIADIIILY. .........coooiiiiii e 26
4.4 User ACCEPLANCE DaLaL......cceuuuriiiiiiiiiiiiee et 27
4.4.1 Driver B/aluation SUMVEYS.......ocuuuii i ee e e et e e e e et e e e e e e e e e e e eaea e e 27
4.4.2 Maintenance Staff Evaluation SUIVEYS............ooovviiiiicee e 28
4.4.3 Management Evaluation SUINVEYS............uuuuiiiiiiiiiiie e eeeeeeeeee et e e e e e e e aa e 28

LT N B ] 1T PSPPI 29

ST R Y/ 1= 1 g ToTo (o] [oTe V2SR P U PP PP PPPPPPN 29
5.1.1 Drive Events versus Daily EVENTS..........ccoii it 29
5.1.2 Data Scrubbing and Validation................ccoiiiiiiiiriiieeeeeeeie e e 30

5.2 BUS PeITOMIANCE . ....oiiiiiiiiii et e e e e e e e e e e e e e e s 33
5.2.1  Total Days Driven and Total Days Driven in Revenue Service.............ccccvvvueennnee. 33
5.2.2 Daily and Monthly Mil@age. .........uciiiiiiiiee e 35
5.2.3 Energy Charge Events and Charging Efficiency............cccovviiiiiiiiie, 36
5.2.4  Vehicle Efficiency and Operational Efficiency...........cccccvvvvviiiiiiiie e 38
5.25  Vehicle SPeed Profile..........uu e 40
5.2.6 Energy Consumption DY COMPONENL...........ciiiiiiiiiiiiiiirre e 40

5.3 Operation and MaiNtENANCE............iiiieiiiiiiii e eeeiier e e e et e e e e et e e e e e et e e e e e eenraaeeeeeens 42

CALSTART X May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

53.1 Preventative MaiNtENaNCe............c.uuiiiiiiiiiiieee e e e e e e e 42
5.3.1  VehiCle AVAIIADIITY . .....eeeiiiieeeeeee e 43
5.4 Impacts ofPeak Demand Charges.........cooooiiiiiiii e a4
541 What Are Peak Demand Charges?2...........coveeuiii et e e e e 45
5.4.2  Charging Electric TranSit BUSES.........ccccovviiiiiiieeeeiiiieee e eeeeevinnnnnn o 4D
5.4.3 Mitigating Impact of Peak Demand Charges............oovvvviiiiiiceiiiiiie e 49
544 t20S8SydAlf 9ySNH& /2aia dzyRSNJt D3 9QA.BANRLIZAS
5.45 Potential Impact of Low Carbon Fuel Standard on Energy COSIS..........cccevvvviienens 59
5.5 USEIFEedDACK SUIVEYS. ... .ot e e e e e e e e aaaaee ) 65
55.1 Driver Evaluation SUrvey RESULLS...........c.uuiiiiiiiiiiieeeeeeeee e 65
5.5.2  Maintenance StafEvaluation Survey ReSUILS. ... 67
5.5.3 Management SUIVEY RESULLS............ooiiiiiiiiiiieee e 70
5.5.4  LessSoNS Learned..........cccciiiiiiiiiiiiieiiiccee e d 2
6. CONCLUSION AND LESSONS LEARNED........ccoiiiiiiieeieeei e 73
Appendix A: Driver EValUBLION SUIVEY.........ooii ittt es e e e e e e 75
Appendix B: Maintenance Staff Evaluation SUIVEY...........coooiiiiiiiiiiiiiieeeecee e 79
Appendix C: Management Evaluation SUIVEY.........ccouuiii i iiiieiie it eeer e e e e eeaaean 82
Appendix D: RoOUe INfFOrMAtION. ........ccooiiiiiii e e e e e e e 84
Appendix E: Final Survey TabSIVErS... ...t 87
Appendix F: Proterra Training MaterialS.........coooiiiiiiiiiieiiie e Q0
Appendix G: RTD FUEI COSE MAIIIX ........cciiiiiiiiiiiiie e a e e e e e e 102

CALSTART Xi May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

List of Tables

Table 4.1: Summary Of EVAIUALION............ciii i e e e e e 8
Table 4.2: Catalyst FC Model Performance Spatitns................cccccceeieiiiieeeeiieeieeceeeeevvveee e 10
Table 4.3: Batterglectric and Diesdtlectric Hybrid Bus System Descriptions............ccccvvvvvvvnennnn. 11
Table 4.4: Summary of Test and Baselineg VEhICIES.............uvvviiiieeiiii e 12
Table 4.5: Characteristics of BRT EXPress ROUIE.A4............covvvviiceiiiiiiiieeeeeeeeeee e 17
Table 4.6: Route Characteristics of SMA ROULE.5ZZ.......oovvveeiiicee e 18
Table 4.7: Route Characteristics of SMA ROULE.5ZB........oovvieiiiiiiiciee e 19
Table 4.8: RoutAssignments, Duty Cycles, and Ridership.........cccccvviiiieiiiiieeeeeee 20
Table 4.9: Performance Parameters to be collected by UniCAN data .logger............cccoovieeeiinnnnd 23
Table 4.10: Maintenance Staff BreakdQWN.............uuuuuiiiiiiieee e e e e e e e e e e e eeeeeeeeeenne 25
Table 4.11: Maintenance Data Captured DY RTD.........coooiiiiiiiiieeee e 27
Table 5.1: Filters Applied to SCrub the Data.............ueeiiiiiiiiiiiiei e 32
Table 5.2: Total Days Compared to Total Mil@age.........cooiiiiiiiii e 34
Table 5.3: Days in Revenue Service Compared to Mileage in Revenue.Service..............ccceeeeee 34
Table 5.4: Energy Charged and Average Charge Time by.BUS...........ccooviieeiiiiiii e 37
Table 5.5: Charging Efficiency by MOnth.............oooiii e e 38
Table 5.6: Component Level Description and Total Energy Consumed.................oceevviviiiiennnnn: 41
Table 5.7: BUS PMI Parts @nd COSL.........ooiiiiiiiiiiiiieiiiiiiieee e e e e et eeeeee e e e e e e e s s s snnnssnnneed 42
Table 5.8: Charger PMI Parts and COSIS......uciiiiiiiiii i e eeeeeeieeeittsee s e e e e e e e eeeeeeer e 43
Table 5.9: Summary of Bus Maintenance and Availability............cccccooivieeriiiiiiice e, 44
Table 5.10: Advantages and Drawbacks ofRonte Opportunity Charging...........ccvcciiiiieeeeeeennns 46
Table 5.11: OfRoute Charging POWEEVEIS.............uuiiiiiiiiiiieeee e a7
Table 5.12: Demand Charges Based 0N SEaSOMN........ccceeivviiiiiieeieeeieeeiiiiiiiiiiiinsnneeeeeeeeeessneennnnn 47
Table 5.13: Impact of Demand Charges on Monthly Billing CyCle...........cccoiiiniiiiiiee 49
Table 5.14 CENarge Rate BICIUIE........ooiiiiiiiiiie ettt e e e e e e e e s 52
Table 5.15: Proposed TiRBE-Day PrICING ........uuriiiiiiiiieeiiiiieee i e 52
Table 5.16: Estimated Monthly ENergy COSTS........oooiiiiiiiiimneiiiiiiiii et 53
Table 5.17: Actual Monthly Energy CoStS INCUILEA.........ooeviiiiiiiiiieeie e 54
Table 5.18: Comparison of Energy CadEstimated and Actual............cevvevvviiiiiiiiniiiiie 55
Table 5.19: Estimated Electric Fuel Costs per Mile.........coouuiiiiiiiiieaiiiieeeee e 56
Table 5.20: Charging Cost Estimates if RTD Used ONLY Overnight Depot.Charging................. 56
Table 5.21: Cost Estimates Including Low Carbon Fuel Standard (Low.Credit)............cccovuunn..... 60
Table 5.22: Per M Cost Estimates Including Low Carbon Fuel Standard (Low Credit: $0.13/k\\d1)
Table 5.23: Cost Estimates Including Low Carbon Fueléth(High Credit: $0.14/kWhj................. 62
Table 5.24: Per Mile Cost Estimates Including Low Carbon Fuel Standard (Higl$@deldikwh)......63
Table 5.25:Survey Distribution and Response BreakdQW..............ueciiiieeeeereeieeiieeeeviiiiviriiieee e 65

CALSTART Xii May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

List of Figures

Figure 2.1: California Transit Agencies with ZBmiSSION BUSES.........ccovviiiiiieiieiie e, 4
Figure 3.1: Map of San Joaquin RTD Transit SYSEM...........coovviiiiiiiiiiii e 6
Figure 4.1: 4@-o0t Proterra Catalyst FC EIeCtriC BUS............ccoooiiiiiiiiiiiccee e 9
Figure 4.2: (Top Left) Proterra Dashboard, (Top RightynBariol, (Bottom Left) Driver Side Interior,
(Bottom Right) Driver Side InStrument Pan@l.............ooovviiiiiiiiiiiii et 9
Figure 4.3: Downtown Transit Center in@GmN, CA........ooiieiiiiiirer e 12
Figure 4.4: RTD System Map of Downtown Transit Center (courtesy of RTD)............cccccnnnnnnne 13
Figure 4.5: Proterra Bus ReceivingRwute Fast Charging at the Downtown Transit Centetr......... 14
Figure 4.6: OiRoute Overhead Charger Supply Panel............ccouviiiiiiieiiii 14
Figure 4.7: Two Buses Charging at the DT®@ute Overhead FCIS.........ccccuviiiiiiiiiiieeieeeeeee 15
Figure 4.8: Magior BRT Express Route 44 (courtesy of RTD).........uuuiiiiiiiiiiiiiiiiiiiiiieeeeeee 16
Figure 4.9: Map of SMA Route 577 (courtesy of RTD).......coooiiiiiiiiimiiiiiiiieeeeee e 17
Figure 4.10: Map of SMA Route 578 (courtesy of RTD).......ccooeeiiiiiiiiiiiieieeee e 18
Figure 4.11 : APEX DashbQatd...........cooooi i 22
Figue 4.12: Sample Weekly Report Provided by Proterra............ccoeuviiiveeeiiiin e 24
Figure 4.13: (Top) RTC Maintenance Facility Interior, (Bottom Left) Busritehaice Dock Front,
(Bottom Right) Bus in Maintenance DOMKAE.............ccooeiiiiiiiieecce e s 25
Figure 5.1: Daily Drive Summary Data on Proterra CONNECL............ooovvviiiiiiiiiii e, 29
Figure 5.2: Drive Event Data on Proterra CONNECE...........oooiiiiiiiiiieiicic e 30
Figure 5.3: Daily Average Efficiency Before Data Scrubbing.............ccoovviiiiiii e, 31
Figure 5.4: Daily Average Efficiency After Data Scrubbing...............coooo i, 31
Figure 5.5: Energy Consumed versus DiStarmeelad...........cooooviiiiiiiiiiiniiiiiiiiieeee e 33
Figure 5.6: Monthly Mileage per Bus, May 2@1RIlY 2018..........ccoovriiiiiiiiiimrniiiiiireeee e 36
Figure 5.7: Vehicle EffiCIENCY SUMMALY.........cccuiiiiiiiiiiieeiice e e e 39
Figure 5.8: Vehicle Speed HiSIOQIam...........ooiiiiiiiiiiiieiieiie e e e 40
Figure 5.9: Energy Consumption by Vehicle COMPONENt............ccuuviiimmeiiiiiiiiiieeeeee e 41
Figure 5.10: New and Used Charger Pilot Brushes (Middle) New (Left anjdURigfht...................... 43

Figure 5.11: Fuel Cost per Mile for Diesel/Hybrid and Electric Transit Buses (Less Demand.Chérges)
Figure 5.12: Fuel Cost per Mile for Diesel/Hybrid and Electric Transit Buses (With Demand Chégjes)

Figure 5.13: Average Hourly ENergy USE..... .o e e e e 58
Figure 5.14: Per Mile Cost of Fueling Buses with Various Fuels and Incentives.............ccccce...... 64
Figure 5.15: Final Electric Bus PerformandmBs by Maintenance Staff.................ccccooeee e, 68
Figure 5.16: Historical Trends of Electric Bus Performance Ratings by Maintenance Staff......... 69
Figure 5.17: Final Electric Bus Performance Ratings by Management...............cccceeev v eveeviinnennn, 71
Figure 5.18: Historical Trends of Electric Bus Performance Ratings by Management................. 72

CALSTART Xiil May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

1. INTRODUCTION
1.1 Background

Greenhouse gasd§&HG) climate change and emissions are becoming a prominent concern, both
among thepublic and at public agencies. In addition, the fuel economy of a transit fleet directly affects
fleet operating costsThe transit industry, federal, and local agencies haagentfocusingon new
vehicletechnologies and alternative fuets a way tdoost fuel economy, reduce operating costs, and
reduceemissions. Many promising technologies have emerged, including hybrid, battery electric

and fuel cell buses.

Transit ageneis andOriginal Equipment Manufacturers (OEM$ike are interested in quantifying fuel
reductionsin extended field useEvaluationf fleet vehicles are an effective tool for demonstrating the
desired level of performancand reliability. This providesluable inuse data on component systems
and overall maintainability afommerciabattery-electricvehicles.

San Joaquin Regional Transit District (Rild3)one of the first transit agencias Californiao

participate inan electric vehicl¢EV)evaluation RTDOirst launchedits electric bus demonstration
program in 2013 with the deployment of two zeemnissionbattery-electricProterra buses through a
grant from the California Energy Commissfofheproject included the installation of aon-route FCr

to charge the buses between trips. The buses@mtbute FCrwere monitored in operation for two
yearsc from June 2013 to June 2015. This project demonstrated that electric transit buses can be a
one-for-one replacement for diesel, CNG otnid buses, with significant operational cost 2BHG
savings.

1.2 ProjectOverview
In 2015,RTDwas awarded a competitive graahd becamene of ten agenciew® receivea share of $55
million in funding throughhe CS RS NJ f ¢ NJ y aawiand NEESiS<a YehicledDEptoynient
(LoNo) ProgramThis award allowed RTD to expand their electric transit tiygpurchasindive 40foot
Proterra Catalystdst Charge (F®pttery-electric busesnd one additionabn-route FCr RTD purchased
a total often Proterra Catalyst buses during this tim&heremainingfive buses were purchased using
other grantawardsthat RTD received hrough the LoNo Program, tiR& A wasnterested infurther
understandinghe performance and reliability of batterglectric trarsit buses operating in revenue
service By collecting data over the course of 12 montBaLSTARNWValuatel the benefits ofbattery-
electric transit buses against equivalent baseline vehicles.

During the 12month demonstration periodCALSTART measured fuel consumption and other
performance parameterffom the electric bugsusingdata collection equipment installed on the

vehicles CALSTARAIsomonitored the maintenance of the vehicles and conducted driver, maintenance
staff, and maager surveys tevaluate theuser acceptancdJpon completion of the 1-tnonth
demonstrationperiod, CALSTART analyzed the results in order to quantify the environmental, financial,

2Hulseman, Sarah. (Proterra). 20Psoterra BE35 EcoRide Electric Transit Bieifornia Energy Commission.
Publication Number: CE&ARV11-014
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and operational benefits of electric buses which nre@rm andmotivate aher transit districts to adopt
battery-electric buses.

1.3 Goals of Study

The main goals of the study were:
1. Collect and analyze realorld performane data of five battery electric buseser 12 months of
revenue service operatign
2. Assessiser fleetacceptanceof the electric transit buses
3. Provide an unbiased evaluation of theststo operatethe electric transit buses.

1.4 Approach
CALSTART desigied 5 G /2t ft SOGA2Yy ¢SadG tfly (42 YSIadaNB® (K
month demonstration periocind thenmonitored vehicle and engine performance using data logging
equipment installed byroterra, the OEMAII buses were equipped with datacarding hardware
before delivery t(RTD The data loggetapturedany data transmitted by thé dzaCOndroller Area
Network (CAN bughrough the onrboard diagnostic (OBD) port. Additionally, the data logger was also
capable of recording Global Positioningtem (GPS) data through telemetry monitoring hardware.

Once the data loggers were installed, the buses were able to record and transmit data without further
intervention, collecting data when the vehicle was turned on or chargirge data was continuouy

OGN YAYAGGSR GKNRBdAzZAK | OSft f dzf F NJ ySi g zdldd APEXDutad G 2 NB R
was regularly downloaded from Proterra Connect to monitor progress and to check for any errors that

would require further attention. More informadin on performance data can be foundSectior4.2.

Manualrecords for operations and maintenan(@&M)were provided by ¢ 5AGpérations

Superintendent throughout the demonstration period. Maintenance logs were provided Exeel
spreadsleet format and included information on work order type, stataseation date and description

of maintenance work. Using the work order types, maintenance work was divided into two categories
planned and unplanned maintenance. In addition, RTD providgaually collected data on their

electricity consumption and cost to charge the buses. This also included fuel consumption and costs to
operate the dieseklectric hybridbaseline vehicles. This information was usedtudy the impacts of

peak demand cirges More information can be found i8ection5.4.

Customer feedback surveys were collected from the drivers, maintenance stafipamagersat the

beginning and end of the demonstration. The surveys were created by CALSTART and administered by
RTD. Surveys were provided in an online format through SurveyMonkey and physical copies were
provided to RTD staff who did not have access to a comp@&arveys completed online were

immediately made accessible through SurveyMonkey. Surveys completed manually were scanned and
provided toCALSTART via email. More information on aseeptancesurveys can be found in Section

5.5

Using this broad data seCALSTARValuated the benefits aheseelectric bugsin terms of fuel
economy, vehicle usage, reliabiligperational costsand useracceptanceFurthermore, CALSTART
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examinedhow operational characteristics, such as opporturfdgt-charging can affecthnel 3 Sy O& Q&
total cost of ownership

2. STATE OF ELECTRIC BUS TECHNOLOGY

One of the goals of thETAis to support the research, development and demonstration of-bowd zere
emission technology in the realm of transportation. The FTA funds a variety of research projects to
encourage the utilization of zeremission bugZEBjechnology. These programsciude theLoNo
Program, a funding opportunity for transit agencies for capital purchases oferission or low
emission transit buses that have been proven durable in testing but have not been widely deployed
Some transit agencies that have been betiefies of the grants in California are Long Beach Transit,
Central Contra Coaflransit Authority and Orange County Transportation Authority with these agencies
selecting batteryelectric bus suppliers like Proterra, B¥aDd New Hyer, amongst othersThe total
amount of funding that was allocatexb part of theLoNo progranin 2016 for the purchase of electric
buses wa$55 million®. FTA also works with selected agencies to evaluate the performance GEBe
compared to baseline buseoperating under similar conditions. The evaluasiadvance the knowledge
of zero-emission technologies to help other fledtgat are planning to incrementally introduce the next
generation ofZEB$nto their operations or learn more about zesmissionvehicles.

California has been a major player in the zero emissionswibed7 transit agencies owning keast

one ZEBandover 877ZEBsn the state, either operating today, on orden, for future purchase through
funding program$ Figure2.1 below highlights the transit agencies in the state of California that have
ZEB deployed or on order.

3 Federal Transit Authorityttps://www.transit.dot.gov/funding/grants/fiscalyear2016low-or-no-emissionlow-
no-bus-programprojects

4Popel, E. Breathing Easy: A Survey of Zero Emission Buses Across America, Updated August 126, 2018
(CALSTART, 2018). Accessed Novemb&018,
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Figure2.1: California Transit Agencies with Zefmission Buses

Transit Properties with Battery or Fuel Cell Electric Transit Buses
Last Updated: August 17, 2018
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In 2018, the California Air Resources Board (CARB) appadirstiof-its-kind regulation in the United
States that sets a statewide goal for public transit agen@egadually transition to 100 percent zero
emission bus fleets by 2040 he Innovative Clean Transit regulation is part of a statewide effort to
reduce emissions from the transportation sectamich account$or 40 percent of climatechanging gas
emissias and80-90 percent of smodorming pollutants Eight of the 10 largest transit agencies in the
state are already operatingEBsincludingbattery-electric and hydrogen fuel cell vehicl&eployment
of zeroemission buses is expecteddocelerate rapidly in the coming yeayfrom 153 buses today to
1,000 by 2020, based on the number of buses on order or that are otherwise planned for purchase by
transit agencies. Altogether, public transit agencies operate about 12,000 buses stafdwidersity

of California Irvinavill become the first college campus in the nation to convert its buses to an all
electric fleet by acquiring 20 buses from BYD for $15 million.

Recentreports oftechnologyandfuelsassessmentmdicate that battery and fuetell electric buses are
commercially available for transit applications. The King County Metro Battery Electric Bus

4 California transitioning to a#lectric public bus fleet by 2040, California Air Resources Board,
https://ww?2.arb.ca.gov/news/californigranstioning-all-electricpublicbusfleet-204Q (accessed\pril 7, 201)

5 Metro For Transit & Motorcoach Businesk; Irvine is first college in nation to convert teeddictric bus fleet,
January 24, 201 http://www.metro -magazine.com/sustainability/news/719693Aivine-is-first-collegein-
nationto-convertto-all-electricbusfleet (accessed September 7, 2018)
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Demonstration recied funding from the FTPAKing Couty purchased thredroterra Catalyshattery-
electricbuses and installed BCr The average speed was recorded to be 14.8 mph and accumulated
about 100000 total fleet miles with an average momgtmileage of about 23®. The average availability

of the bus was 80.6% with the main reasondecreasedavailability being general bus maintenance.

The fleet averaged about 16.3 miles per charge with an energy consumption of 10,000 kwh to 19,000
kWh. The average energy delied per charge was about 38.5kWh. The battelgctricfuel economy
varied from a high of 17.6 mpdge to a low of 13.3 mpdge. About 183,225 kWh were consumed for a
total mileage of 77,563. The battegjectricfleet average fuel cost was about $0.57/mi. The total
maintenance cost per mile was $0.26/mile while the overall operatanss, which includes

maintenance and fuel cost per mjleas$0.82/mile.

In 2014 Foothill Transit purchased a fleet of electrisdsmlin the &s Angelegsounty region of California.
Twelve Proterra batterglectric buses were purchasedth installation of onroute FCrsThedata was
collected and analyzed by NREIhe buses averaged 13.9 hours of operational time per day with an
average driving speed of 17.7mi/hr. The average efficiency was 2.16 kWh/mi over 399,663 miles with an
average monthly mileage of 2,333 miles of use which equates tom@d®je The chargetransfered

about 19.48Wh energy per charge with an average of 13 charges per day and each leiséirge

about 5 minues. Thebusestravelled over500,000miles during the evaluation period.

The electridransit bus markets constantlyevolving Furthermore, Proterra nowffers buses that can
do both depot charging and emute opportunity chargingallowing them todrive longer distances and
still take advantage of opportunitgharging enabling greater flexibilitior fleets. Lower lithiumion
battery costs and larger scale manufacturing are also making eléetmisit buses more cost
competitivewith conventionabus technologyLastly with the rapid development of charging
technology the industry is now seeing a shift towarstendardized charging.

6 ZeroEmission Bus Evaluation Results: King County Metro Battery Electric Boied States: N. p., 2017.
https://www.transit.dot.qov/sites/fta.dot.gov/files/docsfesearchinnovation/115086/zereemissiorbus
evaluationresultsking-county-metro-battery-electricbusesfta-report-no-0118.pdf

" Foothill Transit Battery Electric Bus Demonstration Results: Second Report. NREL.
https://www.nrel.gov/docs/fy170sti/67698.pdf
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3. OVERVIEW G#*TD

RTDcurrently provides public trariisto a growing population within San Joaquin Cousrty the

Stockton Metropolitan Are§SMA)as well agntercity, interregional andrural transitservices

countywide. RTBerves al,426 square mile area wittD3netro routes,5 Metro Express Bus Rapid

Transit (BRT) Routek|ntercity fixed route, 9 Metro Hopper Deviated Fixed RoudgSounty hopper

Deviated Fixed Routes aBdCommuter Routegypicaly operating betweer8:00 AM andL0:20 PM. Of

these routes, 2 busesrun on the weekends, typically operating between 7:00 AM and 8:00 PM. Metro

Express runs between® AM and D:00 PM on weekdayg w¢ 5Q& | RYAYA&AOGNF GAGBS 27F
Stockton, Californiandhas a total annual ridership of abo8t4 million fixed oute and Hoppetrips

and a commuter ridership afpproximatelyl55,996trips. Figure3.1shows aNR dzi S Y I LJ 2F w¢ 5 Q&
system.

Figure3.1: Map of San Joaquin RTD Transit System
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Transit Center (DTG)Yound in downtown Stocktorthe Mall Transfe Stationg near the Weberstown

and Sherwood Mallghe Hammer Transfer Station (HTS) located on the northern end of Stockton, and
the Union Transfer Station (UTS) located on the southern end of Stockton.

RTDhasimplemented some key milestones thaave shaped the service includirdgployment oftheir
first low emission bus in 2004, completiontbé DTGn 2006 andthe use of their hybrid buses for
{ G2 01 (i BR®aviceFdevdlBpéd jointly with the City of Stockior2007.
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RTD has been prothee in adopting technology that improves the quality of their community and

reduces environmental impactn 2013, RTD completed converting 100% dSliBAfleet to diesel

electric hybrid busedybrids provide significant environmental benefits includimger emissions and
reduced fuel consumption. In 2013, RTD launched its first tweledkric35-foot Proterra buses and
installed anon-route FCrwith grant funding from the California Energy Commission. This represented
the next step in clean, quiethd economical transportation technology. These buses were monitored in
operation for 2yeardn 2052 w¢5 gl & | 6 NRSNt NPAKFI N® 2F¢CEQAE QANI y
fundedthe purchase ofive 40-foot Proterra Catalyst Haattery-electric busesnd anon-route FCr In
additionto the LoNoProgram RTDreceived funding from the California Air Resource Board (CARB), San
Joaquin Valley Air Pollution Control District (SJVAPCD), ahtybnie and Zerdmission Truck and Bus
Voucher Incentive ProjedHVIB andpurchasedive more Proterra buses of the same modBITD is
dedicatedto operating clean fuel technologies in its flegtd has committed to converting 100% of its

bus fleet serving the city of Stockton to zezmissionelectric buses by 2025.
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4. DATA COLLECTION

During the 12month demonstration periodC ALSTARMeasuredenergyconsumption energyefficiency,
and other performance parameters frothe electricbusesusingdataloggersinstdled on the test
vehicles Additionally, CALSTARfonitored the maintenancand operationof the vehicleghrough
service logs and utility data provided by RTD. Ladtiyer, maintenance staff, and fleet manager
surveyswere conductedo obtain user acgetance dataThe data collected as part of this project
providesa comprehensive view into thgerformance, operationand maintenance of battery electric
buses in revenue service.

Though only five buses were purchasedpart ofC ¢ ! LéNoProgramgrant funding, CALSTART
collected and analyzed data arntotal often electricbuses deployed during the demonstration period
These ten buseisicluded the additional five buses purchased through other funding soysees
Section0). Therefore, all analyses conducted in #sluationreferences the data collected on ten
ProterraCatalyselectricbusesthat wereowned andoperated by RTD. This providedteongsample

size toperform the validatiorand assessent. Table4.1 provides a summary of the evaluation and data
collectedduringthe demonstration period

Table4.1: Summary of Evaluation

Data Items
‘ Number of Buses 10
‘ Demonstration period 09/01/17 - 08/31/18
‘ Number of Months 12
revenue service 155,896
‘ Average daily mileage per bus 150
| Total operating time (hrs.) 4447

During thedemonstration, Proterrdransitionedto a new telemetry system that would replace their
current system.Proterra made this transition out of necessity to handle the growing number of buses
being tracking within their growing fleet. The new system, whiels calledAPEXmade capturing data
more reliable and included new tracking features that would provide transit agenciesmyptioved

data insightsThe transitionoccurredbetween October 1, 2017 to November 31, 2@lifing which

time no data was captwad from the electric buseJ.herefore only 10 months of inse performance

data was collected during the demonstration.

The next sections will provide background information on the test vehicles, charging infrastructure, and
their assigned routeBoth ekctric and baseline buses adescribed in detalil.

4.1.1 VehicleDescriptions
RTD deployed and operated ten-fiibt Catalyst Fast Charge (E@ctricbuses manufactured by
t NEGSNNF © ¢KA& 6+ & t NPandiketé mesiouy BEeotiEcaRBlg ot theh 2y S K.
Catalyst busiada composite body for low weight and durabilityhebattery packs are all located
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under the bus, leaving the interior open for passengeigure4.1 andFigure4.2 show photographs of
the interior and exterior of the elctric bus.

Figure4.1: 40-Foot Proterra CatalysEC Electric Bus

TN~

TN

Figure4.2: (Top Left) Proterra Dashboard, (Top Right) Bus Interior, (Bottom L2ftyer Side Interior,
(Bottom Right) Driver Side Instrument Panel
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The bus integrates directly with the existiog-route FCr, allowingRTD to run both bus modeglEcoRide
and Catalystyvithout needingto modify infrastructure TheCatalyst~-Cmodel is ideal for predictable
transit loops, shordistance and circulator routes.The500kW maximum charge rate allows the bus to
fully recharge ofroute in 513 minutes. SeeTable4.2 below fora list of performancepecificationdor
the Catalyst FE€lectric bus

Table4.2: Catalyst FC ModdPerformance Specification

Catalyst 46ft FC Model Electric BusPerformance
Projected Altoona Efficiency 1.7 kWh/mile
Top Speed 65 mph
Acceleration 6.8 seconds
Total Energy 79kWh
NominalRange 62 miles
Standard Charge Time 13 min
Charging Rateln Depot 60 kW

Charging Rate On Route 500kw

In 2013, RTD converted 100% ofStdAfleet to dieselelectric hybrid buses which used less fuel and
significantly reduced emissiotisan previous diesel busesTherefore, the comparable baseline bus
selected for this study was201440-foot Gilig dieel-electric hybrid bus with similar duty cycles. The
dieselelectric busesvererandomly dispatched on all routes whereas the electric buses apdyated
on a select number abutes(specifics are provideith Section4.1.3. Table4.3 provides bus
descriptionsthat comparethe electric and dieseatlectric hybrid busg that were studiediuringthis
evaluation.
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Number of buses

Bus

manufacturer/model

Model year

GVWR/curb weight

Wheelbase

Passenger capacity

Motor or engine

Rated power

Battery size (electric
Fuel capacitydieset

electric)

Bus purchase cost

Electric

10

Proterra/BE40 Gillig

Catalyst FC
2016
425FT

38,000 b/
25,746 Ib

243 in.
Seated = 40,
Standing = 37

Permanent
magnet drive
motor

220 kW peak
(295 HP)

79 kWh total
energy

$874,437

DieselElectric
Hybrid
71 Activé

20062014

29 FT, 35 FT,
40 FT

39,600 Ibs/
27,300 lbs
279

Seated = 40,
Standing = 29

Varies from
MY of bus, du€
to GVWR
rating
Cummins
ISB/ISL/IB6.7
280 HP
290-320 HP

75125 gals
ESS witheP 40
Drive
$455,000

Table4.3: Battery-Electric and DieseElectric Hybrid Bus System Descriptions
Vehicle System

Thebuseswere put into operation on a number of different routéBable4.4 providesa summary of the
vehicles evaluated during the demonstratipariod, providinginformation on thedate of deployment
typical route assignment, and naming convention.

8 Additional 12 (2018 Gillig Commuter buses) will be active N2QHE
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Table4.4: Summary of Test and Baseline Vehicles

Vehlcle Deployment Current
Vehicle # Model Year Model Ploy Program
Dates Routes

16401 2016 CatalysFC  9/1/2017  SMAFXed - oooegg
Route
EV4 2016 Catalyst FC  9/1/2017  SMAFXed - oo0eeg
Route
EV5 2016 CatalystFC 9/3i2017  oMAFXed - geen
Route
EV6 2016 Catalyst FC ~ 9/3/2017 BRT 44
EV7 2016 Catalyst FC  9/3/2017 BRT 44
EV8 2016 Catalyst FC  9/28/2017 BRT 44
EVO 2016 Catalyst FC  10/26/2017 BRT 44
EV10 2016 Catalyst FC  10/31/2017 BRT 44
EV11 2016 Catalyst FC  1/8/2018 BRT 44
EV12 2016 Catalyst FC  9/3/2017 BRT 44
134240 BN 2016 Gillig 8/05/2013 S“g’guiz(ed Varies Daily

4.1.2 Charging Infrastructure
w ¢ 5Sof-@ute FCrsare located at theDTAn StocktonThe DTG & { 20102y Qa R2¢y 26y
hub. Nearly all routegonnect at the DTC, with 20 shelterenff-street bus stop®n two passenger
boarding platforms’. The placenent of theiron-route FCrat a main transit hub allows RTD to have
flexibility to dispatchelectric buse®nto different routes.Figure4.3 and Figure4.4 show a street view
and system map view of the DTi€spectively.

Figure4.3: Downtown Transit Center in Stockton, CA

i £ '1
=

® Downtown Transit Centehttp://sanjoaquinrtd.com/dtc/default.php
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Source: Google Maps Street View

Figure4.4: RTD System Map of Downtown Transit Cenfeourtesy of RTD)
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TheDTCconsists of two EatoBO0OKkW overheadchargers, with two charge heads located on parallel
parking stalls. During th2013demonstration, RTD was the fourth location to go through the charger
installation process with Proterra, and the first to receive an Eaton charger. For this demonstration, a
secondon-route FCrwas installed at the DTC to expand the service routes of the electric [Bsese

the second chargewasinstalled, the first chargawas disconnected analsorepositioned Therefore,

all electric buses were pulled out of service prior to the stathefdemonstration The first charger
wasinstalled at the DTC pickup stall feoute 578/58@nd the second chargevasinstalled at the DTC
pickup stall foBRTRoute44. Figure4.5 shows one of the overheadCrsat the DTC during a charging

session.
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Figure4.5: Proterra Bus Receiving GRoute Fast Charging at the Downtown Transit Center

The system is comprised the charger itself and the docking station manufactured by Protdine.
supply panel equipment is located on the far side of the parking skagjsre4.6 shows the electric
supply panel for theharger

Figure4.6: OnRoute Overhead Charger Supply Panel
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The charger provides the electrical energy and the docking station transfers the enehgytiog
energy storage systefeSS)The two chargers operate as separate units with a dedicated control

system for each. A common communication network serves both units with sensors

to detect which

charge head a bus is approaching to enable propeftbteharger communication for docking. The

overhead semautonomous system is capable of fully charging the buses in 10 minutes or less when an

electric bus pulls into the parking stall below the charge heda® NJ w¢ 5 Q& . w¢ w2dzi S
typically havea 10 minuteslayover timescheduledo charge beforestarting the next routeTherefore,
issues that prolonged charging eventsuallycaused delays in the operating schedulgriverswere

trained not to leave the charge station unless the basl sufficient charge for the route.

Each RTD driver assigned to drive an electriodasprovided with additional trainingThe training
materiak were provided by Proterra andoveredhow to safely operate the electric bus during service
which includes strt-up procedures, description of dashboard controls and gauges, and the approach
and docking procedures fon-route FGstation. The training materials can be seerdippendix

Proterra Training Material$-igue 4.7 shows the DTC with two electric buses positioned under the

charging heads.

Figue 4.7: Two Buses Charging at the DTC-Route Overhead-Crs
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RTD reported that their experience with theerhead chargerbas beenfacedwith challengesThese
challenges include: maintenance, reliability, and peak demand chafiges.will be discussed more
detail later inthe report. Even though the DTitadtwo separate charging heads, each one was
dedicated to specific routes and therefore, ifleacger required downtimeglispatch typically needed to

swap out the electric busesith their conventionaldieselelectric hybridbuses.

In addition to the twoon-route FCrsRTD alsinstalleda 60 kWdepot charger locatedat their

maintenance facilitghat wasonly usedfor maintenanceand diagnostichecks.
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4.1.3 Route Assignments
RTmMma St SOGNRO odza 7Tt S JianspottaSoNderited RTCTHelsen@c® consistaof wS I A 2 y
five primaryroutes: The Airport Way CorriddBRTExpresdRoute 44 Stockton Metro Area (SMAjxed
Route566,577, 578, andb30.

RTD primarily assigns its electric bus fleet to BRT Route 44s BiRillar to light rail service in terms of
frequency andconvenience butetains the flexibility of busesvice while avoidig the costly

AY F NI a i NHzO i &RIBervizefopehitedidn Bl Dovakl® @Dd Center Streets and Pacific Avenue,
connecting the Downtown Transit Center and Hammer Lane.

Spanning approximately 14mndiles in distanceBRT Express Route édtends to serg passengers from

the DTC in Central Stockton to as far south as Qantas Lane neahifgoht Road. This route enables

people who work or study at locations such as PG&E, Dorfman Pacific, and San Joaquin County Office of
Education, to commute rapidly aretonomically, therefore attracting a higldership. Between each

loop the bus will stop at the DT@r fast chargingFigure4.8 shows the route mapand Table4.5

describeghe duty cycle characterissof BRT Route 44.

Figure4.8: Map for BRT Express Route 44 (courtesy of RTD)
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Table4.5: Characteristicof BRT Express Route 44

No. ofElectric Buses on Route 4
Total Time (mins) 48
Loops Per Day 76
Total Length(Miles) 14.4
Number of $ops 22
Number of Passengers Per Day (Weekdays) 881

SMA Route 57i& ashorter9.7 mile routethat transports passengers between the DTC and Waterloo.
This routeconsists o5 total stops and hathe lowest ridership of the electric bus routeBigure 4.9
shows the route majpnd

Table4.6 describes the characteristics of SMA Route 577.

FHgure 4.9: Map of SMA Route 577 (courtesy of RTD)
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Table4.6: Route Characteristicsf SMA Route 577

Route 577

No. of Electric Buses on Route 3

Total Time (mins) 30
Loops Per Day 16
Total Length (mi) 9.7
Number of stops 25
Number of Passengers Per Day (Weekda 34
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Route 578s17.7 miles in length and was thelongest routethat the electric buses operatison during
the demonstration This routenas a total of 77 stops and has a meditmigh ridership levelFigure

4.10shows the routemapand Table4.7 describes the characteristics SMA Route 578.

Figure4.10: Map of SMA Route 578 (courtesy of RTD)
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Table4.7: Route Characteristicaf SMA Route 578

No. of Electric Buses on Route 2
Total Time (mins) 68
Loops Per Day 14
Total Length (mi) 17.7
Number of stops 77
Number of Passengers Per Day (Weekdays 316
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Theagency also operatkthe electric buses on SMA Route 560 and &8@ch are not discussed in detail
in this report For moranformationon these routes, please ségpendix DRoute Information

The electric buses are randomly dispatched on these select routes based on battery range and
accessibility to chargindt is important to note that nogll electric buses are put into service eacly,da
allowing for reserve in case a bus needs to be pulled out of service for maintenbaloke4.8 shows a
summary of the route assignments, duty cycle, and ridership.
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Table4.8: RouteAssignments, Duty Cycles, and Ridership

Number of
Passengers
per day
(FY18, Q3)

Number of Stops Number of Loops Running time

Running | Running

No. Stops : . I : time time
of Comments Outbound Stops TripsDirection 1 Direction | (Miles) Direction | Direction

buses Inbound 2 1 5

Number No. Trips per

(Weekdays)

44 4 N/A 10 12 39 37 14.4 24 24 874

Two buses not
operating
simultaneously
(no service
during
midday)
Three buses
not operating
simultaneously
(no service
during
midday)
Two buses not
operating
simultaneously
(one interlines
with other
route)

Two buses not
operating
2 simult_anequsly 20
(one interlines
with other
route)

560 2 27121 24/17 8 9 6.65 20/14 25/18 72

577 3

13 12 7 9 9.7 15 15 31

578 2

36/18 31/18 13 14 17.7 32/23 36/26 257

580 21 13 13 11.5 21 22 108
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4.2 Performance Data
Throughout the twelvemonth demonstration phase, CALSTART celtbtetailed data on vehicle
performance, fuel savings, anderfeedback. Datavascollected through a variety of channels,
including:

9 Electronic dataollection through data loggers
1 Manual datacollection through service records, fuel logad utility billsfor both baseline and
electric buses

4.2.1 Data Logger Equipment
All Proterra buses werequippedwith a UniCAN data logger used to track vehicle performance and
provide telematics. Proterra installed the data logger hardware that acquires vehiclérdatan-
vehicle networks and eboard diagnostic sensors. Data was uploaded to secure servers for storage and
made available for access throughNE (i S NNbaskd da@ pl@fozik APEXThis connected vehicle
intelligence systendisplayedhistorical and-eakttime performanceonw ¢ Sh@tgery-electrictransit
buses The UniCAN data logging system is capable of capturing thousands of messages per minute at a
multitude of sample rates per each device. A brief overview is below:

9 Dataloggerg UniCAN hardware

1 PCAN; 250 B/s

1 Raw datawith varying sample rates.

1 The 2 Hz .csv files, are sampled every 0.5 seconds.

4.2.2 In-use Performance Data
¢ KNRdzAK t NPGSNNI Qa GStSYriada FyR RFEGIE O2ftfSOGAZY
that were needed to evaluatthe in-useperformance of theelectricbuses. lruse performanceata
from each bus was automatically recorded and transmitted via a cellular network to a secured server.
¢KS RIFGF 0SOIYS AYYSRAL (St &portal APEXThedortdl hdiakudeR dz3 Kt NP |
friendly dashboard and includeall recordeddatathat was available fodownload Data withinAPEX
wasgrouped into different sections based on the information that the data loggkryed to the server
Access tAPEXvas used periodically throughout the demonstration to validate and geck the ded
for accuracy.Figure4.11 shows ascreenshot of théAPEXlashboardvhenlogged in.
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Figure4.11: APEXDashboard

REPD ®O ®
# Summary Proterra Miles MWh Electricity Used Gallons Diesel Saved Tons CO2 Avoided
® Monitoring + 441,029 860 117,130 1,202

4,568 in the last 7 days 8in the last 7 days 1,213 in the last 7 days 12 in the last 7 days
Wi Insights

B Reports Miles per Month

Map Satellite
M Alerts

3X Data Exploration +

B Management *

Stock‘tq 8 5 .

PROTERRA

APEXjave access to the general information of the buses such as the name of the bus, the gateway
serial number, the model, the configuration number and the VIN number. Performance data

parameters were categorized by sections within ttega platform The setions included:

Environmental Impact, Fleet Usage, Bus Usage, Drive and Charge, and Fleet Efflai@en@ports

could be customized depending on what was needed in the analysis. Customization allowed us to select
a specific bus, time period, and repari formatwhen exporting data

Different data streams could easily be downloaded from the Proterra dashboardpreadsheet
format for further analysisData could beexportedin either a raw orformatted format. Almost all the
data parameterghat appea in the dashboardcouldbe downloadedin to order to see the daily
breakdown for further analysig.able4.9 below outlines the keperformanceparameers thatwere
collectedduring the demonstration
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Table4.9: Performance Parameters to be collected by UniCAN data logger

Parameters Collected Units

mi

| Energy Charged kWh

| Operating Time Hrs
Charging Sessions -
Charging Time mins

gallons

mph
Fuel Economy kWh/mi
Fuel Cost $

| Availability

‘ Maintenance $/mile

‘ MaintenancePropulsion System OnIEJgllz
Fuel Economy kWh/mile

‘ Energy Consumed kWh

‘ Powertrain Consumption kWh
Energy Regen kWh

‘ Power Steering Consumption kWh

‘ AC consumption kWh

| DC 1 Consumption kWh

‘ DC 2 consumption kWh

‘ Defroster Consumption kWh

| Ambient Temp ForC
Fuel saved Gallons

‘ CO2 Saved Metric Tons

| Duration S
EnergyDelivered kWh

‘ Current A

‘ Power kW
State of Charge (SOC) %

‘ Moving Time s

‘ Non-Moving Time s

‘ Energy kWh
Discharged Energy kWh

‘ PS Consumption kWh

‘ Longitude Degrees
Latitude Degrees
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The performance parametedisplayed infable4.9 containboth primary or raw data collectedirectly

from the CANbusand derived data that isalculatedusing the raw dataProterraalsogeneratedweekly
reportswhich providedpre-calculated metrics of interest that aéd in the overall performance analysis.
Weekly reports were provided for each bus at the end of each quarter or when specifically requested.
Figure4.12 shows a sample of one of the weekly reports that were provided during the evaluation.

Figure4.12: Sample Weekly ReportrBvided by Proterra

Proterra Weekly Report v05 CONFIDENTIAL
PRrRoOTERRA
General Info: STO_EV2, 2017-01-09 to 2017-01-15
Table 1. Operation Overview for VIN 1IM9TG16J0CS816016 Table 4. Auxiliary Loads On Time
Distance [mi] 5373 Power Steering On [%0] 68
Average Speed [mph] 119 Air Compressor On [%6] 16
Running Time [br] 513 Defroster On [%] 0
Max Speed [mph] 553 HVAC On [%] 49
Moving Time [%] 55 Radiator Fan On [%)] 1]
Stopped Time [%)] 33 Main Coolant Pump On [%] 100
Charging Time [%] 12 .
st Table 5. Powertrain Data
Average Charge Time [min] 6.6
Number of Charges 43 Shifts per Mile 62
Total Charge Energy [KWh] 11182 Time in First Gear [%] 29.9
Average Efficiency [kWh/mi] 208 Time in Second Gear [%%] 70.1
Avg Efficiency [MPGe] (37.64 kWh/gal) 181 . X L
Table 6. Daily Charging Statistics
Regen Off [%0] 0
Date:  |Runtime [hr]: [Charges [#]: Charged Energy[kWh]: |Distance [mi]:
Table 2. Tempel‘atul‘e Data 01/09 12 13 258 1368
Temperature Min [C] Max [C] Average [C] 01/10 87 8 2444 1132
Ambient 3 19 128 01/11 78 2 36.7 6.6
Coolant 9 28 21 01/12 79 6 1972 86.6
DCDC Controller 5 33 2456 0113 115 14 382 194.1
01/14 0 0 0 0
Table 3. HVAC Operation Modes 01/15 |0 0 0 0
Fan Mode [%0] 44
Heat Mode [%0] 56
Cool Mode [%] ]

4.3 Operations and Maintenance Data
we5Qa Y fagfityS Wdatgdatthe RTChe RTC is a 136,000 squéoet centralized facility
that consolidates the operations, maintance, and administrative functions of the San Joaquin Regional
Transit DistrictThe maintenance facilitwithin RT@onsists of 19 bus bays with two-@its. The
facility can also accommodate small-@way type vehicles and up to 60articulated bugs.Figure4.13
shows photos of thenaintenance facility interior.
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Figure4.13: (Top) RTC Maintenance Facility Interior, (Bottom Left) Bus in Maintenance péc&nt,
(Bottom Right) Bus in Maintenance DoelSide

A breakdown of their maintenance staff is showTable4.10.

Table4.10: Maintenance Staff Breakdown

Maintenance Role| Number of Staff
Utility Workers
Mechanics

Electronics Techs
Facility Techs

Transit agencies consider expected maintenance costyvehidle reliability when choosing to invest in
a new bus technologyirue costs and reliability may not be revealed in a short bus test. In order
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to better characterize these metricEALSTARDllected and analyzed costs and reliability data for the
full duration of the demonstration. Maintenance records were collected by RTD and comprised of
internal service records on both the electric buses diabetelectricbaselinebusesalsa Additionally,
RTD provided operational data that included utility costsgrgy rate structures, mileage, and cost per
mile comparisons between the electric buses and their hybrid counterparts

4.3.1 Bus Use and Availability
This section summarizekata collection orbus usage and availability for the electric buses baskeline
buses.Bus use and availability are indicators of reliability. Lower bus usage may indicate downtime for
maintenance opurposefulreduction of planned work for the buseavailabilityof electric busegan be
affected by the reliability of the charging iaStructure. Since theelectric buse$acked therange to
operate throughout the day without accessapportunity chargingdowntime of infrastructure had
major impacts tdus usage and availability.

RTDmanually collected data omaintenancewhich was split within two categorieplannedor
preventativemaintenancg(PM)and unplanned maintenanc&@he PM evaluatéthe vehicle state,
including brake condition, tire condition, and other review itefR¥D doeduled peventative
maintenance inspections (PMi®y the electric buseat the samanileageintervals aghe baseline
buses In addition, RTD performed any unplanned serwdeich includedroad callst Adroad cal€ is
defined as a failure of an-service bus that causes the bus to be replaced on route or causes a
significant delay in schedule. If the problem with the basld berepaired during a layover and the
schedulewvaskept, this is not consideredraad cdl.

RTD kept a log of the maintenance performed on each of the buses during the evaluation period. The log
was sorted into scheduled maintenanaed unscheduled maintenancBTD provided the service logs

for five electric buses and one diesdéctric bagline bus.Table4.11 shows a sample of the

maintenance data that was collected and reported by RTD.
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Table4.11: Maintenance Data Captured by RTD

Work Order
1149293
144213
1143553
111301
1136342
1135181
1133333
1129168
1127740
1127733
127679
1121733
19343
18500
17459
1

1
1
1
1115420

P IS SIS T

1

Tetal Unschedulzd

WO Create Date

2 MB0GE+13
2 IMG05E+13
2 MA05E+13
2 M304E+13
2 [B04E+13
2 M304E+13
2 IM03E+13
2 MA03E+13
2 IMA03E+13
2 MB03E+13
2 MB03E+13
2 I02E+13
2 MA02E+13
2 M302E+13
2 [M802E+13
2 MB02E+13

3

2013 40 Ft Gillig Diesel Electric Hybrid

WO Stat: Enpress Work Or Equipment Co Work Order Title

BHA{20M8 Closed 13420 WC POWER SWITCHLIGHT NOP Comective
G13201 Closed 134200 TRIBNGLE BOX MISSNG SEAL Cormecive
Bi20/2078 Closed 13420 BODYFLUIDSINBUS Comective
BIZN0R Closed T 13420 AR DRYERCONSTANTLEAKING  Comective
B2l Closed T 13420 AR LEAKS AROUND ARDRYERAREA Camective
BiZ3208 Closed T 13420 TRMWONT VALDATMGPASSES  Corrective
G240 Closed T 134200 CHECK EMGINE { STOP SvSTEMLIGHT: Drivers Defeect
BIZ5(2018 Closed 13420 CAMNOT SEEBUSONDISPATCHIMAR Drivers Defect
BiZ6i2018 Cpen 13420 CPMOEFECTS Drivers Defect
Bi27120%8 Open 13420 203 GILLIG LCh FLOOR "C* N SPECTH Pit Defect
BiZai20E Closed T 13420 GCNSPECTION Pit Dlefact

BIZHZ0M Closed T 15420 LiwNOCh #7 FRAMECAMELDOSE  PieDefect

BI301201 Closed 13420 RISICE MIFROR NEEDS ADJUSTMENT Pt Defect
08 Closed T 13420 RADIATOR FANS RUN CONTINUCUSLY Pm Defects
TI220M Closed T 13420 FAN COMES ONHGHINTERMITTINLEY Prevertative
TI32018 Closed 13420 LISIOEWINDOMW #TFRAMELOOSE  Supsrintendent O
Scheduled  Roadedl
7 I

GFIFTA

GFIFTA

JGONZALEZ Minar Pepai
GFIFITA

GFIFTA

GFIFTA

BMACHADO
DOOMMGLEZ
WOICKERSD! Defect
WOICKERSD! Clnspection
WOICKERSON
GFIFTA
GFIFTA
GFIFITA
NCAMP
GFIFTA

Mingt Repai

WO Type Code Created By WO Maint Type C SchedulediUnscheduled

Unscheduled
Inscheduled
Unscheduled
Unscheduled
Unscheduled
Unscheduled
Inscheduled
Unscheduled
Unscheduled
Scheduled
Scheduled
Scheduled
Scheduled
Seheduled
Scheduled
Scheduled

4.4 User Acceptance Data
Drivers, maintenancstaff, and managers interact directly with the vehicles, and often have input that
would not otherwise be reflected in the above analyse8l STARIBal surveys and interviews to
capture theseexperiencesproviding additionainsight into how the vehicles penfmed during the

demonstration.

The purpose of the usecceptance evaluatiowasto assessnitial and finalimpressions of the vehicle
fromthedrived = Y SOKI y A Oa pointofvirw. YChbnypariSoSsk fadebetween the
electricbusandthe basline dieselelectrichybrid bus to deternine the advantages andisadvantages
during normal everydayse. Driver surveysissessd the performance of the electric busviaintenance
staff surveys ¢eeAppendix B assessd the serviceability and maintainability of the bus duringuse
operations. Thdleet manager survey(seeAppendix Cgaugel their impressions of the performance of
the vehicle as a daily member of the fle€@ ALSTART prepared surveys for each guriyers,
maintenance staff, and fleet managets,best reflect the needs and goals of the project.

The surveys were administer@d two rounds.The first round of surveywere distributed in December
2017, at the beginning of the evaluatiohhe second rend of surveysvasdistributed in August 2018,

YySINI GKS SyR 27

0KS S@lftdzr A2y d ¢CKAA

gl a

R2YyS

of the electric buses shifted over tim&urveysvere distributed and collectedby RTDusingthe online
surveyplatform, SurveyMonkeywhich allowedor easy distribution and collectionlCALSTART also
provided RTD with hard copies of each survey in oasmbers of the RTBtaff did not have access to
computer during work hours. RTD provided CALSTARBeeihned copies of each survey if they were
completed manually.

4.4.1 Driver Evaluation Surveys
Driverswere asked to complete a survdyy rating the vehicles in key performance areas compared to
typical baseline trucks. Due to the subjective nature of driver impressions, a simple, relative rating
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a0KSYS 2F a06Si{0S NEsuseditd dorpare perfdnihcé charadiriStics to the
baseline vehiclesThe driver evaluation survey can be folin Appendix A: DriveEvaluationSurvey

4.4.2 MaintenanceStaff EvaluationSurveys
Toevaluate the serviceability and maintainability of the vehicteajntenance stafivere asked to
provide subjective feedback on various service and maintenance aspects of the electric bus compared to
a similar baseline vehicle. Mechanics were surveyegteabeginning and near the end of the testing
period. The mechanic evaluation survey can berfdin Appendix B: MaintenancstaffEvaluation
Survey

4.4.3 ManagementEvaluationSurveys
The managerhave a unique position and perspective on the battery electric buses and therefore will be
surveyed along with drivers and mechanics at the beginning and end of the testing period. The focus
areas for ratinglte vehiclewere driver acceptance, safety, reliability, overall maintenance issues, and
perceived fuel economy improvement.

In looking at driver acceptance, maintenance issues, and fuel consumption improvement, the nsanager
essentially summarizkinformation from the drivers, mechanics, and RTD personnel, respectively.

l RRAY3 alFSte yR NBfAFLoAtAGE G2 GKS tAad aLlslHia
buses to the rest of the fleeThe manager evaluatissurvey can be found iAppendix CManagement
EvaluationSurvey
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5. ANALYSIS

The large volume of data collected through the data loggers during thjeqt was analyzed to better
understand how the electric buses operated. In addition, more limited data on the conventional buses
was compiled bRTDso that performance of the electric buses could be compared to conventional
ones. For the electric buseSALSTAR®cused on how much the buses were utilized, how they
consumed energy, how they charged, what factors caused differences in efficiency, anchatheges
were encounteredduring operation

5.1 Methodology

The electric transit busiemonstrationperiod was from Septembdr, 2017 toAugust31, 2018, during
whichthe combined distance travelled lilge ten test vehiclesvas155,896 miles overl,038active days
in revenue serviceperation.Active days aréefined as days when the bus travelled more than 10
miles. This igliscussed in more detail in sectiét.1 As mentioned in Sectio0, there was no data
collected on the buses betweddctober 1, 2017 to November 31, 2043 Proterra transitioned to a
new telematics platform.The electric buses continued to operaterevenue srvice during this time
period andmanual data wastill collected through RTDanuary 2018 was the first full month that all
electric buses were in revenue service and dverhead FQwas fully operationalThe following
sectiors willdiscusshow the bises performed over the course of th@-month demonstrationperiod.

5.1.1 Drive Events versus Daily Events
Two types of dataetswere collected througiAPEX, Daily Drive Summary and Drive Event dd@ath
data sets had a combination of raw aprbcess data parameterfigure5.1 and Figure5.2 show
snapshots of the dailgvent and drive event data agen on the portal.

Figureb.1: Daily Drive Summarnpataon Proterra Connect

B Reports

B Alerts
Operating Time (hrs)

i Regen %
Environmental 206 39.27

3 Data Exploration -

Impact

Fleet Usage Summary
Operating Time (hrs;
Bus Usage Summary P g Time (hrs)

Drive & Charge e Regen %
Reporting

Fleet Performance

Power Air
Energy Energy Powertrain  Energy  Steering Compressor DCDC1
c C i

Energy Consumption

i 3
by Component Model Distance Charged Consumed Consumption Regen

Name . VIN start End Start Odo © EndOdo *  (mi) (KWH) = (KWH) (KWH) (KWH) = (KWH) (KWH) (KWH)

Fleet Efficiency STO_EV3 1M9TH16J1GS816125 September  September  Catalyst - - 0 0 2919 0.001 0 0.026 0.026 ]

1st 2018, 2nd 2018,

Real-Time Vehicle 00:00:00.000 00:00:00.000

Metrics
STO_EV3 1MOTH16/1GS816125 September September  Catalyst -
Bus Faults Reporting 4th 2018, 5th 2018,
00:00:00.000 00:00:00.000
Charger Summary
STO_EV3 1MOTH16/1GS816125 September  September  Catalyst - 19,890.117 031
Weather History 5th 2018,  6th 2018
00:00:00.000 00:00:00.000
Telemetry Data

Monitoring STO_EV3 1M9TH16/1GS816125 September  September  Catalyst 19,890.117 20,037.438 145.82 340528 208.279

6th 2018, 7th 2018,

am . 00:00:00.000 00:00:00.000
anagemen +

STO_EV3 1M9TH16/1GS816125 September September Catalyst 20,037.438 20,186.934 148.18
7th 2018, 8th 2018,
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Figure5.2: Drive Event Data on Proterr@onnect

B Reports

B Alerts

Moving moving Speed Speed Start SOC Energy Energy Energy
¥{ Data Exploration — Duration Distance Time Time (mph) (mph) Start Start EndLon SOC (%) (KWH) (kWH) (Moving)
Name VIN Start End (s) (mi) (s) (s) Lat= Lon (%) (KWH)

Environmental STOEV6  TMITH16/7GS816128 November November 10320 46119 9060 1260 437 14302 37.955 -121.286 37955 -121.286 99 52 74 38 72237
Impact 11th2018,  11th2018

12:49:00.000 15:41:00.000
Fleet Usage Summary

STO_EV9 TM9TH16J7GS816131 November — November 46.22 8 37.955 -121.286 37.955 -121.286 99.5
Bus Usage Summary 11th 2018, 11th 2018,
13:15:00.000 16:06:00.000
Drive & Charge
Reporting STO_EVS TM9TH16)5GS816127 November — November . 37.962 -121.251 121.251
11th 2018, 11th 2018,
Fleet Performance 13:20:00.000 13:21:00.000

Energy Consumption STO_EVE 1M9TH16)5GS816130 November — Nowvember X 5 0 37.962 -121.251 121,251
by Component 11th 2018, 11th 2018,
13:26:00.000 13:27:00.000

Fleet Efficiency STOLEV7  1MSTH16/9GS816129 November  November 37.962 -121.251 121.251

11th 2018, 11th 2018,
13:41:00.000 13:44:00.000

Real-Time Vehicle
Metrics

STO_EVe 1MITH16/7GS816128 November November 14.952 37.955 -121.286 37.955 -121.286
Bus Faults Reparting 11th 2018, 11th 2018,

15:53:00.000 17:42:00.000
Charger Summary

STOEVS  1MITH1E/7GSB16131 November  November 14613 37.955 -121.285 37.962 -121.251
Weather History 11th 2018, 11th 2018,
16:22:00.000 19:06:00.000

Telemetry Data
Monitoring STOEVE  1MITH16/7GS816128 November  November 12934 37,955 -121.285 37.962 -121.251

11th 2018, 11th 2018,

B Management + 17:55:00.000 19:13:00.000

STO_18403 1MOTH16/2JS816271 November  November 61,192 3,420 13.882 37.962 -121.251 -121.286 100 57.5 168 157354
12th 2018, 12th 2018,

Adrive eventis definedby the following parameterg speedgreater than 0.1 MPldndthe bus not
idlingfor longer than 10 minutes continuously. If the bdkedfor longer than 10 min for any reaspthe
drive eventended and a new drive everttarted oncethe bus exceeded 0.1 MPBaily events were
averages of all the drive eveswithin a 24hour reporting period.

5.1.2 Data Scrubbingnd Validation
Before the data was analyzed, a series of validation tests were performedureithe data was
accurate and within reasonable limiBuring valilationtesting, CALSTARhose various data
parameters and reporting periods test for consistency between thaw data fromAPEXandthe
processed dataaptured fromthe weekly summaryeport, as defined earlier in Sectigh2.2 If a
discrepancypetween the raw and processed data was identifi€dLSTARiDtified Proterrato
determinethe source of the discrepancyf any identifieddiscrepanciesould not be reconciled, the
data was discardeduring a processcalld R G A ONXz0 6 Ay 3¢ @

Figureb.3 and Figure5.4 shows the daily average efficiency per bus from January 1, 2018 to August 31,
2018before and after data scrubbing, respectively.
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Figure5.3: Daily Average Efficiency Before Data Scrubbing
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Figureb5.4: Daily Average Efficiendifter Data Scrubbing
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Daily averagefficiencyis a calculated parametemnd equal tadaily energy consumptiodividedby the
daily mileage.In Figure5.3, we observealaily efficiencies in the range dfto 1000 kWhmmi with an
average vehicle efficiency of 2.8 kWhinidy visually analyzirfgigureb.3, data points were clustered
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between the ranges of 1.65 kWh/mi. Based on obsentimns within similar bus demonstrations, a

daily efficiency value of 5 kWh/mi or greater is highly unlikélgual observations also show that the
data points begin to randomly disperse beyond 5 kWh/mi and therefore these points were considered
outliers n the data set.Valuesgreater than 5 kWh/mi wersuspected to be caused leyror in the data
collection In Figure5.4, adata scrubbindilter is appliedto remove all data with a daily average
efficiency value of 5 kWi or greater.Data scrubbing had significant impact daily efficiency,

dropping the &erage from 2.8 kWh/mi t@.0 kWh/mi.

From the observations iRigure5.4 andError! Reference source not foungha series otlatafilters were
developed andapplied toscrubthe data, removing any erroneous data points generated by either the
bus or datdoggers Additionally, data scrubbing was used to identfys that the buses were in
revenue serviceThe apliedfilters and their justifications are documented Tableb. 1.

Table5.1: Filters Applied to Scrub the Data

Parameter Filter Justification

Travellingunder 10 miles in one day is too
short fora bus to be considered in revenus
service

: : . . Efficiency metrics averagek®/h/mi, with
BEVVAYLENRIE N Sj[W[h[e Less tharb kWh/mi databetweens.0 and 15 kWh/mi

Total Days-Pre-Scrub 1,678 Totaldaysbefore data scrub

Distance Greater thanlO mi

Total DaysPostScrub 900 Totaldays after data scrub

As an additional validation stepnergy consumed versus distance traveleas analyzedb insure there
was a positive correlation between these parametétigureb.5 showsenergy consumed and distance
traveledfor each busdisplayed on @uataxis graph.
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Figureb5.5: Energy Consumed versus Distance Traveled
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Figure5.5 reveals a strong correlation between energy consumption and miles traveled, affirming that
the buses were reporting good data

5.2 Bus Performance

5.2.1 Total DayDrivenand Total DaysDriven in Revenue Service
While the analysis of this report focuses on fhexformance ofelectric buses in revenue service, it was
also important to understand how the buses were utilized outside of revenue sdyaged on the
needs of the transit agencyTherefoe, this section looks at the differences betweteial days driven
and total days driven in revenue servioeer the course of the demonstration.

Arevenue servicelayis defined asa day whenthe bus travelledgreaterthan 10 milesTenmiles was
used as the cutoff becauseisithe minimum distance required for a bus to complete a single loop on
most routes Henceif the busdid not travel further than 10 miles in a single dten it was not
consideredn revenue service fahat day. If the bus was noin revenue servicdat may have still been
drivena shorter distancéased on the operational needs of RTD. Therefoadle5.2 and Table5.3

compare the difference between total days and total daysevenue servicebserved among the ten
buses
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Tableb.2 showsthe total daysand the totalmileagedrivenfor each electric bus over the demonstration

period. A bus was consideredigenif it traveled any distance during the dayhe information included

Ay GKA& GlrofS gFa R2eyf 21 RSR FNRBY (KS d.dza | al3as .
filtered.

Table5.2: Total DaysCompared to Total Mileage

: Averageln-use
Total Days Total Mileage . < .
Daly Mileage

274 14,221 52
230 8,936 39
168 12,367 74
235 19,764 84
283 27,575 97
204 15478 76
253 19,225 76
164 10,236 62
211 6,552 31
251 22,276 89
2,273 156631 69*

* Averageactive day mileage acrosd twelve buses

Table5.3 shows the dayandthe mileageeach electric budrovein revenue serviceA bus was

consideredo be inrevenue service if driven farther than 10 miles during the ddne information

includedAy GKA& GFofS ¢l a R2¢6yf2FRSR TNRY (GKS d.dza ! al
andtrips and days where the buses drove less than 10 miles fifened.

Table5.3: Daysin Revenue ServicEompared to Mileagén Revenue Service

Average Ddy
Mileagein
RevenueService

Days in Revenue Mileage in
Service Revenue Service

14,117
68 8,794 129
80 12,285 154
125 19,705 158
171 27,511 161
102 15,537 152
124 19,141 154
70 10,167 145
54 6,449 119
EMV12 140 22,192 159

*Average active day mileage across all twelve buses
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Significant variancean beobserved betweerthe total number of driven and number of days driven in
revenue serviceBus E\8 wasdrivena total of 274 days buvas only consideigto be in revenue
service forl04 days Therefore, EX8 wasin revenue servic@ust 38% of the total days it was driven.
Thistrend was observed across all buses. Of the 2@7al days that the busedriven, only45% of

those days were days that the buses were considered to be in revenue s&varethough therevas a
significant difference betweedays driven and daydriven in revenue servigehe difference in total
mileage wasmall The primary reason for this being thdays the buses were driven and not in
revenue servicevere usuallydayswhenthe busestraveled no further than one mileAdditionally, this

is why daily average mileage betwetertal days and daym revenue service show a large variance as
well.

There wasalso asignificant variance observed in usage across bus#se5.3 shows that EM 1 had
only 54 active days with 649 miles driven while EV had 1 active days with 2,511 miles driven, a
difference of 17 active days an@1,062miles.The difference in usage was attributemthe random
assignments of buses at RTIhisis explained irmore detail in thenextsection.

5.2.2 Daily and Monthly Mileage
Dependingon the routeassignmenand number of loops driveper day,as showrin Table4.8, buses
typicallydrovebetween 100- 200 miles during a full day of servic&he average mileage a btraveled
during an active day is 124iles. If placed on the BRT Route 44, the dmddpotentially travelup to
227miles in a single day of service.

In order to show how monthly mileage varied between bygesvides asampleof monthly mileageoy
busbetweenMay 2018 and July 2018.
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Figure 5.6: Monthly Mileage per Bus, May 2018July2018
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Each vehicle was used differgntdepending on the operational needs of RTD. RTD randeehdgted
which vehiclesvere put into service and selectiatid not always consider previous usage. Therefore,
some vehiclesvere driven significantly more than others as observed in this figlierewere months
when not all busesvere put into service either due to maintenance ootrbeing selected for service.

5.2.3 EnergyCharge Events and Charging Efficiency
The average timeakento chargeeach busvas alseexamined Due to the smaller battery size and
shorter range each electric bus was required to charge every time it stoppedeaDiiC, aseenin
Figure2.1. Each bus only had 10 minutes to charge betwservice loopstherefore it was important
that the buses charged withithe allottedtime to stay on scheduleThe information was available
under thedDrive & Chargesection of theAPEX dashboamhd is summarized ihable5.4 together with
the number ofcharging eventsind average charge tinteat CALSTRT calculated.
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Table5.4: EnergyChargedand Average Charge Tiniyy Bus

EnergyChargedkWh) | Number ofChaging Events

29,974 13,236 8.3
18,707 724 7.9

26,189 935 8.6
EV6 40,049 1,410 7.7
55,699 1,977 7.6

32,391 1,179 8.3

EV9 39,716 1,444 8.4
22,116 779 8.6
14,467 592 9.5

46,460 1,662 7.8
325715 23,938 8.3

* Averagecharge time across all buses

Table5.4 showsthe total energy chargeend the average charge time for the electoigses during the
evaluation periodData was captured from the vehicle CAN bus through the data loghfeesaverag
charge time ranged betweery.7- 9.5 minuteswith an average charge time of 8.3 minutes per charging
event During the evaluation perioagachelectric bus consumedn averagef 3,257 kwWh per mortit

with a total energyamount 0f325,715kWhbeing chargedcross alten buses

In order to understand realorld costsof operatingelectric buses, energyeasuredat the meterwas
compared toenergy received by the buse$he DT@verhead chargers were connected to a dedicated
meter allowing RTHb trackthe actuallyenergyrequiredto operatethe electric busesThe difference
between total energyneasuredat the meterand total energyeceived by the busediassuspectedo
primarily caused blosses in the conversion process energywastransferred from themeter to the
buses Thereforecalculating fuel costs basemlely on energpeing consumedby the busesin most
caseswill fail to capture thetotal costs incurred to the transit agenby theirelectricutility. This is
important for transit agencieso consideras theydeterminethe operatingcosts of electric transit buses.

Tableb.5 comparesnergymeasured at the meteto energyreceived by the busesEnergymeasuredat
the meterwastrackedby RTDxhrough theirutility bills. RTDdocumented thé monthly energy
consumption as reported by PG&Bndsummarized this information in a spreadshédppendix X)
This information was provided to CALSTART each quarter of the demonstidteemergyreceived by
the buseswvastrackedthrough the data loggersSince theolder EcoRide buses were still in revenue
service during the demonstration, energy used to chalgeEcoRidbuses needed tdirst be removed
beforecompaing energy consumed at the meter to energy chardedthe Catalyst buse®asedon
one year olutility datacollectedfrom July 201& June 2017, the EcoRide buses had an average vehicle
efficiency of 2.29 kWh/mi. Using average efficiency and totts driven during the demonstration
energy consumption of the EcoRide buses was calcutddhenremoved from the totaknergy
consumed by the facility
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Table5.5: Charging Efficiency by Month

Month EnergyMeasured- Meter EnergyReeived ¢ Buses Charging Efficiency
(kWh) (kWh) (%)

September 30,218 21,607

October 43,292 - -
November 41,058 - =
December 53,986 34,362 64%

NETIIETRY 47,005 40,573 86%

February 35,134 29,113 83%

40,49 33,018 81%
35,514 31,415 88%
37,36 32,138 86%
36,878 30,693 83%
40,309 34,880 87%
45,589 37,916 83%

402538 325,715 81%

* Averagecharging efficiency from January 1, 2018 to August 31, 2018

InJanuaryw ¢ 5 Qa dzii A £ A (i the DIG dvérhead ictam SsReon8ukAEIDS kWh of energy
even though buses only receivd@,573 kWh of usable energy through chargiiipis means thabnly
86% of the energy that RTD was billed for became usable energy in the basgsercentage ahe
energy consumed at the meter versus energgeived by tie busesvas calleccharging efficiencyThe
months of September and December shama low charging efficiency compared to the overall average
observed in the demonstrationThis was most likelyaused bydata inconsistenciestemming from

t NP G S NNtbrQaithe AREDpIAtEorm. Proterra cautioned thatlata reported during the pre and
posttransition periodcouldcontainerrors. Therefore, September and December were not included in
the overall averageOveral| charging efficiencwas81% averaged acssJanuary 1, 2018 to August 31,
2018 Using a higipower overhead charging system like the one installed at RTD, it is expected for
charging efficiency to be lower when compared to level 2 depot charfénen trying to understand
how charging efficiencgf this demonstration compared to othera,similardemonstrationwith a
comparable data source or metrgould not be foundAdditionally,factors that have the greatest
impacton charging efficiencgould not be concluded from this studiherefore,understanding

charging efficiency is a critical stéat transit agencies must consideuring the process of fleet
electrification.

5.2.4 Vehicle Efficiency and Operational Efficiency
Three types of efficiencies were analyzed in the demonstratiehicle efficiency, vehicle efficiency in
revenue service, and operational efficiency.
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1 Vehicle efficiency The most commomethodology for calculating vehicle efficiency. The ten
electric buses had aoverallvehicle dficiency of 2.13 kWh/mi.
"YE O@RNQI QG | 6 QD
"Y¢ oGQa BIQ

Figureb.7: Vehicle Efficiency Summary

Average Miles
Mileage EnergyConsumed, Vehicle Efficiency] PerDieselGallon

(mi) (kWh/mi) Equivalent
(mpdge)

Baseline 5.1
14,221 30,564 2.15 17.5
8,936 20,954 2.34 16.1
12,367 27,119 2.19 17.2
19,764 40,084 2.03 18.6
27,575 55,525 2.01 18.7
15,627 33,968 2.17 17.3
19,225 39,716 2.07 18.2
10,236 23,635 2.31 16.3
6,552 15,959 2.44 15.5
22,276 46,483 2.09 18.0

156,780 334,007 2.13 17.7

Note: Datafor this table was taken from the Drive summary sheet

This table shows a summary of thkectric busefficiency compared to the baseline bi$he average
efficiency is2.13 kWh/mj which equates td.7.7mpdge ThekWh/mile was converted to mpdgby
dividing37.64 kWh/gal diesel by the average kWh/mi valBeergy consumption valuegere
downloaded fromthet Cf S S $ektibi dDtheBRERI@skboard.

2) Vehicle efficiency in revenue servic@his efficiency metric usesdlsame calculation
methodology as vehicle efficiency but only includes energy consumed and miles traveled during
revenue service. A bus was considered active and in revenue service when traveling greater
than 10 miles during the day. The ten electricdmibad an average vehicle efficiency of 2.00
kWh per mile when in revenue service.
Y& O@RAQI QW | 6RIVL Q& BIQL VD
Y€ OI@U QE B IQLATNMD Q

1 Operationalefficiency. Operational efficiency is an efficiency metric basedoergymeasured
at the meterand total miles traveledUsing this methodology, operational efficiency was
calculated to be 2.57 kWh/mi. Operational efficiency is not to be compared wititle
efficiency but rather its purpose is to provide greater insight to the actual energy required to
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operate electric buse®ue to energy transfer losses between the meter and the bus, the
energy measured at the metevill be higher than the energyeceived by the busDuring the
demonstration a 19% loss in energy was observed between the meter and the buses. Since a
transit agency is billed for energy measured at the meter, understanding operational efficiency
was critical in determining the reaborld operating costs of electric transit buses.
YE O@RIQI @I i 0D @ QO XGQ
Y€ 0dQa QiIQ

5.2.5 Vehicle Speed Profile
Vehicle speed is both a route characteristic and an important variable thatsffaghDf S Qa T dzSft
economy. Therefore,in order to understand vehicle efficiency within the appropriate contéxtias
importantto observeli KS @S KA Of S.QEingdhkIBigerRrvehtitda Bdtidui®5.8 shows a
histogramof all ten buses andisplays theiaverage speed using vehicle speed distributiorspin
wherein each bin represents a 1 MPH range

Figure5.8: Vehicle SpeedHistogram
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Figureb.8 revealsthat, when in operationbusesspent the most timdraveling between thel4- 18
MPH neverexceeed 39 MPHThis is a typical speed profiler buses operatingn urban routes that
havefrequent stopand-go travel.The average speeaimong all buses within the full 4onth
demonstration period wad4.8 MPH.
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5.2.6 Energy Consumption by Component
In order to further understand vehickfficiency,Table5.6 looksat the energy consumption of the
following bus components: DC1, DC2,campressor, HVAC, powertrain, and power steering. The total
energyconsumed byhese components is comprehensiokthe total energy consumed by the vehicle
and its componentsluring the 12months of operation
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Table5.6: Component Level Description and Total Energy Consumed

Energy Energy

Component Consumed | Consumed pe Description
kwWh Mile, KWh/mi

DC1 and DC2 18,507 0.12 Energy used for ohoard I_ow_voltage Dd
components such as cabin lights
: 9y SNEE dzaSR G2 LJ2¢
systems
HVAC 27,179 0.20 Ener.gy used t<? provide interior cooling,
heating, and air
205,410 148 Energy .consumed to provide vehicle
propulsion
Power Steering 3,833 0.03 Energy consumed to provide power
steering

Figureb.9 shows a pecentage breakdown of the energy that each bus component consumed during the
demonstrdion period.

Figureb.9: EnergyConsumption by Vehicle Component

Air Compresso DCDC1 Consumpti¢ | DCDC2 Consumptic
Consumption 3% 4%
4%
Defroster + BTN
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0% : S
m Air Compressor Consumption

HVAC Consumptic m DCDC1 Consumption
10%

DCDC2 Consumption
Power Steering

Consumption Defroster + BTM Consumptio
1%
Powertrain : m HVAC Consumption
Consumption

78% B Power Steering Consumption

Powertrain Consumption

The powertrainvas the largest energy consumaccounting fofi78% of the total energgrawn by the
buses. The pwertrain provides the propulsion to move the vehieled therefore we expect this
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component to have the hhiest energy draw.The HVAC component had the second highest energy
consumption, showing 10% of the total energy drawn. Stocktoramakatively mild climate, wh an
average higlof 92.1°FAn the summer and an average low%8.5°Fn the winter!® Though HVAGid

not have a significant imga on battery performance in thidemonstration it does have the potential of
affecting transit agencies more extremeclimates, particularly thosi colderclimates

5.3 Operation and Maintenance
A large component of total vehicle lifecycle cost is the ongoing cost of maintenance activities, both
NB3dzZ F NJ ASNIBAOAY 3 | yR NBLI A NAEnonshki@nbnstratiod geNodl2 y Sy
offered anopportunity to measure and quantify the maintenance cost of the electric transit buses. The
12-month durationwastoo short to capture rare events that may occur every two or three years, or
mid-life replacements with large costs, so the findings in thispter should be considered a low bound
for total maintenance costs over the lifetime of the vehicle.

5.3.1 Preventative Maintenance
APMlwas performed on each bus t000mile intervals Based on the mileage driven during the
demonstration each bus required aestimated total of 2 PMId£ach6,000mile PMItook approximately
7 hoursto perform. Table5.7 summarizeshe preventativemaintenance parts and associated costs for
the buses

Table5.7: Bus PMI Parts and Cost
Part Cost Per PMI PMI Interval

Labor ($50/ hour) $350 6,000 Miles

HVAC Filter $92 48,000 Miles
Air compressor filters| $143 48,000 Miles

Component fluids $117 48,000 Miles
Coolant $35 6,000 Miles
Lubricant $5 6,000 Miles
Total Cost

The labor rate is assumed to be §5% hourand the total cost assumes that all parts are replaced
during each inspectionDuring the demonstration, RTD inspected the electric transit buses at the same
mileage intervals as their baseline bus&he PMI intervals for electric buses halie potential to

change once RTD hadequatetime to assess thengerterm performance and reliability of thelectric
buses.

In addition to preventative maintenance performance on the busd3ylhwas also performed on the
on-route F@s aboutonceevely month. Eacltharger PMI took an estimated 2 hours to perforirable
5.8 summarizeghe preventativemaintenanceparts and associated costs for the cher.

10 hitp:/iwww.stockton.climatemps.com/
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Table5.8: Charger PMI Parts and Costs

Cost Per PMI
$30
$20
$20
$70
$100

Charger air filters
Charge pilotbrush

Air compressor oil
Air compressor desicca
Labor ($50/ hour)

PMI Interval
4 Weeks
2 Weeks
4 Weeks
4 Weeks
4 Weeks

Total Cost $260

Labor rate imssumed to be $50 per houburing the demonstration, RTD discovered that accelerated
wear on the chargepilot brush was causing docking issues with the bus that required them to replace
the brush every 2 weeks instead of 4 weeks. Proterra addressed this issaelarmviedgedhat a

design flaw was causing the charger brush to wiawn quicker thananticipated Figure5.10 showsa

visual comparison between a new and used giliatsh.

Figure5.10: New and Usedharger Pilot Brushes (Middle) Negeft and Right) Used

In Figure5.10, we can observsignificantwear in both used pilot bruslsafter justa few weekof use.
Near the end of the demonstratiofroterra announced they were producing new charigeads that
utilized a different type of electric delivery, eliminating the need for pilot brusfidse new overhead
chargers that Proterra is adopting will be located at the front of thefousmproved alignment anih
compliance with the SABI05standards.RTD was scheduled to hate charger heads replacdgy
Proterrabut at the time of writing this reportthe currentcharger heads were still being used.

5.3.1 Vehicle Availability

Vehicle availability datevascollectedanddefined as the percentagef days thathe buswasavailable
for use during theevaluationperiod, regardless of whether the vehisl@sactually usedn operation.
This dd not include scheduled days that theiswas pulled out of service for PMls.

+SKAOES @I AtFroAtAGE RIGI

g a
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using manual service logs. The service loge usedo keep a record of all maintenance and service
actions associated with a particular vehiclgnschleduled maintenance days were identified by the

followingwork order codedisted in the service logs.

CALSTART 44

May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

T 5 NA @S NDgdeféetS drige find wrong with the bus, during a g or posttrip
inspection and/or during the operation of the bus.

1 Correctiveg defects anyone finds wrong with the bus, at any time.

1 PM Defectg defects found during the PM Inspection.

1 Campaigrg Scheduled maintenance to correct a defect found on several vehicles orféestib
of vehicles.

1 Pit Defectq defects found during the wakly Pit Safety Inspection.

Table5.9 summarizes thedays the electric buses were pulled out of service for maintenance and
presents thevehicleavailability.

Table5.9: Summary of Bus Maintenance and Availability

Preventative Unscheduled | Planned DEV Percent
Maintenance Maintenance Service | Available | Availability
DEVA] DEVA] DEVE]

Baseline 359 326 91%
361 316 88%
363 314 87%
361 313 87%
361 321 89%
362 322 89%

An available dywas defined as a day when the bwsas not undergoing any type of planned or

unplanned maintenance. The bus is available if it can be driven at any time if needed. The total days are
the entire number of days during the evaluation period. The plarserdicedays are the days winghe

bus was not supposed to undergo any type of planned maintenanceurideheduled maintenance

days are the days winghe bus was pulled out of service because@ofmpromptu maintenance issue

with the bus or aoad call The percent availability was calculated by dividing the available days by the
plannedservicedays of the bus.

The average availability for the electric buses during the data perio@@%scompared to the 91% for
the dieselelectric hybrid baseline buShere was little variation observed in the availability of electric
buses, ranging from a low of 89% to a high of 9Majority of theunschedulednaintenancewas
caused byeneral bus system issues such as HMAftoken componentshat wereunrelated tothe
electric drivesystem of the electric buses.

5.4 Impacts ofPeak Demand Charges

At the time ofwriting thisreport, the Pacific Gas and Electric Company (PG&E) released a proposal that
would establish new rates for charging electric vehidiiespproved by the California Public Utilities

Commission (CPUCK A & ¢2dzf R KI @S aA 3y A T lotlcysis ashitwadld Seek t@ y |
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eliminate costly demand charges that RTD faced throughout this demonstratimugh the proposal
has not yet been approved, it is likely treaimeform of this new rate structure wipass

Using the proposed ragethat PG@.E released, CALSTA#REformed a series of analyses to understand

g KGO wc 5®sts wbydd&iEhder the new structure. @eanalyses can be found iBection

5.4.4 Thefollowing sectionss SNB ¢ NA (G Sy LINR 8pdpdastandudng ufdent rdtey’ y 2 dzy O S
structure anddemand chargeates Even though theynay no longer be applicable in the futynge

believeit is still important to understand the impactd the demand chargethat were applicablaluring

the course of this demonstration.

Public transit agencies deploying electric transit buses around the county are bound to experience the
impact of peak demandharges. In 2009, RTD purchased tweaute opportunity charging electric

transit buses to provide BRT service in their operating fleet. The first electric transit bus deployment led

to an additional purchase of ten more buses to fully electrify BRTeExfRoute 44, making it the first

alkSt SOGNRO . we¢ NRdzi S A yierdiesti® bus HeplaythehB®G&EgBadidila gydar w¢ 5 Q &
demand charge exemption. During this deployment, the exemption on demand charges had expired and

as a result, pealemand chargers were incurred. This secéwaluateghe major impacts peak demand

charges can have on the operation of electric buses.

5.4.1 What Are Peak Demand Charges?

Peak demand charges are levied by electric utilities on their commercial and industrial
customers to recover their capital costs and are calculated based on the maximum amount of electrical
power (in kW) the electric transit bus draws from the grid during a charging ewérite each utility has
different rules for implementing demand charg@enerallythey arecharged monthly based on the
highest average kW measured in arbinhute interval during the billing period-or more detailed
background on peak demand chasgee/ ! [ { ¢! w¢ Qa. Mg KA GS LI LISNJ

Some electric utilities do not apply demaaoldarges on commercial and industrial customers
whose peak demand remains under a certain threshold. Howdiveldemand threshold varies
considerably between electric utilities and in the ca$&®TD, peak demand chargesreincurred
monthly. As aresult, demand chardesdl aA3IYyAFAOlI yi AYLI OG 2y GKS GNI vy

5.4.2 Charging Electric Transit Buses
There are two primary wayof charging electric transit buses:

1 Onroute opportunity charging the electrictransit bus recharges while the vehicle is operating.

1 Overnight/depot charging the electric transit bus recharges at night when the vehicle is not
in operation.Electric transit buses charging overnight are designed to meet the daily range of a
conwentional diesel bus. Thus, batteries need to be steestore enough energy to cover over
100 miles.

11 peak Demand Charges and Electric Transit Buses, GalleRBloick and Tomic, 2014. Available at:
http://calstart.org/librariespublicationspeak demand charges and electric_transit buses white pafier
ashx/
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These two different ways of recharging electric transit buses each have their place in the electric transit
bus market. In most cases, both optionsl\i impacted by peak demand charg&able5.10 below
presents the main advantages and drawbacks associated witbute opportunity charging.

Table5.10: Advantages and Drawbacks of €Route Opportunity Charging

Advantages Drawbacks

A Smaller battery size can reduce vehicle curk A Lowervehicleassignmenflexibility asbusesa
weight, potentiallyincreasingvehicleefficienc re dedicatedto on-route charging
iesandcantakelessspace infrastructure

A Possibilityto operateindefinitelywithout long A Demand charges can be high without energ
interruption for charging storage

A Smallembattery maybe easierandcheaperto A Chargingnfrastructurecostscanbe highand
serviceandreplace grid connection

A major advantage of electric transit buses designed feraute charging is the reduction in weight.

With identical battery energy densities, the electric transit bus chargingpate has a much lighter and
smaller battery pack compared to the electric transit bus capable of operating all day on a single charge.
However, as battery technology improves they become lighter and capable of higher energy densities,
therefore this advantage may become less significant.

5dz2S G2 GKS aYFrffSNIolFGGSNE LI O]l FYR UKSNBF2NBE aK2|
overhead FCbetween each loopasspecified inSection4.1.2 Onroute charging is generally done at a

high-power rate to minimize dwell time between routes. There are tweroute FCranstalled at the

DTCand eacthasa maximum input power of 500 kdhd nominal powerof 450 kW.If the bus is

charged continuously for all 15 minutes, it would genemafgeak demand of 450 kW

(t L ROO—).

In addition, electric transit buses charging-mute have smadr batteries tha will limit the amount of
energy transferred when charging, and thus, limit the peak demand from the grid. For instance, while
the overhead~Csystem is capable of replenishing 112.5 kWh in-anirtute window, in the absolute
worst-case, the Proterra Cdigst FC only needs 79 kWh. At a nominal power of 450 kW, it would take

about 10.5 minutes to transfer 79 kWh. This would result in a maximum peak deman8 k\3ier
8

= ).

Lastly, in realorld transitoperation, it is unlikely that an electric transit bus chargingroute would
use 80% or more of its total battery capacity. BRT route 44 is approximately 15 miles long. With an

charger(t v Rw

efficiency ofl.93kWHh/mi, this translates into abou9kWh(p ud 'Q p& c—) of energy used
between charges. At a nominal power of 450 kW, it would take aBduninutesto transfer29 kwh.
8—). Route 578 is 18 miles

longand with approximatel\35 kWh of energy used between charges, resulting in an average peak

This would result in an average peak demandXflW (t L Rw
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demand of BOKW (T v R >

demand poweltevelsrequired from the grid during charging events.

). Table5.11 shows the peak demand and average peak

Table5.11: On-Route Charging Powdrevels

Maximum Input Nominal Maximum Peak AveragePeak
Power Power Demand Demand

Power from the grid 500kW

we¢50a RSYFYR OKIFNBS& GFNE o6& aShazyd 5dz2NAy3a LISI]
KW in demand charges. During npeak season, November through April, they paid between $10.95

and $11.76 per KW. For this analysis, an average demand abfeB@8 per kW was appliedhis is

summarized inrable5.12.

450kW 316kwW 140kW

Table5.12: Demand ChargeBased on Season

Peak Season Non-peak Season Average
Months May - October November- April

Demand Charges $19.52 $10.95

The figursbelowcompareli KS ¥ dzSt 02 a-électricchybridvatdiv® dypeRdf Sextbittransit
buses: charging eroute (current bus) and overnight depot chargingFigure5.11 no danand charges
wereincluded and irFigure5.12, demand charges at $15 per kwére included.

Figure5.11: Fuel Cost per Mile for Diesel/Hybrid and Electric Transit Bysess Demand Charges)

$0.60

$0.50

$0.40

$0.30

$0.20

Fuel cost per mile ($/mi)

$0.10

$0.00
Diesel-Electric Hybrid (baseline) Electric On-Route Electric Overnight/Depot

CALSTART 48 May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

When no demand chargegereincluded, electric transit buses cost more to fuel than the diesettric
hybrid transit buses. However, if the electric transit busese charged overnight during effeak
hourswhen electricity rates are lovat, fuel costs wouldirop belowthat of the hybrid buses High
power chargers are generally very expensive and require significant and costlyinfiéistructure
upgrades. Demad charges will have a greater impact on small pilot deploymengdeatric transit
buses charging eroute. Since demand charges are calculated based on the maxpow®er demand
on the grid, greater utilization of BCrwill not increase demand chargekhat iswhy optimizing the
number of electric transit buses using a singercan maximize chargersage and spread demand
charges over more electric transit busesshown irFigure5.12.

Figure5.12: Fuel Cost per Mile for Diesel/Hybrid and Electric Transit Bu¥¥sh DemandCharges)
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Diesel-Electric Electric On-Routé&lectric On-Routé&lectric On-Rout&lectric On-Route  Electric
Hybrid (baseline) (1 bus) (5 bus) (10 bus) (15 bus) Overnight/Depot
m Fuel Cost per Mile less demand ® Fuel Cost per Mile with demand

When demand chargesere included, fuel cost increasdy $0.07 per mile for one electric bus charging
overnight and by $4.57 per mile for one electric bus chargingoote. Howeverjf the number of

electric transit buses using emute FCrgs optimized (up to 15 buses using tw€r$, demand charges
can ke spread over more buses and greatly reduced. Despite the optimizationrmiube FCrahrough
deployment of additional electric busesijthout additional incentivedike the LowCarbon Fuel Standard
(LCFS) prograrthere appears to be no real cost berteRRather there is a cost disadvantage until the
cost of diesel increases to $3 per gallon and demand chargesthes reduced or eliminated

5SYFYR OKFNBSa& OlFy KIFI@S | aAA3YyATAGongiampleYable OG 2y |
513showsii KS AYLI OG 2F LISIF{1 RSYlI YR OWikhhb &anards/ we5Qa Y
presented a) onroute charging, bpvernight chargingDepot chargingassumes that buses will be

plugged in between the hours of 11:00pm and 5:00am each najlowing 6 hours to fully charge.

Additionally, since the Proterra FQses do not havéhe battery capacity to operate a full gan a

single chargethe depot charging calculationsest NB S NNJ e@t@ndedtanigé (KRk&airic bus
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which has &40 kWhbattery and & operating range of up to 200 miles per chardél other
assumptions remain the samgach bus is assumeddonsume 40,000 kWand travel 18,800 miles per
month.

Table5.13: Impact of Demand Charges Monthly Billing Cycle

On-Route
Charging(1
bus)

Overnight/Depot | On-Route Charging  Overnight/Depot

Charging1 bus) (10buses) Charging (10 buses)

Peak Demand i)lu‘iekzvc):-lﬁz 40 kW x 1 depot 316 kW x 2 on 40 kW x 10 depot
kW_ charger =40 kW  route FCrs= 632 kW chargers = 400 kW
. 1351?) CI)(/\I/<VV\)/(— 40 KW ¥$15.00/KW = 632 KW x 400 KW x $15.00/KW =
' - 600 15.00/kW = $9,480 6000
$4,740 ¢ ¢ ¢ ¢
Energy Cost [EREHMORNE L L L S ool
$7.200 $0.13/kWh = 5,200 $72.000 $0.13/kWh = $%2,000
Total Energy
Cost w/ $11,940 $5,800 $81,480 $58,000
Demand
Energy Cost
gy. $0.64 $0.31 $043 $0.31
per Mile

Table calculationassume an average effeak energy rate of $0.13/kWh for depot charging and a blended energy rate of $0.18
for onroute charging

In order to calculate the demand charge ttapot chargingthe 80% of thed dzaofaBbattery capacity
was dividedoy the 6 hours available to charge at night minimum,a 40 kWchargemwould be needed
to fully chargethe XRbusesovernight For onroute charging, as the number of electric buseafleet
increasescost per mile to charge the busesll decreaseThe nonthly energycostfor 10 buses
charging orroute is 25%higher than costs foi0 buseghat utilizedepot charging Actualcost
differences will vary depending on the power rating of depot chargemsrgy costsand how many
busesare chargedvernight

In this assessment, it veryimportant to considethe associatedost of purchasing and installing

charging infrastructureThis willimpact the overall business case for a transit agency. Charging
infrastructure can have significant caglitosts andhesevary greatly from site to site. Before selecting
which charging methodology to use, transit agencies should assess their needs and understand all the
associated costs of charging infrastructure, including hardware, software, and itistalla

5.4.3 Mitigating Impact of Peak Demand Charges
This section discusses potential options that could mitigate the impact of peak demand charges on the
operation of electric transit buses for RTD. While we did not look at every option available on the
marke today, we considered several options that RTD could implement in their current operations.
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Increase Number of Charging Stops

Energy Storage

Solar

Depot Charging with Load Management System

= =4 =4 =4

Increase Number of Charging Stops

Onroute opportunity chargings based on providing just enough energy during charging to reach the
next charging stop. As transit buses frequently stop to-pigland dropoff passengers, they can charge
frequently at lower power rates instead of charging only once between each edutgh power rates.

Charging stops should be located-aute to ensure bus operation and minimize peak demand charges.
Electric transit buses should also recharge anytime it is possible even if they have enough energy to get
to the next chargingtop.

Energy Storage System

Energy storage systems (such as batteries, ultracapacitors or flywheels) can be used as buffers between
the grid andFCrgo smooth out peak load.

Ultracapacitors integrated into the charging stations are recharged frongtitefor a duration of
minutes at 40 kW. When the bus is connected to the charging station, the ultracapaztaransfer
their stored energy in about 15 seconds at a 400 kW charging power.

The use of ultracapacitors decreases the maximum charging rpioara 400 kW to 40 kW while

maintaining the benefits of onoute opportunity charging. In addition, lower charging power allows for
easier siting of the charging infrastructure as it may not require complex and expensive upgrades to the
electric infrastricture.

Adding an energy storage system will increase the cost and complexity of the charging infrastructure
and decrease the overall efficiency of the system as it adds energy conversionbosgespresents an
interesting option to implement omoute opportunity charging of electric transit buses without the
high-power demand that can be associated with fast charging.

Overnight Depot Charging with Load Management System

As discussed earlier in the section, overnight depot charging can be very effiecteducing peak

demand charges if the buses can meet the needed duty cycle requirements on a single charge. Transit
agencies implementing electric transit buses in their fleet could use load management systems to
accommodate some or all of the added dand from electric transit bus charging. A load management
system would typically be used for depot charging but could also be appliedrouba fast charging.

Charging electric vehicles right upon returning to the facility can mean adding electricad laddcility

already drawing a large amount of power from the grid. Inwerst-casescenario, electric vehicles

charging can increase the peak load of the facility and thus increase peak demand charges. On the other
hand, electric vehicles could eadiy charged at night (between 11pm and 6am) without increasing the
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maximum demand of the facility. Load management systems could automate the process, by choosing
to allow charging at the most favorable time or by staggering charging between severamhikestill
ensuring that the vehicles will be charged when needed.

Peak demand charges have a significant impact on the business case of electric transit buses charging
on-route and overnight. In areas where demand charges are high, fuel cost is mordathied

although it still stays below the fuel cost of a diepelvered bus and remains competitive with a CNG
powered bus.

Demand charges will have a greater impact on small pilot deployments of electric transit buses charging
on-route than on small piit deployments of electric transit buses charging overnight. However, for bus
deployments of 6 to 8 buses (the optimum number of buses that can use a Bi@igiethe conditions),
demand charges can be spread over more buses and greatly reduced.

The priceof the electricity used to recharge an electric transit bus is an important component of its fuel
costs. Charging off peak when electricity prices are low can lead to significant savings. On the other
hand, charging on peak when electricity prices arélugn dramatically increase fuel costs per mile.

544 t 20 Sy GALFf 9ySNHe /230& dzyRSNJ t Dg9Qa t NP LJ:
On November 05, 2018 Pacific Gas and Electric Company (PG&E) submitted a proposal to the California
Public Utilities Commission (CEJUo establish new rates for charging electric vehtél@his proposed
rate seeks to eliminate costly demand charges and to make charging E¥ sifftwdable At the time of
writing this report, he proposalwasactive at the CPU&Nd a final decision oit has not yet been made.

Therewasa prehearing conference on the matter scheduled for January 22,2019

¢2 SaldAYIGS 6KFG wes5 YAIKEG LI & LISNI Y2y (GKnew2z OKI NA
EV rate structureCALSTARIBed actual energy udmis dataand applied the new ratstructure to it

RTD provided a Microsoft Excel document containing energy usage (in kWhninut® intervals from

October 22, 2015 through October 20, 2018. Additionally, PG&E provided a PDF file containing their
Comnrercial EV Rate Proposal. In this proposal, PG&E designed two rates, one for charging installations

up to 100 kW (CESmall) and another for installations over 100 kW (CEMe). As RTD currently has

two overheadFCrgated at 500 kW eaclfCALSTARpplied CEM arge to the energy use patterns to

estimate costs under this new rate structure.

In the CE\Large rate, customers would pay two separate monthly charges: A Subscription Charge and
an Energy Charge. The Subscription Charge is a monthlytfldiased on the amount of charging
capacity connected to the grid. This charge increases by $184 for every 50 kW of charging capacity

12 pacific Gas and Electric Company. (2018, NovembBGRE Proposes to Establish New Commercial Electric

Vehicle Rate Class.RG&E Retrieved from https://www.pge.com/en/about/newsroom/newsdetails/
index.page?title=20181105_pge_proposes_to_establish_new_commercial_electric_vehicle_rate class

13 California Public Utilities Commission. (2018, DecembedORY A YA A G NI GA GBS 1 ¢ 2dzZRISQa NI
conferenceRetrieved December 13, 2018, from http://docs.cpuc.ca.gov/PublishedDocs/Efile/
G000/M246/K138/246138373.PDF
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connected. So, with 1000 kW installed RTD would pay a $3,679.00 Subscription Charge per month.
However, if RTD believesci&in manage its energy usage to a level below 1000 kW they can opt for a
lower Subscription Charge. For example, if they believe they can limit energy demand from the chargers
to 750 kW they could opt to pay $2,759.00 per month. If they do this and exts@&W in a month,

however, they must pay an overage fee. The proposed overage fee is twice the subscription rate for any
incremental demand above the elected level. So, if RTD used 800 kW instead of 750 they would pay
their normal subscription of $2,759or that month plus an additional $368 for the extra 50 kW used
($184 X 2 for every 50 kW).

Table5.14 CEVLarge Rate Structure

Subscription Charge Energy Charge
$184 / 50 kW connected charging $X. XA kWh consumed per time of day (see
Time-of-Day Pricing Table)

The second charge, the Energy Charge, is based upon the amount of energy consumed per month and it
is billed on timeof-day pricingTable5.15: shows the three timeof-day prices proposed.

Table5.15: Proposed Timeof-Day Pricing

Type Time-of-Day Price
Off-Peak 12:00 AMc 9:00 AM, 2:00 PM 4:00 PM,10:00 PM¢ 12:00 AM $0.11 / kWh
SuperOff-Peak 9:00 AM¢ 2:00 PM $0.09 / kWh

| Peak 4:00 PV 10:00 PM $0.30 / kWh|

¢2 LI e dKAa NIGS adaNHzOGdzZNB (2 wChShARSoKBaNiBe dzal 3
they shared, and color coded each-tnute intervalto the correspondng proposed timeof-day

pricing ranges. Then, energy use in each tofieaypricing rangevas summednd the dollar amount

charged for energy used in each of those rangas calculatedper day. NextCALSTARBIculated the

cost of energy use per day by summing all tiofielay price range costs for each day recorded. Finally,

monthly energy chargewere calculatecdby summing each daily cost, month by month.

With thesedata CALSTARRIculated maximum, minimum, average, and median values for monthly

costs. Whildghis was performed twiceonce with all data from 2015 to 2018 andaagwith only data

from July 2017 and on, in this report we show only results using energy data from July 2017 to October

2018 since the electric buses were not deployed prior to July 2017. The following tables show estimates

for what RTD would payp chage the buseper month under the proposed rate structure, including

both Subscription Charges and Energy Charffesse estimatesvere also comparetb actual costs

AYOdINNBR (2 OKFINHS St SOGNRO oltisifpartantzs B hatdlbe 9 Q& Odz
following estimates in this section of the report analyrdy operating costs associated with fueling and

charging the buses. None of the estimates in this section include the costs of infrastructure or any other

capital costs. AdditionBl, none of the estimates using the proposed rate structure include taxes or fees.

Table5.16: shows the estimated monthly energy costs under variSubscription Chages and using the
average, median, and maximum amount of energy used by RTD from July 2017 to October 2018.
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Table5.16: Estimated Monthly Energy Costs

Estimated Energy Costs Under Proposed PG&EIEXfricity Rate (Using Energy Usage Data froi
July 01, 2017 to October 20, 2018)

kw Subscription
Installed Price

Note: Subscription Price starts at $184 for 50 kW and increases by
300 SLATE for every 50kW installed
500 $1,839 '
1000 $3,679
Subscrl tion Total Monthly Cost(usin
$1,103 $5,532 $6,635
500 $1,839 $5,532 $7,371
1000 $3,679 $5,532 $9,211
Subscrl tion Total Monthl Cost usm
$1,103 $5,958 $7 061
500 $1,839 $5,958 $7,797
1000 $3,679 $5,958 $9,637
Subscrl tion Monthly Cost usm Maximum
$1,103 $7,799 $8,902
500 $1,839 $7,799 $9,638
1000 $3,679 $7,799 $11,478

At the 1000 kW Subscription Charge level, ltheest monthly cost estimate would by $9,211 and the
highest is $11,47.8oth are lower than the average monthly cost currently incurred by RTD to charge
their buseswith lowest monthly fuel cost for electricityeing $10,111 as seenTable5.17: . Of course,

if RTD opts for a lower Subscription Charge, their total monthly costs will drop.

Table5.16: Estimated Monthly Energy Costsows how the monthly costs compare between the

proposed rate structure and what costs were actually incurred as showahte5.17: Actual Monthly

Energy Costs Incurretdsing 1000 kW as the amount of charging capacity installed under the new
proposed rate structure, RTD would save an estimated $4,330 per month at evaragyy use. Even

the maximum monthly cost estimate of $11,478 with the new rate structure would save RTD $2,063 per
month when compared to the current average monthly cost incurred of $13,541.
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Table5.17: Actual Monthly Energy Costs Incurred

Actual Monthly Energyinformation: September2017¢ September 2018 (including taxes and fees

Month Total Fuel Cost Fleet Mileage mi Cost per Mile Cost per Mile $/mi
(Electric) (Electric) $/mi (Electric) (Diesel Hybrid)

09/17 $13,274 12,434 1.07 0.33
10/17 $14,330 18,664 0.77 0.31
11/17 $11,877 22,058 0.54 0.30
$15,044 16,402 0.92 0.40
01/18 $12,830 18,706 0.69 0.40
02/18 $10,111 11,810 0.86 0.36
03/18 $10,867 16,171 0.67 0.38
04/18 $10,387 17,750 0.59 0.38
05/18 $14,012 16,945 0.83 0.40
$15,018 12,760 1.18 0.42
07/18 $18,526 13,807 1.34 0.49
08/18 $15,984 14,869 1.07 0.50
$13,770 13,254 1.04 0.49
Max $18,526 22,058 1.34 0.50
Min $10,111 11,810 0.54 0.30
Average $13,541 15,818 0.89 0.40

| Median $13,770 16,171 0.86 0.40

14 July 2018 and Aut 2018 are omitted due to outlier values. Fuel costs and mileage during those months are
not in line with typical results for the other months shown and are not representative of actual monthly results.
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Table5.18: Comparison of Energy Cost€Estimated and Actual

Total Monthly EnergyCost- Proposed

Installed Rates $

Total Monthly Energy CostCurrentRates $

With AverageEnergy Price

$6,635 $13,541
$7,371 $13,541
$9,211 $13,541
$7,061 $13,770
$7,797 $13,770
$9,637 $13,770
With Maximum Energy Price
300 $8,902 $18,526
500 $9,638 $18,526
1000 $11,478 $18,526

While the proposed rate structure would save RTD money in their monthly energy bill, the per mile cost
of charging electric buses is still higher than the current per mile cost of fueling diesel hybrid buses.
Table5.19: shows the estimated cost per mile to charge electric buses under the proposed rate
structure. At a 1000 kVBubscription Chargevel and average energisage the per mile cost is $0.58

This drops if thé&ubscription Chargdgrops and if monthly mileageses. In one of the lowest cases, a

500 kWSubscription Chargevel and maximum monthly mileage of 22,058 miles, the cost per mile is
estimated at $0.44, still higher than the average cost per mile of fueling diesel hybrid buses at $0.40.
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Table5.19: EstimatedElectricFuel Costs per Mile
ActualMonthly

Total Monthly Cost$

Cost per Mile $/mi

Mileage, mi
kwW With UsingAverageEner UsingAverageEnergy Price and
Installed gPrice > Average ’ Mileagegy
300 $6,635 15,818 $0.42
$7,371 15,818 $0.47
1000 $9,211 15,818 $0 58
$7,061 16,171 $0.44
$7,797 16,171 $0.48
1000 $9,637 16,171 $0.60
I I s+
Installed Mlleage
$8,902 22,058 $0.40
5 $9,638 22,058 $0.44
1000 $11,478 22,058 $0.52

Currently RTD operates two overhea@rs Another charging option is overnight depot charging. If RTD
used thisoption, they could take advantage of charging during onlypefik hours at a lower rat.able
5.20shows estimated monthly costs and per mile costs using this ogfi&hSTARIBedenergy data

from July 2017 to October 2018 aa@pliedonly the $0.11/kWh OfPeak rate.

Table5.20: Charging Cost Estiatesif RTD Used ONLY Overnight Depot Charging

Actual Monthly Mileage,

Total Monthly Cost, $ Cost per Mile, $/mi

mi
UsingAverageEnergy UsingAverageEnergy
SilliEilise Price Average Price and Mileage

$5,170 15,818 $0.33

$5,906 15,818 $0.37

1000 $7, 746 15,818 $0. 49
~ Price Price and M Mileage

$5,480 16,171 $0.34

$6,216 16,171 $0.38

1000 $8 056 16,171 $0.50
~ Price Price and Mileage

$6,790 22,058 $0.31

500 $7,526 22,058 $0.34

1000 $9,366 22,058 $0.42

The per mile costs drop as you would expéam $0.58 to $0.49 at a 1000 kW Subscription Level
average energy prices, for exampWith overnight depot charging only during @iak hours, RTD
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could reach parity with average diesel hybrid per mile costssatbacription charge level 800 kWor
below.

In this caseif RTD switched to overnigtepot chargingthe average hourly demand for charging the
electric buses would change from the current pattern as showraine5.20.
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Figure5.13: Average Hourly Energy Use
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5.4.5 Potential Impact of Low Carbon Fuel Standard on Energy Costs
The Low Carbon Fustandard (LCFS) is a state policy in California that aims to reduce carbon emissions
by incentivizing use of lowarbon fuels. This policy established a maikased cap and trade system
with a goal to reduce the carbon intensity (CI) of fuels used irtrimesportation sector by at least 10%
by 2020. Under the LCFS, producers of fuels based on petroleum must reduce the ClI of their fuels
through the design of new products or they can purchase kf&ies from lowcarbon fuelusers
Transit agencies like RTstand to benefit from the LCFS by earning lofeis throughoperating buses
that use lowcarbon fuels, like electricityVe were curious to knowoww ¢ 5 Q& LJ2 (i $§lilCKS$ t dza S
might lower the costs of charging electric buses at RTD, and the meeraof this section addresses that
guestion.

Before explaining the results of themalysisijt is importart to note a few things about the LCFS program
YR w¢ 5 QWhild&TS is 2ufrently acbruing LCFS credits, they have not yet scicdity. As

such, RTD has not realized any LCFS revenue at the time of writing this Aspitwe. amount of credits

that RTD can accrue depends on the amourglettricity they consumio charge their busest takes

time for RTD to accrue enough creditssignificantly offset theicharging costs. Additionally, the LCFS
program is markebased, so credit prices fluctuate depending on market conditidssof March 18,

2019, the price for one LCFS credit was $19KI0¢. On a yearly basis, from 20162018, the average
credit pricewas $116.67/M7¥, but for simplicity we assume a $100.00/MT credit pficeour

calculations. As the credit price increases, the amount of revenue that could be collected increases.
Finally, the LCFS programas developed psuant to California Assembly Bill AB 32 and Executive Order
S01-07*. As such, the program was originally set to end in 2020. However, the California Air Resources
Board (CARB) recentipproved an amendment that extends the program through 2836shoud be

noted that while the LCFS programovides an opportunity to lower the costs of fueling nearo and
zero-emission vehicles for fleets, it is a temporary program

To help participants of the LCFS program, CARB released a LCFS Cré&iitdetatet®. Using this
calculator, it appears that, if they made use of the LCFS program, RTD could receive a subsidy ranging

15 Seehttps://www.arb.ca.gov/fuels/Icfs/credit/Irtweeklycreditreports.htm

16 Seehttps://www.arb.ca.gov/fuels/Icfs/credit/20190212 jancdireport.pdf

17 Seehttps://www.arb.ca.gov/fuels/Icfs/ab32.pdand https://www.arb.ca.gov/fuels/Icfs/e0s0107.pdf
18 Seehttps://ww?2.arb.ca.gov/news/carkamendslow-carbonfuel-standardwider-impact

19 https://www.arb.ca.gov/fuels/Icfs/dashboard/creditpricecalculator.xlsx
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from $0.13/kWh to $0.14/kWh for electricity used to charge the buses, depending on LCFS market
conditiong®223_ This credit can based to offset the total energy costs to charge the buses.

Tableb.21: CostEstimates Including Low Carbon Fuel Standard (Low Gheditital monthly cost of
charghg the busesncludingthe low end of the LCFS subsidy ($0.13/kWh).

Table5.21: CostEstimates Including Low Carbon Fuel Standard (Low Credit)
Estimates with Low Carbon Fuel Standard Credit Revefuoev Credit$0.13kWh)

Total Monthly Cost e Total Monthly Costwith LCFS Low
Installed Revenue

UsingAverageEnergy UsingAverage UsingAverageEnergyUse and Energy
Price Energy Use Price
300 $6,635 $4,807 $1,828
500 $7,371 $4,807 $2,564
1000 $9,211 $4,807 $4,404
UsmgMedlan Energy UsingMedian UsingMedian Energy Use and Energy
I
$7,061 $5,172 $1,889
500 $7,797 $5,172 $2,625
1000 $9,637 $5,172 $4,465
US|ngMaX|mum UsingMaximum UsingMaximum Energy Use and Energ
L gt | Vi et e e
$8,902 $6,721 $2,181
500 $9,638 $6,721 $2,917
1000 $11,478 $6,721 $4,757

At this rate, the LCFS would generate an estimated average of $4,8titfor RTD per month,

$5,172 at the median, and a maximum of $6,{@4suming they use the maximum amount of energy

per month as was used since July 20The creditdecreaseshe total monthly cost of charging the

buses significantly, cutting it almost in half at a 1000 kW Subscription Price level with average energy

use.Ly GdzNy > (GKAA g2dz R f26SNI we¢5Qa SaidAaAYriSR LISN Y

Tableb.22: Per Mile Cost Estimates Including Low Carbon Fuel Standard (Low $0et3tkWH shows
the per mile cost estimates using the low LCFS subsidy. At a 1000 kW Subscription Price level, average

20 As the LCFS is a marketsed systemcredit prices fluctuate.

2 We assume a compliance year of 2018, a Velfickel Energy Economy Ratio (EER) of 4.2 comparing battery
electric buses and dies@leled buses, a Cl Value ranging from 10 to 40 gCO2e/M& @nedit Price of $100.

22 0ne of the factors in determining this subsidy is Vekiale! Energy Economy Ratio (EER). This ratio is the

distance an alternativéueled vehicle travels divided by the distance a conventional engine vehicle travels using

the same amount of energy.

23 One factor in determining this subsidy is Carbon Intensity (Cl) of the fuel used. Cl Value represents the emissions
generated from the use of alternative fuel per megajoules of conventional fuel displaced, and it varies by fuel.
Electricity has a Cl Value ranging from just above 0 to about 40 gCO2e/MJ. See:
https://www.arb.ca.gov/fuels/Icfs/fuelpathways/pathwaytable.htm
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energy use, and average mileag D idikely to see a per mile cost of $0.28, well below the average
per mile cost of fuelig the diesel hybrithuses.

Table5.22: Per Mile Cost Estimates Including Low Carbon Fuel Standard (Low C#8dit3/kWh)

kw Total Monthly Cost with LCFS Actuql Monthly Cost per Milewith LCFS Low
Installed Mileage
UsingAverageEnergyUse and UsingAverageMonthly Cost
’ Energy Prigzu ’ and Mileage ’
300 $1,828 15,818 $0.12
$2,564 15,818 $0.16
1000 $4,404 15,818 $O 28
o et | S
Median
EnergyPrice “and M Mileage
$1,889 16,171 $0.12
$2,625 16,171 $0.16
1000 $4 465 16,171 $0 28
| e |
and Energ EnergyPrice ~ and Mi Mileage
$2,181 22,058 $0.10
500 $2,917 22,058 $0.13
1000 $4,757 22,058 $0.22

Applyingthe high LCFS estimate ($0.14/kWh), the total monthly costsehsesnore. Table5.23: Cost
Estimates Including Low Carbon Fuel Standard (High Csedi4/kWH lists the estimated cosit a
1000 kW Subscription Price level and average energyTasdotal monthly cost would ecreaseover
40% to $4,035 per month. That translates to a $0.26 per oot for charging the buses at average
energy usage and average mileage.
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Table5.23: CostEstimates Including Low Carbon Fuel Standard (High Cr&0aitL4/kWh)

KW Total Monthly Cost LCFS Higredit Total Monthly Coswith LCFS High
Installed Revenue
UsingAverageEnergy UsingAverage UsingAverageEnergyUse and Energy
Price Energy Use Price
300 $6,635 $5,176 $1,459
500 $7,371 $5,176 $2,195
1000 $9,211 $5,176 $4,035

UsingMedian EnergyUse and Energy
Price Use
$7,061 $5,570
$7,797 $5,570
$9,637 $5,570
UsingMaximum UsingMaximum UsingMaximum EnergyUse and Energy
Energy Price Energy Use Price
300 $8,902 $7,238 $1,664
500 $9,638 $7,238 $2,400
1000 $11,478 $7,238 $4,240
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Table5.24: Per Mile Cost Estimates Including Low Carbon Fuel Standard (High C$8di/kWh)

kw Total Monthly_ Cost with LCFS Actuql Monthly Cost per Mile with LCFS Hig|
Installed Mileage
UsingAverageEnergyUse and UsingAverageMonthly Cost
: EnergyPricgeyU Average ’ and Mileage ’
300 $1,459 15,818 $0.09
$2,195 15,818 $0.14
1000 $4,035 15,818 $0 26
S I
Median
EnergyPrice “and NV Mileage
$1,491 16,171 $0.09
$2,227 16,171 $0.14
1000 $4 067 16,171 $0 25
o e e
and Energ EnergyPrice ~ and Mil Mileage
$1,664 22,058 $0.08
5 $2,400 22,058 $0.11
1000 $4,240 22,058 $0.19

To aum the per mile costs of all fuelBigure5.14 shows a boxplot with each fuel and incentive

represented. For each fuel, the box represents the range from tfea®8 753" percentiles, the whiskers

represent the maximum and minimum results, and the dark solid line in the box represents the median
value.As you can see in the figure, RGWPrently pay more per mile to charge the electric buses than to

fuel the diesel hylid buseg | YR KAt S t Dg 9 QawoLlNRingdeipsrinileddsis S & § NJHzO
down significantyhA G A &ay Qi tA1Steé G2 OoNARy3d GKSY R2¢y Sy2dAaAK
SALISOALT & ¢ A ifrdte ovérteslhagidgatied gutingdayfime hours. However, if

t D39Qa NI}IGS aidNHzOGdzZNS 3I32S&a Ayiaz2z STFFSOGZ wes O2d#A R
mile costs of charging the electric buses well below the cost of fueling the diesel hybrid buses.
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Figureb.14: Per Mile Cost of Fueling Buses with Various Fuels and Incentives
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5.5 User Feedback Surveys
The purpose of evaluating user feedback is to assess impressions of the vehicle from the drivers,
YEAYGSyFryOS adtr¥¥s FyR FESSO YIFyF3aSNEQ LRAyda 2F
and dieselkelectric hybrid vehicles during normal everydaeu

To obtain user acceptance data, the three different groups of individuals were targeted with different
survey questions and methodologies. Drivers who operated the electric bus were asked to fill out either
an ortline or hardcopy survey at the begitimg and upon completion of the demonstration period. The
survey focused on collecting perception of vehicle performance, and overall impressions of the electric
drive system and the buseghe driver evaluation survey is availablé\ppendix A: DriveEvaluation

Survey

A similar survey was distributed to the maintenance staff. The questions highlighted the perceptions of
the vehicle performane while providing a ranking of maintenance metrics such as reliability, safety, and
design for serviceability. This survey was distributed at the beginning and upon completion of the
demonstration period to look for any improvement or deterioration of lmesnponents. The

maintenance stafévaluationsurvey is available iAppendix B: Maintenanc8taff Evaluatioisurvey

The fleet managers were the final group surveyed at the beginning and end of the demonstration
through interviews focused on obtaining a hitgvel view of how the vehicles fit into the flieom an
operational perspective. The fleet manager survey is availabd@pendix CManagement Evaluation
Survey

In addition to using th surveys, CALSTART also interviewed the RTD drivers, maintenance staff, and
fleet managers in person during an-gite visit towards the end of the demonstratiohable5.25 shows
a breakdown osurvey responsesom the different groups of RTD staff.

Table5.25:Survey Distribution and Response Breakdown

Type of Survey Give Role
First Round of Surveyis December 2017

Driver Evaluation Drivers
Maintenance Staff Mechanic 10
Management Fleet Manager, Supervisors, Directc
Second Round of Survey#&ugust 2018

Driver Evaluation Drivers
Maintenance Staff Mechanic 10
Management Fleet Manager, Supervisors, Directc 5

Surveys Collectec

5.5.1 DriverEvaluationSurvey Results
Driver surveys were aimed at establishing performance and operational ratings, along with any
additional thoughts regarding the electric drive system that differentidté®m a conventional bus.
5dzS (G2 GKS ad4dz02SO0AGS yIFddz2NE 2F RNAGSNI AYLINSa&AAZ2Y.
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2N Gg2NBSE gl & dzaSR (G2 O2YLINBE St SOUNRO o6dza LISNF 2
diesetelectric hybid bus. RTD was responsible for distributing, coordinating, and collecting completed

driver forms. Surveys were distributed via the fleet manager at the beginning and end of the

demonstration period to as many drivers as possible.

There were six performar® metrics to compare to a conventional bus that drivers ranked on a scale
TNRY dadzOK 22NBS¢ (2 dadOK . SGGSNEY

1. Initial Launch from StandstillA major advantage of the electric drive system is in the torque
provided from startup when the conventional busngine is typically most inefficient. This
YSGNRO FAYaA G2 OFLIXidzZNE RNAGSNEQ LISNOSLIWGA2ya 27
drive system.
2. Maneuverability at Slow Speedsince most routes travel through neighborhoods it is
important to gauge the agility of the vehicle at realistic speeds.
3. Acceleration Comparable to the initial launch, this metric refers to acceleration throughout the
power band to gauge boost effectiveness at all speeds.
4. Coasting/DecelerationThe electric drive system uses regenerative braking to convert the
BSKAOf SQa iftdeyiesoy stafed i thSHAERR. This extends driving range, improves
brake efficiency, and reduces break wear. This metric aims to obtain driver perception on the
effectiveness and feel of this new form of coasting in the electric vehicle.
5. Overall Brking Behavior This metric captures overall braking performance by incorporating
brake feel as well as the effectiveness of the new coasting and regenerative braking scheme.
6. Productivity: The electric buses needed opportunity charging after each senage This
YSGUNRO SQ@rftdzZd 6GSR 6KSGKSN)I GKAA yR 2GKSNJ St SOGN
to cover their routes any quicker.

Due tothe muchsmalkr sample size of driversaptured in the final round of surveythe resultsfrom

the final roundof driver surveysveredeemed as inconclusivand may not accurately reflette overall
views of the RTD stafff you wish to see the results of the final round of driver survisysn be found
in AppendixE Final Survey Table®rivers To summarizein every performance categotiat drivers
were askedd rank the driver impressions of the electric vehicle diminished over tifigpically, we
expect performance ratings to improve as drivers become more familiar with features of the new
vehicle but in this casepntinuousfrustration with the charging infrastructunmay have caused drivers
to develop more negative impressions over tirbgivers most commonly complained about the
reliability of the overheadrCrs specifically about issues with docking the bus for charging. Drivers
shared that the overhead charging would often have conneatioars, charge too slowly, or would not
be available to due maintenance issuEsrthermore ,nagging ergonomics issues buas placement of
the phone, sensitivity of the foot pedals, and blind spots on the curbside mirror due to its positioning
also was a probable cause of low user acceptaberers are highly #une with vehicle problems that
affect proper functionality ad driver comfort, underscoring the importanceiofcab ergonomicand
overall acceptance
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5.5.2 Maintenance StaffEvaluationSurvey Results
Maintenance staff surveys were aimed at establishing the serviceability and maintainability of the
electric transit busalong with any additional thoughts regarding maintenance of the electric drive
system that differentiates it from a conventional bus. The maintenance staff were asked to provide
feedback on various service and maintenance aspects, generally compatiragrtoonvention diesel
electric hybrid vehicle.

Due to the subjective nature of maintenance staff impressions, a simple, relative rating scheme of
GSEOSttSyilés al OOSLIiFoftSé¢ 2N adzyl OOSLIil ot S¢ 61 a dz
buses. RTD was responsible for distributing, coordinating, and collecting completed driver forms.

Surveys were distributed via the fleet manager at the beginning and end of the demonstration period to

as many drivers as possible.

There were six performasc YSUNR Oa GKF G YIFAYGSYylFryOS adark¥F NIylSH
GO9EOStf SyiGéy

1. Battery System and Component Trainldlg ¢ KA a YSGNAO FAYa G2 OF LI dzN.
perceptions on whether adequate training was provided on maintaining and servicing the
electric bus.

2. Design for Maintainability In order to maximize bus availability, it is important to gauge
whetherthe design of the electric bus can be easily maintained to minimize down time.

3. Design for ServiceabilityThis metric refers to the ease with which the design of the electric
drive components and integration within the vehicle system can be serviced.

4. Owerall Frequency of Electric Bus Related IssuHsis metric aims to obtain the maintenance
a0FFFQa LISNOSLIIAZ2Y 2y K2g FNBIljdsSyafte GKS
maintenance or road calls.

5. Ease of Repair of Electric Bus Relateslibss This metric captures the overall ease of repair of
any electric bus related issues.

6. Electric Bus Manufacturer SupporAssessing the reliability of manufacturer support is very
important, especially when adopting a new vehicle technology. This eretris to gauge
whether the manufacturer provided adequate support during the demonstration period.

The following results from the final round of surveys display the combined ratings of all maintenance
staff surveyed and indicate their perceptions afidr monthswith the test vehicles.

(V)]
o
(@]
[t
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Figure5.15: Final Electric Bus Performance Ratings by Maintenance Staff

Training

Excellent 0
Better IS ?
Acceptable IIIENNNNNNNNNN————— 3
Worse INNS———— ?
Unaccepatable . 3

Maintainability

Excellent 0
Better IIN— 3
Acceptable IIIINN————— ?
Worse I 3
Unaccepatable I 2

Serviceability

Excellent 0
Better I 2
Acceptable IIIN————— 3
Worse I—— 5

Unaccepatable 0

Frequency of Bus Issues

Excellent 0
Better IINN——— 4
Acceptable IIIINNNNNNNNNNNN——— 4
Worse I 1
Unaccepatable s 1

Ease of Repair

Excellent 0
Better IS 3
Acceptable II—— 4
Worse I 3
Unaccepatable 0

Manufacturer Support

Excellent 0
Better I 6
Acceptable I 3
Worse 0
Unaccepatable 1

The ratings depicted iRigureb.15 above show the final perceptions from ten maintenance staff, all of
whom had significant experience maintaining both the electric and conventional diesstic hybrid

vehicles. Overall, appears that most of the maintenance staff either thought the electric bus

maintained acceptably or better than acceptable. Training and Design for Maintenance received slightly
lower ratings, indicating that better training and maintainability couldphieiprove the user experience

from a maintenance perspective.

The maintenance staff listed a variety of issues observed during the demonstration period, some of
which were repaired ifhouse, others were corrected by Proterra. HVAC issues were one ofitharp
concerns expressed by RTD maintenance, sharing that the bus often lacked sufficient airflow to
passengers, the heating did not work well, and placement of the HVAC module was located in an area
that was difficult to reach. Another common complaititserved was the positioning and design of the
curbside mirror arm. Lastly, most maintenance staff expressed that they needed more training and
feedback from the bus supplier to maintain the buses safely and efficiently.
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Despite the concerns shared by thmintenance staff, they unanimously agreed that the Catalyst

electric bus was a substantial improvement over the previous EcoRide model. Additionally, most
concerns focused on the physical bus design and components unrelated to the electric drive sgstem. A
the bus supplier continues to receive feedback, we believe that over time improvements will continue to
be made on the overall bus design and its components.

We investigated how the maintenance staff responses changed from the beginning to the thied of
demonstration period. A total of ten staff participated in the first round of surveys. Assigning a

jdzlt yGAGFGABS a0FtS FTNRY m G2 p F2NI a! yl OOSLIilof S¢
staff responses were calculated at each survegne. These trends are shown belowHigure5.16,

where the averaged response to each question is shown for the initial and final surveys.

Figure5.16: Historical Trends of Electric Bus Performance Ratings by Maintenance Staff

Training Maintainability
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In the Manufacturer Support category, maintenance staff impressions improved over time. This is a

positive sign with indicated that staff felt their feedback was being heard by the bus manufacturer.

Ease of Repair and Frequency of Electric Bus Related Issues remained relatively neutral over the

RSY2Y &N GA2Y LISNA2RI gAGK &adl Mpresbidnsioh Jr@ning, KSasS OF G
Design of Maintainability, and Design of Serviceability diminished over time. As with the driver surveys,

we would typically expect for these ratings to improve as staff become more familiar with the

components of the vehicle arglectric drive system. Continued frustration with some of the vehicle

components may have caused impressions to become more negative over time.

Though the survey aimed to capture maintenance impressions of the electric vehicle itself, the charging
infrastructure is an integral part of the bus reliability and maintainability of the overli&aavas a

commonly addressed issue in the survey. Due to a design flaw, pilot brushes on the ovetiiead

needed to be changed every2weeks. Accelerated wear onetipilot brushes caused continuous

docking and connection issues between the bus and the charger throughout the demonstration.
Proterra was made aware of this issue and communicated to RTD that a retrofit was coming that would
reduce the frequency in whighilot brushes needed replacement.

5.5.3 Management Survey Results
Following the same format as the driver and maintenance surveysnmagemenguestionnaire
focused on driver acceptance, safety, reliability, overall maintenance issues, and perceived fuel
economy improvementThe management team that was surveyed included the fleet manager,
supervisors, and directorfn looking at driver accepteeand maintenance issueRTD management
summarized and rated the electric buses based on information from draretsnaintenance staff
respectivelyp ! RRAyY 3 al ¥FSie FyR NBtAlFLoAfAGEe G2 GKS tArad
electricvehicle to the rest of his fleet.

Mangerswere asked to rate the electric buses on five performance metrics ranked on a scale from
GadzOK 22NESé (G2 dadzOK . SGGSNEY
1. Driver Acceptance This metrievaluatesdriver acceptance of the electric buses, an impait
consideration for transit agencies looking to adopt a new vehicle technology.
2. Safety | GNIyaiad F3ISyOeQa LINAYFNE O2yOSNYy Aa (KS
passengers. This metric measutis safety of the electric busompared to that of its
conventional counterpart.
3. Reliability: This metric addresses the overall reliability of the electric bus.
4. Maintenance Issue¢ ¢ KA da YSGNRO FAYa G2 200GFLAy GKS Tt SSi
maintainability of the electric bus.
5. Availability for Service OperationBus use and availability are indicators of reliability. Lower bus
availability may indicate greater downtime for maintenance. This metric captures the availability
of electric buses for service operation
The following results from the final round of surveys display the combined ratings of six fleet managers
and indicate their perceptions after significant experience with the vehicle.
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Figure5.17: Final Electric Bus Performance Ratings by Management

Driver Acceptance Safety
Much Better 0 Much Better 0
Better 0 Better 0
Same N 1 Same I 5
Somewhat Worse . 4 Somewhat Worse il 1
Much Worse 0 Much Worse 0
Reliability Maintenance Issues
Much Better 0 Much Better 0
Better 0 Better 0
Same 0 Same O
Somewhat Worse I 6 Somewhat Worse IS 5
Much Worse 0 Much Worse s 1
Availability
Much Better 0
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Same 0
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The ratings depicted iRigure5.17 above show final perceptions from six managers, all whom had
significant experience managing the fleet of electric and dieksdtric hybrid buses. In each category
except safety, the RTibanagergated the bus as somewhat worse in comparison to thein@ntional
buses. Safety was rated as comparable by all fleet managers except one.

bSEGZ ¢S Ay@dSadaariSR K2g¢g GKS YIylF3aSNRa NBalLkRyaSa
demonstration period. A total of five managers participated in the fiosind of surveys. Assigning a

jdz yYGAGEFGA GBS ao0FtS FTNRY m (G2 p F2N dadzOK 2 2NBSE
managers responses were calculated at each survey event. These trends are shown Béjomein

5.18, where the averagéresponse to each question is shown for the initial and final surveys.
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Figure5.18: Historical Trends of Electric Bus Performance Ratings by Management
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Some of the issues that arose with the charging infrastructure may have impacted the driver

acceptance, maintenance, and availability of the vehicles. One of the managtamesdhow these

issues, along with adding to the expense per mile, alter the image of the vehicle, particularly when a

YIf FdzyOlA2yAy3a O02YLRYySyid OFrdzaSa GKS OKFNBSNI G2 32

brushes. Their direct statementwas,L G A& @SNEB SELSyargs (G2 2LISNIGS R
YIy K2dzZNBE ASNBAOAY3I FyR 2NJ NBLIANARY3I GKS OKI NAAyY3

buses changed over time, most fleet managers responded positively. The resporisegfi& R ¢ G KS& | N
3SGGAYy3 6SGGSNE YR dala (GKS GSOKyz2t238 YR SELISNAM:
FofS G2 62N)] GKNRIZAK Ylye 2F GKS 2LISNIGA2Yy I OKLF £

5.5.4 Lessons Learned
The irrevocable differences between a battextectric and diesl-electric hybrid propulsion system
fAYAGSR RNAOGSNEQ FoAfAGe G2 3ISH O2YF2NIIFofS GAGK
infrastructure and issues with the docking process were the primary concerns of the dridetise
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time of writing, Proterra was working with RTD to make the docking easier by painting a lane on the
approach to the charger tprovide a visual aid that would help drivers line up the vehicle with the

charger more easilyAll performance categories were ratedasrse when compared to their

conventional hybrid bus. Rather than getting used to the new vehicle, their opinions continued to
degrade even though 73% of drivers expressed they had been given sufficient training on how to
efficiently drive the electric bees. Therefore, it is reasonable to conclude that the issues with bus
performance and charging infrastructure diminished their acceptance of the electric vehicle. The
maintenance staff, however, felt that proper training was never implemented which khtiteir ability

to safely maintain and service the bus. Proper training for this group would increase serviceability of the
vehicle, improving overall acceptance and integration into the fleet.

Improving the perception of the vehicle is also importanthe fleet and could be accomplished by
upgrading individual components that are currently being replaced far too frequently, namely charger
pilot brushes. Another tool for improving perception could be to improve the overall comfortability of
the vehicle br the passengers and drivers. This could be improved by addressing the issues with the
HVAC system and vehicle ergonomics. As electric vehicle technology mahddature generations of
electric buses are developed, RTD and CALSTART are optimisthieslecearly issues will be addressed
over time.

6. CONCLUSIOAND LESSONEARNED

1

1

1

The electric buses hadvahicleefficiency of2.13kWh per mile, which equates tb7.7miles per
diesel gallon equivalent (page). In comparison, the dies@lectric hybrd buses had sehicle
efficiency of 5.13 pdge which ighree times less efficierthan that ofthe battery-electric
buses

The electric buses had an operational efficiency of 2.57 kwh per mile, which equates to 14.6
mpdge. Operational efficiency is affieiency metric based on energy measured at the meter

and total miles traveledThere can be significant loss as energy is transferred between the
meter and the busRTD had a charging efficiency of 81% which med®84aloss in energy was
observed betwen the meter and the busesince a transit agency is billed for energy measured
at the meter, understanding operational efficienagd charging efficienayas critical in

determining the realworld operating costs of electric transit buses.

The average availability for the electric buses during the data period was 88% compared to the
91% for the diesetlectric hybrid baseline bus. Availability is based on the number of days the
buses were actually available compared to the days that the usze scheduled to be

available for operation.

Peak demand charges can significantly impact the operating costs of electric buses, especially in
cases where omoute FCrs are requiredf. the number of electric transit buses using-aute

FCrs is optimized, demand charges can be spread among more &ndd¢he overall cost per

mile can be greatly reduced. Fifteen buses utilizing two overhead FCrs would bring demand
charges down to $0.30 per mile.
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T LF¥ FLIINBRPOSRT tD39Qa ySg NIraGS adGNHzOGdzNBE OFy &aa3
Based on PG&EA LINPLI2ZASR NI GSa IyR we¢5Q38 RSYlIYR LINRTA
buses could drop down to $0.42 per mile.

1 The LCFS Program can further decrease energy costs by an average of $0.13 to $0.14 per kWh,
depending on the LCFS market conditidng/ O2 Yo A Yyl A2y G6AGK t D39Qa y&
could reduce charging costs down to $0.09 per mile giving electric buses a significant cost
advantage in fuel savings.

9 Electric transit buses that require opportunity charging are dependent on the ritlyadmd
functionality of the onrroute charging infrastructure. If the charging systeent downw ¢ 5 Q a
electric transit busewvere not able to provide service until the charging system was fixed.

1 Overhead fast charging requid®us drivers to perform docking maneuveto properly align
and connect the bus with the charging head. Docking errors, causeithiey the operator or
charging systengelayed the chargingrocess and requickoperators to drive around the
transit centerto repeat the process uil a successful connection was mad€hallenges with
docking frustratel operators and sometimes causédelays in service.

1 User acceptance was low among RTD staff. Reliability of theute FCrs and issues with the
in-cab ergonomics were the primaryuses of frustrations among the driverslaintenance
staff expressedhey needed more training and feedback from the bus supplier to maintain the
buses safely and efficiently.
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Appendix A: DriveEvaluationSurvey

Bus Driver Evaluation Survey - San Joaquin RTD

Bus Driver Operation Evaluation Survey

As part of the zero-emission battery electric bus deployment and testing period we would like to hear
your input and evaluation of the electric bus. It will help us evaluate the performance of the vehicle and
identify areas that need improvement. Please take 15 minutes to provide your evaluation of the electric
bus by answering the following questions.

We appreciate your time and assistance with this evaluation. If you have any questions about the content
of this survey, please contact Kevin Leong at (626)744-5606 or at kleong@calstart.org.

Your responses to this survey will be kept confidential and anonymous.

1. Please fill in the following information:

First Name ‘ ‘

Last Name ‘ ‘

Job Title: 1 ‘

Contact Information
(phone or email) ‘

* 2, pPlease provide the Route # on which you operate the electric bus:

|

* 3. Do you feel sufficient training was given on properly operating the EV buses?

(O Yes

() No (please explain why)

The following questions will ask to compare your experience with an electric bus to that of a conventional
RTD bus:
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* 4, Please describe the conventional bus that you drive when not operating an
electric bus:

Make | |

Model | |

Fuel Type | |

* 5, Performance of the electric bus compared to a conventional bus:

Much worse Somewhat worse Same Better Much better

Maneuverability O O O O O

at slow speeds

Coasting / O O O O O

Deceleration

Productivity (able

to cover routes O O O O O

quicker)

* 6. Operation of the electric bus compared to a conventional bus:

Much worse Somewhat worse Same Better Much better

Inside noise level O O O O O

In-cab ergonomics O @) O O O

(driver interface)

The following questions are specific to your experience with the electric buses:
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* 7. Did you have any customer complaints related to the electric drive system

(noise, vibrations, uncomfortable ride...)?

() No

() Ifyes, please explain:

* 8. Did you receive any customer compliments related to the electric bus?

() No

() Ifyes, please explain:

|

* 9. Did you have any issues at low speed (noise, vibrations, system

unresponsive...)?

() No

O If yes, please explain:

*10. Did you have any issues with the regenerative braking?

() No

() Ifyes, please explain:

|

* 11. Did you encounter issues with docking the bus for overhead charging?

() No

() Ifyes, please explain:
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* 12. Have you experienced or noticed any changes in performance on very hot or
cold days?

() No

() Ifyes, please explain:

|

* 13. Please provide an overall rating of the electric bus:

Very Poor Poor Good Very good Excellent

w w A w w

*14. Please list 3 things you like about the electric bus:

ke | |

e 2 | |

e 3 | |

* 15. Please list 3 things you dislike about the electric bus:

Dislike #1 | ’

Dislike #2 I l

Dislike #3 | ‘

16. Please provide suggestions or recommendations of performance areas that
need improvements in the electric bus:

17. Please share any additional comments you have concerning the electric bus:

(Thank you for your participation!)
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Appendix B: Maintenanc&taff EvaluationSurvey

Maintenance Technician Evaluation Survey - San Joaquin RTD

Maintenance Technician Evaluation Survey

As part of the zero-emission battery electric bus deployment and testing period we would like to hear
your input and evaluation of the electric bus. It will help us evaluate the performance of the vehicle and
identify areas that need improvement. Please take 15 minutes to provide your evaluation of the electric
bus by answering the following questions.

We appreciate your time and assistance with this evaluation. If you have any questions about the content
of this survey, please contact Kevin Leong at (626)744-5606 or at kleong@calstart.org.

Your responses to this survey will be kept confidential and anonymous.

1. Please fill in the following information:

First Name ‘ ‘

Last Name ‘ ‘

Job Title ‘ ‘

Contact Information
(phone or email) ‘

* 2, Do you feel that sufficient training was given on properly maintaining the

electric buses?

(O Yes

O No (please explain why)

|

The following questions relate specifically to electric bus components - i.e. electric drivetrain, charging,

etc.

CALSTART 80 May 30, 2019



San Joaquin Regional Transit District Electric Bus Demonstration

* 3. Did you observe any electric bus issues during the early part of the

demonstration period?

() No

O Yes (please specify issue and whether it was corrected by the manufacturer)

* 4, Please rate the following issues related to electric bus maintenance on a scale

of 1to 5, where 1 means unacceptable and 5 means excellent.

1(Unacceptable) 2 3 4 5 (Excellent)

Design for O O O O O

Maintainability:

Overall frequency
of electric bus O O O O O

related problems:

Electric bus

i O O O O O

manufacturer
support:

* 5. Please provide an overall rating of the electric bus:

Very Poor Poor Good Very good Excellent

w w w A w
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* 6. Please list 3 things you like about the electric bus:

Like 1 | |

ke 42 | |

e s | |

* 7. Please list 3 things you dislike about the electric bus:

Dislike #1 l l

Dislike #2 I ’

Dislike #3 l ’

8. Please provide suggestions or recommendations of maintenance areas that

need improvements in the electric bus:

9. Please share any additional comments you have concerning the electric bus:

(Thank you for your participation!)
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Appendix CManagementEvaluationSurvey
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