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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any informatjparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessaly constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or geypey thereof.
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Abstract

Although hydraulic hybrid systems have shown promise over the last few years, commercial
deployment of these systems hpemarily been limited to Class 8 refuse truckis 2005, the Hybrid
Truck Users Foruminitiated the Parcel Delivery Working 1@up including the largest parcel delivery
fleets in North America. The goal of the working group was ®valuate and accelerate
commercialization ohydraulic hybrid technology for parcel delivery vehicles. FedEwut, Purolator
and Lhited Parcel&ervice (UPS) ook del i very of the worl dods first
parcel delivery trucks in early 2012. The vehicle chassis includes a Parker Hannifin hydraulic hybrid drive
system, integrated andsembled by Freightliner Custom Chassis Corp., with a body installed by Morgan
Olson.

With funding from the U.S. Department of Energy, CALSTART and its project partners assessed the
performance, reliability, maintainability and fleet acceptance of thre@npduction Class 6 hydraulic
hybrid parcel delivery vehicles using information and data fromséndata collection and emad
testing. Thisdocumentreports on the deployment of these vehicles operated by FedEx Ground,
Purolator and UPS. The resultsgsented provide a comprehensive overview of the performaote
commercial hydraulic hybrid vehiclesparcel delivery applications. This project also informs fleets and
manufacturers on the overall performance of hydraulic hybrid vehicles, provides insights on how the
technology can beoth improved andnore effectively used

The key findings and renumendations of this project fall into four major categories:
Performance,

Fleet deployment,

Maintenance,

Business case.

= =4 =4 =

Hydraulic hybrid technology is relatively new to the market, as commercial vehicles have been
introduced only in the past few yearsiiefuse and parcel delivery applicatioB8siccessful demonstration
could pave the way for additional purchases of hydraulic hybrid vehicles throughout the trucking
industry. By providing unbiased, thigplar t y assess mewitt lodutt hbdatologshryi bersi 6d
thisreport offers relevant, timely and valuable information to the industry.
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Executive Summary

Although hydraulic hybridrehicle (HHV)systems have shown promise over the last few years,
commercial deployment of these systems has bgemarily limited to Class 8 refuse trucks$n 2005,
the Hybrid Truck Users Forum initiated the Parcel Delivery Winrx Group including the largest parcel
delivery fleets in North America. The goal of the working group waset@luate and accelerate the
commercialization ofiydraulic hybrid technolggfor parcel delivery vehicles.

One of the biggest challenges for thisployment and testing program was in the long lead time that
was required to place to service acceptable vehicléghe working group initially selected a promising
supplier team that ultimately could not perform. As a result, selection of the right supplier team took
several years and Parker Hannifin and Freightliner Custom Chassis Corp. were ultimately chosen in
2010to build three hydraulic hybrid parcel delivery trucks. Once selected, vehicle development further
delayed the project timeline and ultimately placed constraints on the project in terms of field time with
the units and some flexibility of tésg approachs (see Appendix A)These lessons from field
experience stress the long lead times that are needed to manufacture an integrated system and highlight
the still early state of hydraulic hybrid commercialization.

Despite these constraints, the report alstocuments the reaworld benefits of a fully integrated
series hydraulic hybrid system. FedEx Ground, Pu
commercially available hydraulic hybrid parcel delivery trucks in early 2012. The vehicle chiasigs inc
a Parker Hannifin hydraulic hybrid drive system, integrated and assembled by Freightliner Custom
Chassis Corp., with a body installed by Morgan Olson (Figw®) ES

'\ MPurolator

Figure ES-1: The three FCCC / Parker Hannifin hydraulic hybrid vehicles
(Phot os courtesy Morgan Olson)

With funding from the U.S. Department of Energy, CALSTART and its project partners assessed the
performance, reliability, maintainability and fleet acceptance of thre@noduction Class 6 hydraulic
hybrid parcel delivery veHes using information and data from-use data collection and emad
testing. This document reports on the deployment of these vehicles operated by FedEx Ground,
Purolator and UPS. The results presented provide a comprehensive overview of the perforafance
commercial hydraulic hybrids in parcel delivery applicatidrtds project also informs fleets and
manufacturers on the overall performance of hydraulic hybrid vehicles, provides insights on how the
technology can beoth improved andmore effectivelyused

Hydraulic hybrid technology is relatively new to the market, as commercial vehicles have been
introduced only in the past few years in refuse and parcel delivery applicgfioosessful demonstration
could pave the way for additional purchases gfiaulic hybrid vehicles throughout the trucking
industry. By providing unbiased, thiplar t y assessmewitt hodutt hb at toehryibersidd
this report offers relevant, timely and valuable information to the industry.

9
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Performance Evaluation

The performance evaluation carried out for this project evaluagdHVs (Unit A, B andC)
operating on several parcel delivery routé®m November 2012 to August 2013The inuse data
collection and orroad emissions testing provided a better understagdiof HHV technology and
evaluated performance reatworld parcel delivery applicatioMVe summarizebelow the main findings
and recommendations derived from the performance evaluation.

1 HHVsshow theilbest potential on operating areas characteriZedv liriving speeds and high

number of stops.

Please note that m data was collected on Unit ATherefore, Unit A was not considered in the
following parts of this report.

We used general parcel delivery baseline data and our knowledge of parcel detiveeg to
estimate the fuel economy improvement of Unit B on Route 3.

A conventional diesel truck was equipped with a data acquisition system to collect vehicle and route
information for baseline comparison with Unit C. The conventional diesel truck and@Joperated on
two parcel delivery routes (Route 1 and Route 2) at different times in the performance evaluation
period. This allowed for close comparison of vehicle performance between the two vehicles on two
parcel delivery routes. One driver is genlyaassigned to one specific route, which minimized the
impact of driver behavior in the vehicle performance comparison.

Each route consisted of two distinct operating areas: Highway / riattecharacterized by high
drivingspeeds and low number of stopsdPick-up & Delivery, baracterized by low driving speeds and
high number of stopsTable ESl below summarizes the performance of HHVs on selected parcel
delivery routes.

Table ES-1: Summary of HHV performance on selected parcel delivery routes

Total Daily Miles 53.1miles 72.3miles 73.6miles
Average Speed (>0) 17.4MPH 20.3MPH 17.9MPH
Stops per mile 3.73 3.29 5.10
Elevation Gain/Loss 7383 ft. /-7364 ft. 7595 ft. /-7558 ft. 3823 ft. /-3819 ft.

Fuel Economy Improvement Best +22.8% Best 23.3% ~3008 40% (estimated)
Pickup & Deliver Best +29.0% Best +34.6%  ~40 0 50%(estimated)
Hwy/Arteria Best #.0% Best 4.7% ~5 6 10%(estimated)

Miles Engine Off 15.5% 16.2% 13.4%

Avg. Daily Engine Off Driving Time 41 min. 52 min. 50 min.

Avg. Daily Engine Off @ Zero Speed Time 80 min. 115 min. 35 min.

At best, Unit C showed an average fuel economy improvement of 22.8% over the baseline on Route
1 and 23.3% on Route 2. We estimated that Unit B showed a fuel ecommprpvement of 30 to 40%
over a comparable baseline on Route 3.

The highest fuel economy improvements over the baseline were observed on thegP&IDelivery
operating areas: up to 34.6% for Unit C on Route 2 and an estimated 40 to 50% for Unit Bute Ro
These results confirmed the advantage of hydraulic hybrid technology on operating areas characterized
by low average speeds and high number of stops.

10
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Depending on operating conditions such as terrain, driver behavior and driving / traffic caeditio
some fuel savings were achieved on operating areas characterized by high driving speeds and low
number of stops, but savings remained small.

91 Driver behavithat isbetter adapted to the operation of siMduldead to better performance.
Table E below looks at the time spent with the engine @fhile the vehicle is not moving.
Table ES-2: Comparison of engine off at zero speed times for Unit B and Unit C

Cumulative Engine Off Avg. Daily Engine Off
@ Zero Speed Time @ Zero Speed Time

18.2hours 33 minutes

191.7 hours 104 minutes

We can see that Unit B spent an average of 33 minutes each day with the engine off while the
vehicle was not moving and Unit C, 104 minutes.

We noticed that some drivers took advantage of the advanced engine off feature to leave their
vehicle 0key ondé while delivering packages. Leavi
to be depleted without doing useful work and ultimatelgreases fuel consumptiolvVe showed on a
particular day that fuel economy could have been over 6% better if the driver had not left his vehicle
oOkey ondé6 while delivering packages.

On the other hand keeping the vehicle in the key on position with the eegoff while delivering
packages was seen as an advantage by some drivers who could save time by not having to switch on and
off the vehicle for each stop.

1 The advanced engine off feature provides significant benefits to HHVs.

Both HHVs took advantage of the engine off feature aperate on hydraulic power onlyUnit B
drove 1,605milesand Unit C 1,838 mileswith the engine offFigure EQ below compares engine off
driving miledor Unit B and Unit C.

Unit B Unit C
Total Miles Driven Breakdown Total Miles Driven Breakdown
® Miles Engine On m Miles Engine Off m Miles Engine On m Miles Engine Off

Figure ES-2: Comparison of e ngine off driving miles for Unit B and Unit C

Unit B drove an average of 12.7% of total miles on hydraulic power amilyUnit C,16.0%. Table
ES3 below compares the engine off drigi times for Unit B and Unit C.

11
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Table ES-3: Comparison of engine off driving times for Unit B and Unit C

Cumulative Engine Avg. Daily Engine Off
Off Driving Time Driving Time

Unit B 26.5hours 48 minutes
Unit C 88.9hours 48 minutes

Both Unit B and Unit C spent an average of 48 minytesday drivingvith the engineoff.

1 HHVs are more efficient and cleaner to operate than conventional diesel vehicles.

One FCCC / Parker Hannifin HHV was tested Bygine, Fuel, and Emissions Engineering, Inc. to
comparein-service pollutant emissiont® a conventional diesel packageligery truck. Measurements
were conducted while the test vehvegltreck ih ootmalo we d
operation.Table ESI below summarizes the results of the anad emissions testing.

Table ES-4: On-road emissions testing summary results

2008 FCCC MT -55 Diesel 2012 FCCC MT -55 HHV

Fuel CcoO, NO , Fuel Cco, NO ,
Economy Emissions Emissions Economy Emissions Emissions

Hwy/Arterial 1 11.64 MPG 1189.03 g/mi 1.83 g/mi 10.96 MPG 1107.66 g/mi 3.21 g/mi
Pick-up & Delivery 7.97 MPG 1390.45 g/mi 5.46 g/mi 11.20 MPG 1095.65 g/mi 4.13 g/mi

Hwy/Arterial 2 9.16 MPG - - 9.74MPG  1261.55g/mi  1.20 g/mi
8.44 MPG  1364.28g/mi  5.07 g/mi 10.92 MPG  1127.10 g/mi 3.53 g/mi

We find that the HHV is more efficient and cleaner to operate than a similar conventional diesel
vehicle With an average fuel economy ©0.92MPG, the HHV showed a fuel economy improvement of
29.%% over the baselindt produced 17.4% less Cper mile and 30.4% less NOper mile than the
conventional diesel.

Operating Area

The HHV showed its best potential in operating areas characterized by low driving speeds and high
number of stops. With an average fuel economy of 11.20 MPG, the HHV achieved a fuel economy
improverrent of 40.5% over the baseline on the Rigk & Deliveryoperating arealt produced 21.2%
less CQ per mile and 24.4% less N@er mile than the conventional diesel.

The HHV produced 13.9% more Cper mile in the Highway / Arteric? operating aredahan in the
Highway / Arterial 1. This was expected as the HHV is heavier due to the HHV system and Highway /
Arterial 1 is for a large part going downhill, while Highway / Arterial 2 goes uphill. However, the HHV
produced 62.6% less NOper mile in the Hghway / Arterial2 operating areahan in the Highway /
Arterial 1. Looking at the exhaust temperature, we showed that these higher emissions were most likely
due to poor NOy conversion efficiency of the SCR system at cold start and are most likely not
attributable to the HHV system.
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User Acceptance

The user acceptance surveys and interviews showed a good acceptance of the FCCC / Parker
Hannifin HHV by drivers and mechanics. Drivers recognized the superior braking behavior and
acceleration capdliies of theHHV and acknowledged the quality of the vehicle manufacturing. Drivers
complained about issues with initial launch from stand still caused by lags -affftag&specially when
taking off ughill. Lastly some drivers complained about elevateldicle noise.

The user acceptance surveys and interviews also revealed a gap in driver training. We believe driver
training is essential to ensure better acceptancéydraulic hybrid truck@nd successfilybrid vehicle
deployments overall. Drivers ammore likely to adopt and accept a vehicle if they asdtér trained on
its operation.

Service and Maintenance

The service and maintenance evaluation carried out for this project collected general maintenance
information and estimates of maimancecosts and benefitsThe evaluation of the FCCC / Parker
Hannifin HHV reported limited vehicle availability issues that were expected withprmauction
vehicles and identified several opportunities for maintenance savings compared to conventional vehicles
Lastly, the evaluation also found some service and maintenance improvement opportunities.

1 Preproduction vehicle issues

One unit encountered some issues that made the vehicle slightly less available than a conventional
diesel truck. For instancehe vehicleexperienceda HHV systentfailure early after the vehicle was put
in commercial service. In addition, all three gmeduction vehicles encountered issues with the vehicle
odometer not recording mileage when the engine was off. Lasthg unit facel issues with the air
compressor governor, which prevented the engine from shutting off and resulted in higher fuel
consumption.

9 Opportunities for savings

The Parker HannifillHV systemdramatically reduced 12V DC starter use (99% less starter use per
day compared to a conventional diesel truck. In addition, front brake pad wear was dramatically
improved: preliminary estimates showed front brake life could be increased by 6 times over a
conventional diesel truck. Lastly, the advanced engine off straliegyed one unitto drive up to 16.2
miles with the engine off for each 100 miles driven on one particular parcel delivery route, eliminating an
average of 75 minutes of engine run time per day despite air compressor governor issues and driver
behavior notfully adapted to the operation of hydraulic hybrid vehicles.

A more complete analysis is needed to further investigate and understand the potential maintenance
savings of HHVs.

1 Potential for improvement

For pre- and early production vehicles, vehislarranty should be extended to meet the useful life
of the vehicles to encourage fleets and independent contractors to purchase hydraulic hybrid vehicles
without fearing that vehicles will not be profitable once they come out of warranty. In addition, the
vehicles have special parts that may complicatbouse servicing. At this early stage of vehicle
deployment, fleets are forced to take vehicles to their dealership for repairs, which increases vehicle
dowrttime and ultimately maintenance costs. Returniabicles quickly when mainteamce issues arise is
important.
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Lastly, a preliminary analysis identified thia¢ HHV experienced accelerated wear on the rear tires
while operating on two distinct parcel delivery routes. The cost to replace a set of 4 tis=8 can
represent a significant expense over the life of the vehicle and cancel other benefits such as fuel saved or
other maintenance savings. A more complete andldépth analysis into this last issue is needed to
further investigate and valitdathe findings of this report.

Business Case

The business case for higifficiency vehicles is important to understand in the early stages of
market introduction. Higkefficiency vehictesuch asHHVs havehigherupfront costs than similar diesel
or gasolinetrucks but will have lower operation and maintenance costs. With increased fuel economy
and lower maintenance costs, HHVs can be cost effective. Three conditions need to be metateeaghi
return on investment

9 High fuel economy increase,

9 High maintenancsavings,

1 Low incremental cost.

The inservice performance evaluation showed jm@duction HHVs achieving fuel economy
improvementsof up to 30% on selected parcel delivery routes. With an optimizédV system,
compatible driver behavior and vehicles operating in optimal driving cycles, we expect HHVs to achieve
greater fuel economyimprovements The service and maintenance evaluation identifseyeral
opportunities for maintenance savings such as 12V diarter use, front brake pad wear, increased
engine and engine components life.

At this early stage in the HHV marketncentives for purchase can reduce incremental costs
allowing attractive returns on investment and increasing fleet purch&ééls.more salesHHV system
cost savings can be achieved, improving the business case for HHVs.

Findings & Recommendations

To inform fleets and hydraulic hybrid vehicle manufacturers on the overall performance of HHVs
andto provide insights on how the technologyan be improved and better used, vaevelopedthe
following list of findings and recommendations:

Operating conditions impact HHV performance

HHVs are more efficient and cleaner to operate

Operating routes needo be carefully selected

Driver behavior should be managed to achieve best performance

Accelerated rear tire wear can negatively impact the business case for. HHVs
HHVs show opportunities for lower maintenance casts

HHVs can achieve ROI with hidgeelandmaintenance savingsd low incremental cost.
Incentives for purchase play an important role for the early HHV market

= =4 =4 -8 -8 -8 9 9
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Chapter 1: Introduction

CALSTART proposed to accelerate the growth of the domestic hybrid truck industry via the
National Hybrid Truck Manufacturing Program (NHTMP) in partnership with th8.Department of
Energy (DOE). The NHMTP built on the success of the nydtr Highefficiency Tuck Users Forum
(HTUF) program, which has already established the base partnerships with industry and major national
fleets.

The goals of theNHTMP were to help move mediumand heawduty hybrid technology closer to
commercial viability, ando provide mportant assessments of the technical, performance and
manufacturing gaps still remaining for broad hybrid system utilizdtigrarticular, the program focused
on:

1 Providing valuable hybrid technology testing data for the DOE and stakeholders.

1 Providingtechnology manufacturing assessment and validation for truck and system makers.

9 Validating performance and business case assumptions for fleets.

1.1 Purpose of the Report

This report presents the deployment, testing and demonstration results of thmeeproduction
hydraulic hybridrehicles (HHVsjn parcel delivery applicatioithe goal of this report is to inform fleets
and hybrid truck manufacturers on the overall performanceHdfVs and provide insights on how the
technology can be improved on thene hand and better used on the other hardthough hydraulic
hybrid systemgHHV systemshave showrpromise over the last few years, commercial deployment of
these systems has begmimarily limited to Class 8 refuse truck®8y providing unbiased, thipharty
assessment of this technolofyr the parcel delivery vocatigrthis report offers relevant, timely and
valuable information to the industry.

This project evaluated the performance of one hydraulic hybridhiclemodel that is presented in
Chapter 1 along withan overviewof hydraulic hybrid technology aralirrent hydraulic hybridactivities
in North America The deployment of the three prproduction HHV is reviewed in Chapter 2 and a
comprehensive performance evaluation is covered in Chaptehich includes a review of Hinse data
collection and onroad testing activitiesUser acceptance is detailed in Chaptérfollowed by a
preliminary service and maintenance evaluation HiflVs in Chapter 5. Finally, findings and
recommendations are presezd in Chapter6. For more information about the project, please sae
complete project timeline iMppendix A.
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1.2 Hydraulic Hybrid System Technology
1.2.1 Overview

A hydraulic hybrid vehicle (HHV) uses a regular internal combustion engine and a hydraulic motor
to power the wheelsFigurel shows dayout of a hydraulic hybrid systefdHV system)

High Pressure Accumulator

Engine Pump / Motor

Acts as a motor to start the This accumulator stores energy using

engine and as a pump to hydraulic fluid to pressurize nitrogen.

generate pressure, as needed The generated pressure is then used
by the pump/motor to turn the wheels.

Drive Pump / Motor

These pumps / motors
perform as motors when
driving and as pumps for
regenerative braking

Low Pressure Reservoir

Stores the hydraulic fluid
after the pressure is used
to drive the wheels

Figure 1: Hydraulic hybrid system | ayout [1]

HHYV systens use four main congnents to power a vehiclea low pressure reservoir, a high
pressure accumulator, a hydraulic pump, and a hydraulic mdtoz. high pressure accumulatstores
energy by using hydraulic fluid to pressurize a @asing as a motor, the hydraulic drive uses the
generated pressuréo rotate the wheels. Acting as a pump, the hydraulic drive is used {oressurize
the gasby using the momentum of the vehiglegenerative braking)n the layout presented ifigurel,
the diesel engine is used to periodically recharge pressuteeitydraulic propulsion system [2].

There are two types of HHVs: parallel and seti¢n a paallel HHV, the engine still provides power
to the wheels through a standard transmission. The hydraulic components are attached to the driveshaft
and assist in stopping and accelerating the veHitla.series HHV, the conventional transmission and
driveline are replaced by the hydraulic hybrid powertrain. Energy is transferred from the engine to the
drive wheels through hydraulic poweGeries HHV technologys suited to a broader number of
applicaions than parallel hydraulic hybrids, although benefits will be highest in vehicles thatiedpe
stop-andgo duty cycles [2].

To learn more, visit the Hydraulic Hybrid Research webpage of the EPA Office of Transportation
and Air Quality athttp://www.epa.gov/otag/technology/research/resedblis.htm
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1.2.2 Benefits of Hydraulic Hybrid Vehicles

Hydraulic hybrid technology presents several benefits that make it well suitedpjplication in
commercial vehicle<:

1 Simple - The technologyelies on a mature ofhighway vehicle market from lawn and garden
equipment to large eartmoving machines. As a resultdivesnot require breakthroughso be
manufactued, and can be proawed withalready available skills and manufacturing base.

1 Efficient - Series HHVs can dramatically increase fuel efficiency.

1 Clean 0 By reducing fuel use, HHVs can also reduce the emission of greenhouse gases and
criteria pollutants.

1 Cost-effective - The low cost to manufacture combined with reduced brake maintenance and
increased fuel efficienoan resultin thousands of dollars saved over the lifetime of the vehicle.

Series HHVs show the best potentifdr increase fuel efficiency. Three key design features help
series HHVs achieve maximum fuel efficiefdfy

1 Brake Energy Recovery & HHVs are capable of capturing and returning over 70% of the
energy normally wasted during brakinBy comparisonhybrid electric vehiles (HEV) are
generally credited witltapturing and returniness thar5% of brakingenergy Figure2).

Frl(tlon Br aklng & Drag and Friction Braking & Drag and
veline Losses Driveline Losses
Hydraulic A -69
Pump/Motor in : Electric Generator .
Pump Mode Braking Event Genm""g Mode Braking Event

‘93 6) 35-0 mph, 0.1g ‘33 35-0 mph, 0.1g
Vehicle 25.7 Vehicle

e =m e S 100 Yre:
Ene gvmon \“’” ‘ ergy s Stored \k_Jy
Hydraulic Electric
High Pnssur- Regenevahve Braking Regenerative Braking
A((umulalov Battary Systom
(97%) (90%)
Hydraulic Electric Assisted
Stored Enery Is Used to Acceleration Stored Enery s Used to Acceleration
Accelerate the Vehicle Accelerate the Vehicle
16 ’ —_— / ’ — 208/ Energy
= ) Returned
toWheels 2 20.8 to Wheel

R mr 1

Hydraulic

Pump/Motor in Acceleration Event E"‘,’"}"ﬁ“’f‘,‘:gffz"” Acceleration Event
Mo:;;::’ode 0-35 mph, 0.1g (88 0-35 mph, 0.1g
Analysis courtesy of Automotive Resaarch Center -University of Michigan Analysis courtesy of Automotive Research Center -University of Michigan
Figure 2: Comparison of brake energy recovery between hydraulic hybrid and hybrid electric [ 4]

1 Shutting Engine Off When Not Needed 9 With power steering provided by thédHV
system and air brakes not depending on the engine running all the kiktiés can be operated

on stored hydraulic power only, eliminating engine idling and launching or running the vehicle
when possible.

1 Optim ized Engine Control & Since the engine is decoupled from the drive wheels, it is
all owed to operat e atconaumgtisnvaeddower snuission® fora fjiveth e st f
power level.

Similar toa HEV, the performance of a HHV will depend greatly on theed/ duty cycleson which
the vehicle is operatedAn HHV highly efficient regenerative braking system and ability to operate in
engine off modes of operation makeidealfor vehicles that operate in more urban drive / duty cycles
characterized byower speeds and higher number of stops.
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1.2.3 Comparison with Hybrid Electric Vehicles

Compared to HEVs, HHVs have higher power density and lower energy deRajtyré3).

Energy density [Wh/kg]

L2

5 i ..uu{m i \\..\1.-.000 i H”1|C|]iDDDI IH‘{OH_D{IJI IH1‘_61|:]|O_C00

0, 011

Power density [W/kg]

Figure 3: Power density versus energy density for several energy storage d  evices [ 5]
Thischaracteristidranslates into several advantages and disadvantages ove{$%]EVs

HHVs Havéligher Power Density

1 Hydraulic accumulators are betteuited than batteriegor captuing and utilizinghort duration

brake energy.

1 They take less time to collect and store braking endiggn batteries, and are roughly comparable
to ultracapacitors while batteries need aefatively long charging time, making it more difficult to
fully recapture the braking energy.

Accumulated energy can be called upon as needelbe released in short periods of time.
HHYV systems provide higher torque than hybrid electric systems.

HHVs leverage proven technologies and with no batteries have the potential for Ibfseycle
cost than HEVs.

= =4 -

HEVs HaveligherEnergypensity
1 Hybrid electric systemgan absorb a great deal of energsile hydraulic accumulators have
limited energy storge capacity.
1 HEVs can run for extended run times and easily provédeiliary electric power source and
extendedpeak load reduction.
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1.3 Hydraulic Hybrid Vehicle Market

Although hydraulic hybrid systems have shown promise over the last few years, commercial
deployment of these systems has baapnstly limited to Class 8 refuse truckbecause those vehicles
presented a highly promising duty cycle for the technold@yyldirg on successes in the refuse market,
several companies moved on to the parcel delivery vocation as another application for hydraulic hybrid
technology.

1.3.1 Hydraulic Hybrid Refuse Truck s

In the last few years, the hybrid vehicle market has seen an increasing growth of hydraulic hybrid
refuse truck purchases acrofise U.S. and Canad#/e estimate thatover 240 hydraulic hybrid refuse
trucks have been purchaséad North America The value poposition for hydraulic hybrid refuse trucks
relies on the following benefi{$]:

1 Reduced fuel consumptiaand emissions,
1 Increasedoroductivity,

1 Better drivability and reduced noise,

1 Lower operating costs.

Figure4 shows three hydraulic hybrid refuse truck modedsrrently deployed by various fleets
across North Americathe Eaton Hydraulic Launch Assist (HLA) on a Peterbilt platform, the Bosch
Rexmoth parallel Hydrostatic Regenerative Braking system (HRB) on a Mack Truck chassis, and the
Parker Hannifin RunWise Advanced Series Hybrid Drive on an Autocar platform.

Figure 4: (from left to right) a Peterbilt 320 with the Eaton HLA, the Mack LEU613 with the Bosch
Rexroth HRB and the Autocar Xpeditor E3 with the Parker RunWise

In September 2013, Eaton Corporation discontinued its Hydraulic Launch Assist leaving the refuse
hybrid market to Parker Hannifin antsiRunWise Advanced Series Hybrid Drive (Bosch Rexroth has
not fully commercialized its Hydrostatic Regenerative Braking system) [7]. With the benefit of lower fuel
costs per gallon and abundant supply, some customers are electing to purchase refusgoweksd
by Compressed Natural Gas (CNG).

Parker Hannifin is currently working with Autocar to develop a commercially available RunWise
hybrid fueled with CNG. The RunWisgystem fueled with CNG is said to reduce actual fuel consumed,
significantly improve productivity from can to can, and reduce emissions over a baseline CNG vehicle. In
October 2013, Parker Hannifin displayed an Autocar CNG E3 proof of concept vehicleifepParker

Hanni finds RunWi se Advanced Series Hydraulic Hybr

IL [8].
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1.3.2 U.S. EPA / Eaton Corporation Hydraulic Hybrid Parcel Delivery Truck

In 2001, Eaton Corporation signed a Cooperative Research and daweint Agreement with the
U.S. BvironmentalProtection Agency (EPAjo develop hydraulic hybrid components and systems. The
EPA, Eaton Corporation, International Truck and Engine Corporation, UPS, and the U.S. Army
partnered to build the worldds first ,a@ass@aul ic
Interngional 1652 SC chassigth a VT-365 enginewas first shown publicly idune 200§Figure5) [9].

Low-pressure
Accumulator

High-pressure

ow Emission
Hydraulic Hybrid Accumulator

Series
; Hydraulic Hybrid
Hydraulic
Drive Assembly UPS Truck

Figure 5: The U.S. EPA / Eaton hydraulic hybrid parcel delivery truck (left) and the description of
the Eaton series hydraulic hybrid system [9]

The Eaton HHVsystem deronstrated 50- 70% better fuel economy than a standard UPS truck
over the EPA City Cycle witino degradation in performance. In additionJBS truck equipped with the
series hybrid hydraulic drivetrain was put into service in the Detroit are2006 and 200and achieved
45-50% betteri el economy in oreal worldoé use [9].

In 2010, Eaton Corp@tion discontinued its hydraulic hybrid parcel delivery vehicles activities.
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1.3.3 FCCC / Parker Hannifin Hydraulic Hybrid Walk -in Chassis

With more than 20 years of experience with hydraulic hybrid technology and a successful
commercial deployment of thRunWise Advanced Series Hybrid Drive in the refuse vocation, Parker
Hannifin developed a hydraulic hybrid system for Cla8$4nedium duty trucksKigure6).

Figure 6: The FCCC / Parker Hannifin hydraulic hybrid walk -in van [10]

Like the RunWise system, the new Parker
Hannifin HHV system is an advanced serie
hybrid drive (Figure 7). The heart of the
system is a powesplit transmission or
Infinitely Variable Transmissidhat combines
the features of both sges hybrid and parallel
hybridin a highly efficient dual ga{mechanical
and hydraulic) operating systef8]. Appendix
B shows how the Parker Hannifin hydrauli
hybrid power split transmission functions i
different operating conditions.

The ParkerHannifin HHV systenexcels in
stop-andgo applications where the system ce
recover the maximum braking ermgy and
maximize the advanced engine fefhture that
shuts off the internal combustion engine when not needBte system also excels éxtended cruising
or highway operations where thelHV systemenables engine management and the majority of power is
conveyed from the engine by way of mechanical petie. HHV systemfunctionality of the series hybrid
system also facilitates the oper adonsumptiomdndIlewere engi
emissions [3].

Figure 7: The Parker Hannifin HHV system [10]

Freightliner Custom ChassisCorporation (FCCC) working with Parker Hannifin, has developed a
hydraulic hybrid walkin van chassis tiegrating the ParkeHannifin HHV systenon the MT-55 chassis
(Figure8), the predominant chassis for wailk vans inNorth America AppendixC showsa layout of
the FCCC MT-55 walkin van chassis equipped with tRarker Hannifin HHV system
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Hydraulic Hybrid Power
&ﬂmﬁémz_ - =
priven Byyou WALK-IN VAN CHASSIS

Figure 8: The FCCC / Parker Hannifin hydraulic hybrid walk-in chassis[11]

The FCCC / Parker Hannifin M35 walkin van chassis is equipped with a Cummins ISB10 engine,
certified for EPA 2010 emission standardad is available in differe@ross Vehicle Weight Ratisg
(GVWR) from 20,500 to 27,000 IbsLablel1 below details the technicaharacteristics of the vehicle as
tested in this project.

Table 1: FCCC / Parker Hannifin hydraulic hybrid vehicle characteristics

General
~ ModelYear 2012
Chassis Manufacturer FCCC(MT-55 Model)
Body Manufacturer Morgan Olson
GVWR 23,000 Ibs.
Curb Weight 13800 Ibs.
~ Model ~ CumminsISB106.7L
Peak Power 280 HP (209 kW) @ 2,300 RPM
Peak Torque 660 ftlbs. (895 Nm) @ 1,600 RPM
Fuel System ULSD / 30gallon fuel tank

SCR and DPF
10-gallon DEF tank (3% injection rate)

~ Dimensions

Exhaust System

Tires 245/70 R19.5
Wheelbase 178 in.
Overall Length 303 in.
Overall Width 88.62 in.
Overall Height 30 in.
.~ Make Parker Powersplit Hybrid Series System
Type Infinite Variable Advanced Series Transmiss
Oil Capacity Gearboxd 9 liters / System- 29 gallons
Components Weight ~ 1,70 Ibs.

Due to the addition of theParker Hannifin HHV systenthe vehicle curb weight is abodt700Ibs.
more than for a conventional dies®T-55 vehicle In comparison, the Eaton hybriglectric system
integrated on a M355 chassisveighsabout 1,200 Ibsmore than a conventional dies®iT-55 vehicle
[12].
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FCCC, Parker Hannifin and Morgan Olsouilt three pre-production HHVs for this project. In April
2012, FedEx Ground announced it would purchase 5 mamnés to be deployed in California and
Michigan and in October 2012, UPS announced it would purchasmat@ units to be deployed in
Maryland and Georgia. There are currently 48 qmr@duction FCCC / Parker Hannifin hydraulic hybrid
walkin vansin trial service acrosblorth America Figure9).
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Figure 9: Map of current FCCC / Parker Hannifin hydraulic hybrid parcel delivery trucks
deployment (in blue the three units purchased for this project )
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1.4 Project Team

The projectteamwas composed of the following partners:

% U.S. DEPARTMENT OF

JENERGY

(CALSTART

KFREIGHTLINER D

Driven By You

MORGAN
EIOLSON.

Ground

“HPurolator

b

TheU.S. Department of Energy (DOE) provided funding for this
project, includinga grantto reduce the incremental cost of th
three first hydraulic hybrid preoroduction parcel deliverywehicles.

CALSTART administeredmanaged and coordinated the proje
for the DOE. In addition, CALSTART collected and analyzedsim
data from thethree hydraulic hybrid preproduction parcel delivery
vehiclesand oversaw the omoad testing of onehydraulc hybrid
pre-production parcel delivery vehicle.

Parker Hannifin  Corporation  (Parker) engineered an
manufactured thehree first hydraulic hybrid preroduction parcel
deliveryvehicles In addition, Parker provided technical support a
expertise to the project aswell as additional Huse data to
suppl ement CALSTARTOG6s data cc

Freightliner Custom Chassis Corporation (FCCC) integrated
and assembled thlaree first hydraulic hybrid preoroduction parcel
delivery vehicles In addition, FCCC provided technical support
the project.

Morgan Olson provided bodies for thehree first hydraulic hybrid
pre-production parcel deliveryehicles

FedEx Ground purchased one of théhree first hydraulic hybrid
pre-production parcel deliverywehiclesand deployed the vehicle i
commercial operation.

Purolator purchased one of thehree first hydraulic hybrid pre
production parcel deliveryvehiclesand deployed the vehicle i
commercidoperation.

United Parcel Service (UPS)purchased one of thahree first
hydraulic hybrid preproduction parcel delivery vehicles and
deployed the vehicle in commercial operation.

24



NHTMP / DOE Contract # DEFC2606NT42791 Final Report

Chapter 2: Vehicle Deployment

Three preproduction hydraulic hybridvehicleswere built by FCCC Parker Hannifin and Morgan
Olson. The vehicles weralelivered tothe three partnerfleets for their acceptance, validation and
deployment, setting the stage for thmerformance evaluatiophase Eat fleet purchased one vehicle
from FCCC at a discounted price. The incrementastof each preproduction vehiclewas reduced by
almost two thirds using allocated project funds as the offset.

2.1 Static and Pass-By Noise

Hydraulic drive systems generate chamistic noise and vibration when installed in vehicled.[1
The early pre-production vehicles experienced some difficulty to pas®deral Motor Vehicle Safety
Standardsstatic and pasby noise testswhich delayedthe vehicle deploymenfphase Two noise
mitigation components were added on the three gseduction vehicles to pass thests.A long term
solution will be implemented onrpduction trucksto pass the static and paby noise tests without the
noise mitigation measures.

2.2 Fleet Deployment

One of the biggest challenges for this deployment and testing program was in the long lead time that
was required to place ip service acceptable vehicléRhe working group initially selected a promising
supplier team that ultimately could not perform. As a result, selection of the right supplier team took
several years and Parker Hannifin and Freightliner Custom Chassis Corp. were ultimately chosen in
2010to build three hydraulic hybrid parcel delivery trucks. Once selected, vehicle development further
delayed the project timeline and ultimately placed constraints on the project in terms of field time with
the units and some flexibility of tésg approachs (see Appendix A)These lessons from field
experience stress the long lead times that are needed to manufacture an integrated system and highlight
the still early state of hydraulic hybrid commercialization.

FedEx Ground, Purolator and UPS took delivg of t he worl ddés first c¢omme
hybrid parcel delivery trucks in early 20IRPwo vehicles were put in commercial service with no issues
while the Purolator vehicle experienced some dalageployment.
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2.2.1 FedEx Ground

The FedEx Ground hydraulic hybrid parcel delivery veh{Eligurel0) was delivered ifdune2012
and put in commercial service Movember 2012 inSun ValleyCA. FedEx Ground runs its package
delivery service on an independent contractor mod&d][ The HHV was purchased by FedEx Ground
and provided for free to an independent contractor for an evaluation period of 1 year. At the end of the
first 1-year evaluation period, the vehicle went to another independent contradtar.deployment
issles were reported.

Figure 10: The FedEx Ground hydraulic hybrid parcel delivery vehicle
(Photos courtesy Morgan Olson)

2.2.2 Purolator

The Purolator hydraulic hybrid parcel delivery vehickg(re 11) was delivered in June 2012.
However, several mies delayed vehicle deployment:
1 The vehicle comes with alsrakes which initially created licensing issues and required that
drivers be trainé to drive airbrake vehicles.
1 In addition, the vehicle parking brake air pressure-affitcomes at 70 psi while Ontario law
states 60 psi.
1 Lastlyminor reliability issues further delayed vehicle deployment.
The Purolator hydraulic hybrid parcel deliverghicle was finally put ioommercial service in May
2013 in Mississauga, Ontario, Canada.

Figure 11: The Purolator hydraulic hybrid parcel delivery vehicle
(Photos courtesy Morgan Olson)
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2.2.3 UPS

The UPShydraulichybrid parcel delivery vehicigigure12) was delivered in April 2012 and put in
commercial service in July 2012 in Laguna Hills, CA. No deploynsemsisere reported.

Figure 12: The UPS hydraulic hybrid parcel delivery vehicle
(Photos courtesy Morgan Olson)
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Chapter 3: Performance Evaluation

This chapter discusses the performance of-preduction hydraulic hybrid vehicles based oruse
data collection and omoad emissions testing. The thrd¢HVs were monitored for a period of about
10 months to collect summary performance data. In addjtieehicle and powertrain data was
continuously recorded for selected periods of time, allowing the closer look into the performance of
HHVs. Lastlyone unit underwent onroad emissions testinfpr a period of one dayThe results provide
a comprehensive @rview of the performance dfiHVsin parcel delivery applications.

Since he goal of the projectvasto assess the performance bfHVsin parcel delivery application,
we decided to identify each unit by a generic name: Unit A, Unit B and Unit C, instead of using the name
of the fleetoperating the vehicle

3.1 General Monthly Summary
3.1.1 Methodology

All three vehicles were equippedith dataloggers provided and installed by Parker. Data was
collected by Parker who regularly provided mdmy summary performance reports, reviewing
performance achieved and lessons learned during the assessment.

3.1.2 Results & Discussions

Table2 below presents the summary of the data that was collected for a period of about 10 months
from November 2012 to August 2013.

Table 2: Summary of cumulative HHV performance data

Miles of Miles Hours Key N Fuel Fuel
Operation Engine Off ON Engine Consumed Economy
i : ON (Gallons) (MPG)
No data available

11,074 1,605 1,537 556 1,022 10.8
11,914 1,838 1,838 633 1,407 8.5

Please note that due to project constrainiacluding the long delay leading tehicledeployment
and specific problems related to Unit Ap data was collected on Unit A. Therefore, Unit A was not
considered in the fédbwing parts of this report.

Apart from a few daysJnit C was in operatiorfor the most part during the 18nonth period while
Unit B wasnot operatedfor a period of 2 moths because of warranty issuésom November 2012 to
August 2013, Unit B drove 1074 miles and consumed 1,022 gallons of diesel for an average fuel
economy of 10.8 MPQDn the other hand,Unit C drove 11,914 miles and consumed 1,407 gallons of
diesel for an average fuel economy of 8.5 MPG.
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Both vehicles took advantage of the engine off featureoperate on hydraulic power only
eliminating engine idling and launching or running the vehicle when possible. Unit Badiata of
1,605 milesand Unit C, 1,838 miles with the engine.dfigure13 below compares engine off driving
milesfor Unit B and Unit C.

Unit B - 10 mo. avg. Unit C - 10 mo. avg.
Total Miles Driven Breakdown Total Miles Driven Breakdown
= Miles Engine On = Miles Engine Off ® Miles Engine On ® Miles Engine Off

Figure 13: Comparison of engine off driving miles for Unit B and Unit C

Unit B drove an average of 14.5%tofal miles on hydraulic power only. This means that for each
100 miles that Unit B drove, 14.5 miles were done wiitle engine off. Unit C drove aaverage of 15.4%
of total miles onhydraulic power onlyA closer look at the monthly summaries revealed thinit B
spent more time than Unit C driving with the engine dffaible3 below compares the engine off driving
times for Unit B and Unit C.

Table 3: Comparison of engine off driving times for Unit B and Unit C

Cumulative Engine Avg. Daily Engine Off
Off Driving Time Driving Time

366.3 hours 138 minutes

153.5hours 44 minutes

Unit B spem an averageof 138 minutesper daydriving with the engine ofénd Unit C only 44
minutes.The data provided in the monthly summaries did not allow furthaalysis to understand the
causefor this difference. We take a closer look at the discrepancy in sectior23.2.

The monthly summaries also revealed that both Unit B and Unit C spdatge amount of time at
idle: meaning, thegnition key is in the on positiot 0 k e yandvehigl¢ speed is equal to zerBigure
14 below compares engine timir Unit B and Unit C.
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Unit B - 10 mo. avg. Unit C - 10 mo. avg.
Hours Key ON Breakdown Hours Key ON Breakdown

® Engine On = Engine Off Driving ™ Engine Off at Zero Speed ® Engine On ™ Engine Off Driving = Engine Off at Zero Speed

Figure 14: Comparison of engine time for Unit B and Unit C

Unit B spent 40% of the time at zero speed while engine was on and Unit,67%.This means
that for each 100 hours that Unit B (Unit C) spen
off and the vehicle not moving.able 4 below looks at the time speanwith the engine off while the
vehicle is not moving in more details.

Table 4: Comparison of engine off at zero speed times for Unit B and Unit C

Cumulative Engine Off Avg. Daily Engine Off
@ Zero Speed Time @ Zero Speed Time

613.1 hours 231 minutes

1052.%hours 299 minutes

Unit B spentan averageof 231 minutes each day with the engine off while the vehigs not
movingandUnit C almost 300 minutes.

The confirmation and explanation of this unique operation mode requitisdussions with drivers
and fleet maintenance personnel who acknowledied drivers takeadvantage of the advarttengine

of f feature to | eave the v e Whiedrieersark requiredto shutefh i | e d
their engines on conventional diesel vehicles to comply withidriregulation and save fuéle engine
of f feature of the HHV is seen as an advantage by

delivering packages and thus save prectone by not having to switclon and off the vehicle for each
stop.

While it presens an advantag for productivity, keeping the vehicle k e y wiule delivering
packagepresentscertain disadvantagesh@ HHV system is kept energized like a diesel engine would
be keptidling The high pressure accumulator skaff valveremairs open and hydrauliddid naturally
leals from the high pressure accumulator to the low pressure reseryaltowing stored energy to be
depkted without doing useful work.
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3.2 High Resolution Data
3.2.1 Methodology

All three vehicles were equipped with data loggprevided and installed by Parker to continuously
record vehicle and powertrairdata during vehicle operatiorin addition to the general monthly
summary reportgsee section 3.1)Parker provided upon request high resolution data for the following
selectedperiods of time for both Unit B and Unit C:

1 June & July 2013 for Unit B,
1 January & June through August 2013 for Unit C.

Although the high resolution data covered a shorter period of time than the general monthly
summary reporting period, it allowed texplore deeper into the performance of HHVs by looking into
daily vehicles usage and identify driver behavior that impact overall fuel economy.

3.2.2 Results & Discussions
Table5 below presents the summary of the higtsolutiondatafor Unit B and Unit C

Table 5: Summary of high resolution HHV performance data

Days in Miles of Miles Hours Key Hoqrs Fuel Fuel
Operation Operation Engine Off (O)\\ Engine consumed Economy
P P 9 ON (Gallons) (MPG)

Unlt B 2,462.6 313.2 173.2 128.6 236.4 10.4

111 71726 11475 617.8 337.2 782.4 9.2

During the data collection phas&nit B was in operation ora single routgRoute 3 duringits 33
recorded days while Unit C was in operation two separate routes: orRoute 1during 36 recorded
days and on Route 2 during 75 recorded daye take a closer look at these three parcel delivery
routes in section 3.3.

In June and July 2013nit B drove 2,463 miles and consume#36 gallons of diesel for an average
fuel economy of 1@ MPG which is close to the cumulative fuel economy calculated in section 3.1.2.
Unit C drove 7,173miles and consumed2 gallons of diesel for an average fuel econom9.2fMPG,
which is better than the cumulative fuel economy calculated in section 3.1.2 difl@encecan be
explained by the fact that from May 13 to August 31, 2013, Unit C operated on Route 2, whete rou
characterisics lal to better fuel economy (8.1 MPG on Route 1 versus 9.6 MPG on Route 2).

Both vehicles took advantage of the engine off featuregerate on hydraulic power onlyUnit B
drove 313 miles withthe engine off, while Unit C drové,147miles.Figurel5 below compares engine
off driving milegor Unit B and Unit C.
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Unit B Unit C
Total Miles Driven Breakdown Total Miles Driven Breakdown
= Miles Engine On = Miles Engine Off = Miles Engine On = Miles Engine Off

Figure 15: Comparison of engine off driving miles for Unit B and Unit C

Unit B drove an average df2.®6 oftotal miles on hydraulic power onlgnd Unit C,16% This is
slightly different fromthe resultsin section 3.1.2, where Unit B drove an average of 14.5% of miles on

hydrauic power only and Unit C, 15.4%1.able6 below compares the engine off driving times for Unit B
and Unit C.

Table 6: Comparison of engine off driving times for Unit B and Unit C

Cumulative Engine Avg. Daily Engine Off

Off Drivin g Time Driving Time
26.5hours 48 minutes
88.9hours 48 minutes

We can see thatJnit C spentanaverageof 48 minutesper day driving with the engine off, which is
comparable with thdime calculatedn section 3.1.2. HowevetJnit B spentan averageof 48 minutes
per day driving with the engine ofivhich is90 minutes less thathe time calculatedn section 3.1.2.

The difference comes fromata acquisition )
issues on thelata logger installed on Unit B. A T Coracted Vb Spond Koh]
Figure16 shows, the vehicle spegthlue curve) *
recorded by t he dat a
positive value when the vehicle comes to a stc
Thus, mileage and time is recorded when tt=z
vehicle is stoppe and the enginés off.

20

Speed (KP

15

To resolve the issue, we corrected thez
vehicle speed before analyzing the data. The £ 1 R veice Spoed < 6504 vtk gy
curve inFigure16 shows thecorrected vehicle Vehice stopped R Vehide Speed - 58 WP
speed matching the raw vehicle speed whent ° Raw Vehice Speed = 38 KP4
vehicle is in movement but being at zero whe

the vehicle is stopped.

0 100 200 300 400 500 600 700 800 900 1000 1100
Time

Figure 16: Plot of Unit B raw and corrected vehicle speed
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Looking atthe high resolution da, we noticed that theime spent with theengine off at zero speed
seemed different than what was reported in section 3.1A2 decided to recalculatéhe time spent
with the engine off at zero speeadsing the followingonditions:

1 Vehicle speed =,0

1 Engine speed =0

1 Accelerator and brake pedal position = 0%

1 Accumulator pressure is constant for 3 consecutive seconds

In addition, we checkedhe results for consistency and accuracy and made modifications when
necessaryf-igurel7 below compares engine time for Unit B and Unit C.

Unit B Unit C
Hours Key ON Breakdown Hours Key ON Breakdown

B Engine On ® Engine Off Driving = Engine Off at Zero Speed ® Engine On ™ Engine Off Driving = Engine Off at Zero Speed

Figure 17: Comparison of engine time sfor Unit B and Unit C

Unit B spent11% of the time at zero speed whitbe engine was fband Unit G 31%. This means
that for each 100 hour s t hlhours@hhours) vigere withrihe engii@) s pen
off and the vehicle not movinghesenumbers are different from thosealculated in section 3.1.2 but
they do correspond more closely with typical parcel delivery operasiohable7 below looks at the
time spem with the engine off while the vehicle is not moving in more details.

Table 7: Comparison of engine off at zero speed times for Unit B and Unit C

Cumulative Engine Off Avg. Daily Engine Off
@ Zero Speed Time @ Zero Speed Time

18.2hours 33 minutes

191.7hours 104 minutes

We can see that Unit B sperdan averageof 33 minutes each day with the engine off while the
vehicle was not moving, which is significaltlyer than the 231 minutes that were calculated in section
3.1.2. Similarly, Unit C spemin averageof 104 minutes each day with the engine off while the clehi
was not moving, significantiywer than the 299 minutes that were calculated in section 3.1.2.

The analysis above shows that drivers do take advantage of the advanced engine off feature to leave
the vehicle oOkey ondé whilme deleinternikrry padileande < eb w
as reported in section 3.1.2.
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The example below identifies driver behavior that impact overall vehicle fuel economy by dedailing
stop at a residential delivery site and its effect on the accumulator pressure.

120 AccelPedPosl (%) ——BrkPedPct (%)
100
80
o @ 2 3
40
20
D N—
6000 AccGasPress (psi)
5000
4000
3000 E E E
2000
1000
0
1800 ——EngineSpeed (RPM)
1600
1400
1200
1000
o 1 2
600
400
200
0
a0 ——WheelBasedVehSpd (kph)
35
30
25
o 1 2 3
15
10
5
0
1] 50 100 150 200
Seconds
Phase 1: The HHV is driving to a delivery stop.
Phase 2: The HHV stops for 2 minutes and 12 seconds atresidentiald e | i ver y

losing about 21% of the system pressure.

Phase 3: The HHV restarts and leavethe delivery stop.

To quantify the energy lost while thdHVi s kept i n oOkey

packages, we analyzed a complete day when Unit C was in operation on Route 2. On Ay@t39

we identified 163 events when thelHV w a

s stopped and

onoé

kept

stop in
position, the engine is off and the transmission in Neutral. Accumulator pressure slowly decreases,

position

n

oOkey

transmission in Neutral and the parking brake @his represented a total of 13,140 kJ of energy lost in

! AccelPedPosl = accelerator pedal positi@k@éPct= brake pedal position (%ycGasPressascumulator gas pressure (EsijineSpeed =

engine speed (RPWheelBasedVehSpd/keel based vehicle speed (kph)
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the high pressure accumulator. We estimated that the internal combustion engine would neednto b
about 0.4 gallons of diesel to recover this amount of energy in the accumuledbie 8 below details
the results of the analysis

Table 8: Impact of driver behavior on fuel economy for Unit C on August 29, 2013

August 29, 2013 Normal Driving Optimal Driving
Distance driven 79.6 miles
Fuel consumed 7.6 gallons 7.2 gallons
Fuel economy 10.41 MPG 11.06 MPG

We can see that with optimal drivinfipr best fuel economyUnit C would haveachieve a fuel
economy of 11.06 MP@n August 29, 2013yhich is 6.2% better than the actuakfieconomy achieved
on that day (10.41 MPG).

On several occasions, longer periods of engine off at zero speed were observed. The example
below details a 45ninute stop and its effect on the accumulator pressure fugl consumption.

4500 HydOilHiPress1 (psi)
4000
3500
3000
2500
2000 E E
1500
1000

500
o

1400 ——EngineSpeed (RPM)
1200
1000

800

600 E

400

200

25 ——WheelBasedVehSpd (kph)

) E E E
10

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800
Time since stopped (sec.)

Phase 1: The HHV is stopped in key on position with the parking brake on and trassian in Neutral.
Engine is offind the accumulator pressudiains until the accumulator is a zestate of charge.

Phase 2: The accumulator pressure reaches a low threshold. The enigimestartedto increase the
accumulator pressure and maintain thetgyn energized and ready to go.

Phase 3: After a stop of more than 45 minutes, the driver leaves andves theHHV to another
delivery stop.

2 HydOilHiPress1 = accumulator gas pressyrén@siSpeed = engine speed (RWdeIBased¥Spd = wheel based vehicle speed (kph)
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Lastly, he exampleébelow shows 6 consecutives events whire HHV is keyon, stopped, with the
parking brake on but the transmission remains in drive which prevents the engine from shutting off.

35 ——WheelBasedVehSpd (kph)
30 “
25
20
15
10

5
0 _J l_‘ L
1800 ——EngineSpeed (RPM)

1600
1400

P A LJLR (

600
400
200

——TransSelectedGear_ShiftPad ParkingBrakeSwtch (flag) 3
126

125

124

123 | 0
0 50 100 150 200 250 300 350 400 450 500 550 600
Time (sec.)

These extreme example showhow driver behavior can greatly influence hydraulic hybrid vehicle
performanceand reinforce the idea thalrivers of HHVsshould turn the ignition key off as if they were
driving a conventional diesel vehicle. This would preventrdulit pressureleakage while théHHV
system is energized and ultimately save fuel.

3 WheelBasedVehSpd = wheel based vehicle speedErgipi@Speed = engine speed (RPBi)sSelectedGear ShiftPadelected gear,
ParkingBrakeSwitch = parking brake state
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3.3 Performance on Selected Parcel Delivery Routes
3.3.1 Methodology

All three HHVs were equipped with data loggers provided and installed by Parker to continuously
record vehicle and powertrain data during vehicle operation. Data wakected by Parkerwhich
provided data files upon request. One conventional diesel truck was equippbdavdata acquisition
system provided and installed by CALSTART staff to collect vehicle and route inforniatibaseline
comparison with Unit CTable 9 below details the technical characteristics of the conventional diesel
vehicle.

Table 9: FCCC conventional d iesel vehicle characteristics

General
~ ModelYear 2008
Chassis Manufacturer FCCC (Model MT55)
Body Manufacturer Utilimaster Corporation
GVWR 23,000 Ibs.
Curb Weight 12,100Ibs.
~ Model = CumminsISB6.7L
Peak Power 200 HP (149 kW) @ 2,400 RPM
Peak Torque 520 ftlbs. (705 Nm) @ 1,600 RPM
Fuel System ULSD / 406gallon fuel tank

Exhaust System OxidizingCatalyst and Periodic Trap Oxidize

~ Dimensions

Tires 245/70 R19.5
Wheelbase 178 in.
Overall Length -
Overall Width -

Overall Height -

Transmission

Make Allison
Type 2200 HS Automatic
Rear Axle Ratio 4.10

The conventional diesel truck and Unit C operated on two parcel delivery routes (Route 1 and
Route 2) at different times in the performance evaluation period. This allowed for close comparison of
vehicle performance between the two vehicles on twarcel clivery routes. One driver is generally
assigned to one specific rout@hichminimizel the impact of driver behavior ithe vehicle performance
comparison

Unit B operated on one single parcel delivery route (RouteT3)e project schedule did not allow
the collection of baseline data from a similar conventional diesel vehistead, we used general parcel
delivery baseline data and our knowledge of parcel delivery routes to estithatduel economy
improvement of Unit B.
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3.3.2 Results & Discussions

 Route1l

Route 1 mostly serves residential customers and also
businesses. The vehicle drives an average of 56 miles pe
through heavy morning traffic and over 2 large hills and |
smaller hills throughout the rest of the route. Route 1
characterized by 2 different operating areas:

1 Highway / Arterial 1 & 2 where the vehicle gets to and fi
the delivery area. Characterized by high driving speed:
low number of stops.

1 Pickup & Delivery (P&D) where the vehicle gets fr
customer to customer. Characterized by low driving spe
and high number of stops.

i u With about 200 stops per day, Route 1 is a good target
Y e e m e | hybrid technology.

Table10 below details the difi@nt operating areas of Route 1.

Table 10: Route 1 characteristics

Hwy & Arterial 1 Hwy & Arterial 2

Distance 5.8 miles 41.3miles 6.0miles
Maximum Speed 69.0MPH 55.6MPH 59.3MPH
Average Speed (>0) 27.3MPH 15.8MPH 30.8MPH
Stops per mile 1.91 4.35 1.51
Kinetic Intensity 1.25(1/mile) 4.55(1/mile) 0.97 (1/mile)
12VDC Starter Use 3 177 1
Idle Time 10% 7% 26%
Engine Hours 0h14 2h45 0h16
Elevation Gain/Loss 1028ft. / -1265ft. 6454ft. [ -6519ft. 1311ft. / -1006ft.

Route 1

The Highway / Arterial 1 operating area covers about 6 miles at an average driving speed of 27
MPH. Driving is for a large part downhill throughotlite 6 miles. On the other hand, the Highway /
Arterial 2 operating area covers about 6 miles at an average driving speed of 31 MPH. Driving is for a
large part uphill throughout the 6 miles.

The Pickup & Delivery operating area covers about 41 miles aheerage driving speed of 16 MPH.
With a higher number of stops and lower average driving speed, theupié Delivery operating area
should be better suited for hydraulic hybrid technology.
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To assess the performance Biit C on Route 1 we ran boththe HHV and a similar conventional
diesel vehiclgTable 9), the baselinepn Route 1 for several weeksable 11 below compares the
performance of both vehicteon Route 1.

Table 11: Performance comparison on Route 1

FCCC MT -55 Diesel FCCC MT -55 HHV

Number of Days in Operation 70 days 36 days
Avg. Daily Key On Time 200 min. 327 min.
Avg. Daily Engine On Time 200 min. 206 min.

Avg. Daily Idle Time 20 min. 138 min.
Miles Driven 3693.6miles 2023.7miles
Miles Engine Off N/A 312.7 miles

Fuel Consumed 478.1gallons 248.5gallons

8.14 MPG

Average Fuel Economy 7.73 MPG (6.69 Worst - 9.49 Best)

With an averagduel economy of 8.14 MPG, the HHV showed a fuel economy improvement of 5.3%
over the baselineThe HHV showed a large daily fluctuation in fuel economy: from a worst of 6.69 MPG
to a best of 9.49 MPG, which represent a fuel economy improvement over the baseliti8.6% and
+22.8% respectivel\these dily fluctuationsn fuel economy can bgrimarily expained by

1 Air compressor governor issuéexplaired in detailin section 5.1.3)which prevents the engine

from shutting off and results in higher fuel consumptidfith an updated control strategy able
to get more consistent engine off operation, Unit Gagvable to show an average fuel economy
improvement of about 30% over tHeaseline on Route.1

1 Specific driver behavidexplained in detail in sections 3.1.2 & 3.2@)ich allows energy stored

during regenerative braking to be def#d without doing ustil work.

The HHV spent an average of 127 minutes mpex dayt han t he di esel in Ookey
118 minutes more at idle (vehicle not moving in 0
engine on time that is 6 minutes more than ftire diesel Figure18 below presents the summary of
engine off data for Unit C on Route 1.

Unit C - Route 1 Unit C - Route 1
Total Miles Driven Breakdown Hours Key ON Breakdown
= Miles Engine On u Miles Engine Off = Engine On ™ Engine Off Driving = Engine Off at Zero Speed

Figure 18: Engine On/Off miles and times for Unit C on Route 1
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Unit C took advantage of the engine off feature to operate on hydraulic power only, driving an
average of 15.5% of milegth the engine offlt also spent 25% of the time at zero speed while the
engine was . Table12 below shows the engine off driving time for Unit C on Route 1.

Table 12: Engine off driving times for Unit C on Route 1

Cumulative Engine Avg. Daily Engine Off
Off Driving Time Driving Time

Unit C 6 Route 1 24.5hours 41 minutes

Unit C spent an average of 41 minutes per day driving with the engin€adiffe13 below shows the
engine off at zero speed for Unit C on Route 1.

Table 13: Engine off at zero speed times for Unit C on Route 1

Cumulative Engine Off Avg. Daily Engine Off
@ Zero Speed Time @ Zero Speed Time

Unit C & Route 1 48.2hours 80 minutes

Unit C spent an average of 80 minutes per day with the engine off while the velsisheot moving.

In order to further analyze the performance bkit C on Route 1, we decided to compare troay
where the HHV achiewi the best fuel economy t@a day close tathe averge performance of the
baseline This allowed us to assess the performance of the HHV when the air compressor governor
issuewas not dramaticély affecting vehicle performanc€&able 14 below comparesan average day for
the baselingo the day where the HHV achiedghe best fuel economy on Route 1.

Table 14: Performance comparison of average diesel and best HHV day on Route 1

Fuel

Fuel Fuel Time &) Avg. Max
Route 1 Used Economy Key ON MPH :
(gallons) | (MPG) (s) ST (>0) MEH
g (gallons)
Diesel 52.77 6.83 7.73 11991 1189 0.21 17.34 70.01
HHV 63.10 6.65 9.49 21349 6941 0.40 15.77 66.56
Difference +19.6% -2.6% +22.8% +78.0%  +483.8%  +90.5% -9.1% -4.9%

Although the vehicke operated on the same routethe HHV drove more miles and at a lower
average driving speed on the day where it achieved the best fuel econitty.an average fuel
economy of 9.49 MPG, the HHV showed a fuel economy improvement of 22.8% over the ba&gline.
expected, the HHV spent more time nkey®rd positionand at zero speed, which led to a higher fuel
consumption at zero speed and ultimatéd a lower fuel economy.

We then comparedthe vehicle performance of the baseliaed HHV on each operating area of
Route 1 Tablel5).
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Table 15: Performance comparison of average diesel and best HHV day  on Route 1
per operating area

Fuel

Fuel Fuel Time Avg.
Route & Used | Economy | KeyON @zero | o, Max.
Hwy/Arterial 1 il (MPG) ) Speed (>0) MPH
g (gallons)
5.96 0.72 8.30 1000 187 0.04 27.39 68.94
HHV 5.97 0.67 8.88 1005 259 0.04 28.81 66.56
Difference +0.2% -6.9% +7.0% +0.5% +38.5% - +5.2% -3.5%

Fuel
Fuel Fuel Time Avg.
Route 1 @ Zero Ve
P&D Used Economy Key ON e MPH MPH

(gallons) (MPG) (s) (gallons) (>0)
Diesel 46.03 5.99 7.69 10751 735 0.12 16.23 55.66
HHV 50.78 5.12 9.92 18494 5655 0.19 22.91 58.51
Difference +10.3%  -14.5% +29.0% +72.0%  +669.4%  +58.3% +41.2% +5.1%

Fuel
Route 1 Fuel Fuel @ Zero Avg. VEVE
. Used Economy MPH
Hwy/Arterial 2 (gallons) (MPG) Speed (>0) MPH
9 (gallons)

Diesel 6.03 0.63 9.61 792 97 0.02 31.46 58.09
6.28 0.67 9.38 1058 343 0.02 31.64 61.75
Difference +4.1% +6.3% -2.4% +33.6%  +253.6% - +0.6% +6.3%

With an average fuel economy of 8.88 MPG, the HHV showed a fuel economy improvement of 7%
over the baskne on the Highway / Arterial operating area of Route (driving downhill) Time in dkey
oné p o wastsimiabetween HHV and baseline but the HHV spent 38.5% more time at zero speed.

With an average fuel economy of 9.92 MPG, the HHV showed a fuel economy improvement of
29.0% ovethe baseline on the Piekp & Delivery operating area of Route This shows the advantage
of hydraulic hybrid technology on opemag) areas characterized by low average speeds anchhigber
of stopssThe HHV spent 129 minut eamsd 82ninutes nomre atadoespeedo N 6 p ¢
than the baselineCoupled with air compressor governor issudlijs led to higher fuel consumption at
zero speed than the baseline.

With an average fuel economy of 9.38 MPG, the HHV showed a fuel economy decrease of 2.4%
over the baseline on the Highway / Artaf2 operating area of Route 1 (driving uphill).

This analysishows that most of the fuel savings on Route 1 are achieved on theipi&kDelivery
operating areand highlights clearly where the advantages dfdulic hybrids are greatesDepending
on operating conditions such &srrain, driver behavior and driving / traffic conditions, some fuel savings
can be acleived on the Highway / Arterial 1 & operating areas but savings will remain small.
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1 Route 2

Route 2 mostly serves residential customers \
some institutional customers such as churches
schools. The vehicle drives an average of 71 mile
day, through a relatively hilly terrain. Like Route
Route 2 is characterized by 2 different opén¢
areas:

1 Highway / Arterial 1 & 2,
1 Pickup & Delivery (P&D).

With about 230 stops per day, Route 2 is a gt

% target for hybrid technology.
bl ke L L[ _d&

Tablel6 below details the different operating areas of Route 2:

Table 16: Route 2 characteristics

Hwy & Arterial 1 Hwy & Arterial 2

Distance 7.7 miles 53.4miles 11.0miles
Maximum Speed 71.1 MPH 60.5MPH 70.4MPH
Average Speed (>0) 39.5MPH 17.4AMPH 47.1MPH
Stops per mile 0.65 4.10 0.64
Kinetic Intensity 0.29(1/mile) 3.08(1/mile) 0.32(1/mile)
12VDC Starter Use 1 188 1
Idle Time 2% 13% 14%
Engine Hours 0h12 3h29 0h16
Elevation Gain/Loss 2692 ft. /-3002ft. 4989ft. / -5195ft. 3058ft. / -2550ft.

Route 2

The Highway / Arterial 1 operating area covers about 8 miles at an average driving spéed of
MPH. Driving idfor a large partdownhill throughout the 8 miles. On the other hand, the Highway /
Arterial 2 operating area covers about 11 miles at an average driving speed of 47 MPH. Driving is for a
large part uphill throughout the 11 miles.

The Pickup & Delivery operating area covers abdg miles at an average driving speed afMPH.

With a higher number of stops and lower average driving speed, theupié Delivery operating area
should be better suited for hydraulic hybrid technology.
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To assess the performance bhit C on Route 2, we ran both the HHV antthe baselineon Route
2 for several weeksTablel7 below compares the performance of both vehicles on Route 2.

Table 17: Performance comparison on Route 2

FCCC MT -55 Diesel FCCC MT -55 HHV

Number of Days in Operation 142 days 75 days
Avg. Daily Key On Time 246 min. 337 min.
Avg. Daily Engine On Time 246 min. 171min.

Avg. Daily Idle Time 38 min. 137 min.
Miles Driven 10,141.3 miles 5,148.9 miles
Miles Engine Off N/A 834.8miles

Fuel Consumed 1,201.4 gallons 533.9 gallons

9.64 MPG
(6.49 Worst - 10.41 Best)

Fuel Economy 8.44 MPG

With an average fuel economy of 9.64 MPG, the HHV showed a fuel economy improvement of
14.2% over the baseline. Unit C showed a large daily fluctuation in fuel economy: from aoiv6r4®
MPG to a best of 10.41 MPG, which represent a fuel economy improvement over the baseline vehicle of
-23.1% and +23.3% respectively. These daily fluctuations in fuel economy can be primarily explained by:

1 Air compressor governor issughich preventghe engine from shutting off and results in higher

fuel consumption.

1 Specific driver behavior which allows energy stored during regenerative braking to be depleted

without doing useful work.

As discussed earlier, the$®o previous issuesegativelimpad HHV operation and ultimately fuel
economy: the HHV spent an average of 91 minutes
and 99 minutes more at i dl e ( vDedpiteahisthe HHYtran iso v i n g
engine an average @b minutes lesper daythanthe baseline.

Figurel9 below presents the summary of engine off data for Unit C on Route 2.

Unit C - Route 2 Unit C - Route 2
Total Miles Driven Breakdown Hours Key ON Breakdown
= Miles Engine On = Miles Engine Off = Engine On ® Engine Off Driving = Engine Off at Zero Speed

Figure 19: Engine On/Off miles and times for Unit C on Route 2
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Unit C took advantage of the engine off feature to operate on hydraulic power only, driving an
average of 16.2% of milegth the engine offlt also spent 34% of the time at zero speed while the
engine was . Table18 below shows the engine off driving time for Unit C on Route 2.

Table 18: Engine off driving times for Unit C on Route 2

Cumulative Engine Avg. Daily Engine Off
Off Driving Time Driving Time

Unit C & Route 2 64.5hours 52 minutes

Unit C spent an average of 52 minutes per day driving with the engin€adiffe19 below shows the
engine off at zero speed for Unit C on Route 2.
Table 19: Engine off at zero speed times for Unit C on Route 2

Cumulative Engine Off
@ Zero Speed Time

Avg. Daily Engine Off
@ Zero Speed Time

143.5hours 115minutes

Unit C & Route 2

Unit C spent an average of 115 minutes per day with the engine off while the velaslaot
moving.

In order to further analyze the performance of Unit C on Route 2, we decided to compare the day
where the HHV achieved the best fuel economy to a day close to the average performance of the
baseline. This allowed us to assess the performance of the HH\A wiee air compressor governor
issuewas not dramatically affecting vehicle performantable 20 below comparesan average day for
the baselingo the day where the HHV achiedghe best fuel economy on Route 2.

Table 20: Performance comparison of average diesel and best HHV day on Route 2

. Fuel
Fuel Fuel Time @ ;;0 Avg.
Route 2 Used Economy Key ON MPH

Max.
Speed MPH
(gallons) >0)

Diesel 79.48 9.53 8.34 18476 3935 0.52 19.51 70.79
HHV 79.52 7.64 10.41 28933 15856 0.21 21.89 71.23

(gallons) (MPG) (s)

Difference - -19.8% +24.8% +56.6%  +302.9%  -59.6% +12.2% +0.6%

Although the vehicles operated on the same route, the HHV drove laigheraverage driving speed
on the day where it achieved the best fuel economy. With an average fuel econob@y4dfMPG, the
HHV showed a fuel economy improvement 24.8%6 over the baselinéAs expected, the HHV spent
more time in Okeyospeed position and at zer

We then compared the vehicle performance of the baseline and HHV on each operating area of
Route 2 Table21).
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Table 21: Performance comparison of average diesel and best HHV day  on Route 2
per operating area

Fuel

Fuel Fuel Time Avg.
Route 2 Used | Economy | KeyON @zero | o, Max.
Hwy/Arterial 1 il (MPG) ) Speed (>0) MPH
g (gallons)
Diesel 768 0.80 9.60 797 73 0.02 38.27 70.79
HHV 7.98 0.79 10.05 910 171 0.02 38.85 71.23
Difference +3.9% -1.3% +4.7% +61.1%  +134.2% = +1.5% +0.6%

Fuel
Fuel Fuel Time Avg.
Route 2 @ Zero
P&D Used Economy | Key ON Speed [\(/|>po|;|

(gallons) (MPG) ©)] (gallons)

Diesel 61.25 7.71 7.95 16617 3714 0.47 16.67 58.90
HHV 60.62 5.66 10.70 26472 15099 0.17 19.19 54.80
Difference -1.0% -26.6% +34.6% +59.3%  +306.5% -63.8% +15.1% -7.0%

Fuel

Fuel Fuel Time Avg.
Route.2 Used Economy | Key ON @ zero MPH Max:
Hwy/Arterial 2 (gallons) (MPG) (s) Speed (>0) MPH
9 (gallons)
10.55 1.03 10.28 1062 148 0.03 41.05 69.98
10.92 1.18 9.24 1551 586 0.02 40.75 69.62
Difference +3.5% +14.6% -10.1% +46.0%  +295.9%  -33.3% -0.7% -0.5%

With an average fuel economy of 10.05 MPG, the HHV showed a fuel economy improvement of
4.7% over the bagiee on the Highway / Arterial operating area of Route @riving downhill).

With an average fuel economy of 10.70 MPG, the HHV showed a fuel economy improvement of
34.6% over the baseline on the Rigi & Delivery operating area of Route 2. This shows the advantage
of hydraulic hybrid technology on opemag) areas characterized Iyw average speeds and highmber
of stopssThe HHV spent 164 minutes more in Okey ond pc
speed than the baseline. Coupled with air compressor governor issues, this laijndicantfuel
consumption at zero speed

With an average fuel economy of 9.24 MPG, the HHV showed a fuel economy decrease of 10.1%
over the baseline on the Highway / Artat2 operating area of Route @iriving uphill).

This analysishows that most of the fuel savings on Route 2 are acHiewethe Pickup & Delivery
operating area. Depending on operating conditions suctewmain, driver behavior and driving / traffic
conditions, some fuel savings can be ex#d on the Highway / Arterial 1 & operating areas but
savings will remaismall.
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! Route 3

Route 3 serves a mix of business and residential custo
The vehicle drives an average of 74 miles per day, throt
somewhat flat terrain. Like Route 1 and 2, Route :
characterized by 2 different operating areas:

1 Highway /Arterial 1 & 2,
1 Pickup & Delivery (P&D).

With about 370 stops per day, Route 3 is a good targei
hybrid technology.

Table22 below details the different operating areas of Ro8te

Table 22: Route 3 characteristics

Hwy & Arterial 1 Hwy & Arterial 2

Distance 11.0miles 51.1miles 13.4 miles
Maximum Speed 59.1MPH 56.3 MPH 62.0 MPH
Average Speed (>0) 30.7MPH 14.7 MPH 27.1 MPH
Stops per mile 0.54 6.85 1.12
Kinetic Intensity 0.83(1/mile) 3.57(1/mile) 0.86(1/mile)
12VDC Starter Use = = =
Idle Time 16% 27% 11%
Elevation Gain/Loss 635ft. / -1067ft. 2246ft. [ -2298ft. 942ft. | -454ft.

Route 1

The Highway / Arterial 1 operating area covers abddt miles at an average driving speed3df
MPH. Driving is for a large part downhill throughout thé miles. On the other hand, the Highway /
Arterial 2 operating area covers abo@B miles at an average driving spee®@fMPH. Driving is for a
large part uphill throughout the3miles.

The Pickup & Delivery operating area covers abolt files at an average driving speed 5MMPH.
With a higher number of stops and lower average driving speed, theupié Delivery operating area
should be better suited for hydraulic hybrid technology.
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To assess the performance &fnit B on Route 3, we ran the HHV on Route 3 for several weeks.
Table23 below shows the performance of the HHV on Route 3.

Table 23: HHV performance on Route 3

FCCC MT -55 HHV

Number of Days in Operation 31 days

Avg. Daily Key On Time 324 min.
Avg. Daily Engine On Time 240min.
Avg. Daily Idle Time 77 min.
Miles Driven 2,283.0miles
Miles Engine Off 305.5miles
Fuel Consumed 221.7gallons
Fuel Economy 10.30 MPG

With an average fuel economy of 10.BPG,we estimate that the HHV showed a fuel economy
improvement of 30 to 40% over a comparable basellgeit B showedsomedaily fluctuation in fuel
economy: from a worst 08.20 MPG to a best 0fLl1.08 MPG These daily fluctuations in fuel economy
can be primarily explained by:

1 Specific driver behaviawhich allows energy stored during regenerative braking to be depleted

without doing useful work.

Figure20 below presents the summary of engine off data for UBhitn Route3.

Unit B - Route 3 Unit B - Route 3
Total Miles Driven Breakdown Hours Key ON Breakdown
= Miles Engine On = Miles Engine Off ® Engine On ® Engine Off Driving = Engine Off at Zero Speed

Figure 20: Engine On/Off miles and times for Unit B on Route 3

Unit B took advantage of the engine off feature to operate on hydraulic power only, driving an
average ofl3.26 of mileswith the engine offlt also spentl1% of the time at zero speed while the
engine was . Table24 below shows the engine off driving time for UBiton Route3.
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Table 24: Engine off driving times for Unit B on Route 3

Cumulative Engine Avg. Daily Engine Off
Off Driving Time Driving Time

Unit B 0 Route 3 25.8hours 50 minutes

Unit B spent an average oD3minutes per day driving with the engine dfable25 below shows the
engine off at zero speed for Urit on Route3.

Table 25: Engine off at zero speed times for Unit B on Route 3

Cumulative Engine Off Avg. Daily Engine Off
@ Zero Speed Time @ Zero Speed Time

Unit B 0 Route 3 17.9hours 35 minutes

Unit B spent an average 86 minutes per day with the engine off while the vehiglesnot moving.

In order to further analyze the performance of Unit B on Route 3, weked at the day where the
HHV achieved the best fuel economy. This allowed us to assess the performance of the HHV when the
air compressor governor issue was not dramatically affecting vehicle perform@abk 26 below
shows the vehicle performance of the HHV on each operating area of Route 3.

Table 26: HHV performance comparison of best HHV day on Route 3

: Fuel
Fuel Fuel Time Avg.
Route'S Used Economy Key ON @ zero

Speed MPH I\'\:Ia;lg
(gallons) (>0)
Hwy/Arterial 1 11.02 0.76 14.48 1534 242 0.06 30.71 59.12
P&D 51.09 4.98 10.26 17219 4664 0.41 14.65 56.28
Hwy/Arterial 2 13.41 1.08 12.47 1993 215 0.01 27.14 61.96

Best Day 75.52 6.82 11.08 20744 5119 0.48 17.40 61.96

HEV (gallons) (MPG) (s)

With an average fuel economy of 14.48 MPG on the Highway / Arterial 1 operating area (driving
downhill) and 12.47 MPG on the Highway / Arterial 2 operatinga (driving uphill), we estimate that
the HHV showed a fuel economy improvement of 5 to 10% over a comparable baseline.

With an average fuel economy of 10.26 MPG on the Pickupe8very operating area, we estimate
that the HHV showed a fuel economy improvement of 40 to 50% over a comparable baSdiise.
shows the advantage of hydraulic hybrid technology on operating areas characterized by low average
speeds and high number sfops.

This analysis shows that most of the fuel savings on R®are achieved on the Piakp & Delivery
operating area. Depending on operating conditions such as terrain, driver behavior and driving / traffic
conditions, some fuel savings can be achieved on the Highway / Arterial 1 & 2 operating areas but
savings will remain small.
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3.4 On-road Em issions Testing
3.4.1 Purpose

CALSTART contracted with Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) to measure in
service pollutant emissions from one model year 2012 hydraulic hybrid and one model year 2008
conventional diesel package delivaryck. Measurements were conducted while the test vehicle
foll owed and 0s hadeoywrect in n@amalpoperakioan.The meahxulements were
perfor med us i-Alogg VEHick Erisgsion Measdrement (RAVEM) sysgkegure2l). The
test trucks were also fitted by CALSTART staff with data loggers, which recorded a wide variety of
vehicle angowertrain parameters.

Figure 21: RAVEM system installed in the hydraulic hybrid truck

Mass emissions of carbon dioxide (G carbon monoxde (CO), oxides of nitrogen (NG,
particulate matter (PM), and total hydrocarbons (THC) from the hydraulic hybridthadconventional
diesel test vehicle were each measured over the course of adypaydelivering packageshe vehicles
were operated on Route 2 described in section 3.8l tested according to the scheduleTiable27.

Table 27: On-road emissions testing schedule

Test . Lead Lead

Vehicle U DInGr Vehicle Driver
Diesel On 9/16/13 A On 9/18/13 B
HHV On 9/18/13 A On 9/16/13 B

Actual fueleconomy and criteria pollutargmission will vary widely with driving conditions such as
drive cycle anddriver behavior The numbers presented in this report are representative of specific
driving conditions and were derived frotasting done in ainique testingnvironment. They should not
be used to predict fuel economy amditeria pollutantemissions in different driving conditions.
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3.4.2 Results

We present below the main results and findings of theroad emissions testing. For further
information, please see Appendix Please note thathe two vehicles were somewhat different from
each other as the conventional diesel vehicle was equippedav2@0 hp CumminsiSBengine, while
the HHV was equipped with a 280 h€umminsiSBengine. In addition, both engines were not EPA
certified to the same emissions levéhe conventional diesel vehicle was 2007 EPA certified and the
hydraulic hybrid vehielwas 2010 EPA certified.

Table 28 below compareghe results of the orroad emissions testing from the data collected by
the data loggers installed by CALSTART staff.

Table 28: On-road emissions testing results from data loggers

Fuel Time Avg.
Economy Key ON MPH

CALSTART
Data Loggers

Max.
MPH

(MPG) (s) >0)

9/16 70.51 8.36 8.44 14882 1215 024 18.13 70.21

HHV 9/18 75.44 6.91 10.92 24233 10765 008 20.13 69.40
8 +7.0%  -17.3% +29.4% +62.8% +786.0%  -66.P% +11.0% -1.2%

Although both vehicles operated on the same route, the HHV drove more miles and laigher
average driving spee®arcel delivery routes are subject to variation, as the number and location of
deliveries vary from day to dayVith an average fuel economy @0.92MPG, the HHV showed a fuel
economy improvement 029.4%6 over the baselin@h e HHYV spent momeé& p dsdiet i mn 0O
at zero speed.

Table 29 below compares the results of the emmad emissions testing from the data collected by
EF&EEOsSs RAVEM system.

Table 29: On-road emissions testing results from RAVEM

CO, PM
g | om | gm

Dlesel 9/16 53.0 1364.28 5.07
HHV 9/18 70.2 1127.10 3.53 0.2

8 +32.4% -17.4% -30.4%  +100.0%

The RAVEM system recordetl7.2 less miles on the conventional diesghan on the HHV. On
September 16, a technical issue occurred which prevented the RAVEM system from recording data on
the conventional diesel for the last part of the day. As a result, between 10 and 12 miles of operation
were not recorded. In additionTable 28 showed that the HHV drove almost 5 miles more than the
conventional diesel which was most likely due to variation in the number and location of daliverie
Lastly, due to the testing configurations, the RAVEM system was not able to record all the vehicle
operation for both diesel and HHV.

The HHV produced17.4% less C®per mileand 30.4% less NOper mile than the conventional
diesel PM emissions fronthe HHV were higher than from the conventional diesel vehicle, but were
extremely lowfor both vehiclesThe uncertainty in the measured valudsPM emissions of the same
order as the value itself.
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As described in section 3.3.2, Route Zisaracterized by 2 different operating areas:

1 Highway / Arterial 1 & 2 where the vehicle gets to and from the delivery area. Characterized by
high driving speeds and low number of stops.

1 Pickup & Delivery (P&D) where the vehicle gets from customer to omser. Characterized by
low driving speeds and high number of stops.

We now compare the results of the eroad emissions testing on each operating argable 30

below compares the radts on the Highway / Arterial operating area, from the data collected by the
data loggers installed by CALSTART staff.

Table 30: On-road emissions testing results fro m data loggers on Hwy/Arterial 1

. Time @ Fuel
Fuel Fuel Time Avg.
CALSTART Zero @ Zero Max.
Date Miles Used Economy Key ON MPH
Data Loggers Speed Speed MPH
.. ey | e ) o | @ | 0 .

Dlesel 9/16 7.78 0.67 11.64 854 106 0.2 37.40 6738
HHV 018 7.68 0.70 10.96 710 56 0.01 42.27 68.21
. 13%  +45% 5.8% 16.9%  -453%  -50.06  +13.0%  +0.5%

With an average fuel economy of 10.96 MPG, the HHV showed a fuel economy decrease of 5.8%
over the baselia on the Highway / Arterial.

Table 30 below compares the resulten the Highway / Arteriall operating areafrom the data
collected bythe RAVEM system.

Table 31: On-road emissions testing results from RAVEM  on Hwy/Arterial 1

co, NO,

Dlesel 9/16 7.65 1189.03 1.83
HHV 9/18 7.68 1107.66 3.21

. +0.4% -6.8% +75.4%

The HHV produced6.8% less C@per mile and 75.4% more NOper milethan the conventional
diesel.PM emissionfor the Highway / Arterial operating areas were not available.

Table 32 below compares the results on thPickup & Deliveryoperating area, from the data
collected by the data loggers installed by CALSTART staff.

Table 32: On-road emissions testing results from data loggers on Pickup & Delivery

Fuel Fuel Time U A Avg
Dc:t\;_SLZAReTrs Date Miles Used Economy Key ON SZ eerg d % Zezrg MPH I'\\llllli)l(-l
= (gal) | (MPG) C) o | Gn | o

Dlesel 9/16 51.57 6.47 7.97 12937 991 018 15.30 60.59
HHV 9/18 55.89 4.99 11.20 22226 10437 007 17.07 57.74
. +8.4% = -22.9% +40.5% +71.8%  +953.2%  -61.1% +11.6%  -4.7%

With an average fuel economy of 11.20 MPG, the HHV showed a fuel economy improvement of
40.5% over the baseline on the Rigl & Deliveryoperating areaThe HHV spent more ti |
on O p aasdiat zero speedSections 3.1.2 & 3.2explainin detail the specific driver behavior that
causs t his greater okey ondé ti me.
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Table 33 below compares the results on thBickup & Deliveryoperatirg area, from the data
collected bythe RAVEM system.

Table 33: On-road emissions testing results from RAVEM  on Pickup & Delivery

co2 NO

Dlesel 9/16 44.46 1390.45 5.46
HHV 9/18 49.23 1095.65 4.13

. +10.7%  -21.2% -24.4%

The HHV produced21.2% less COper mile and 24.4% less Nger mile than the conventional
dieselPM emissionfor the Ptk-up & Delivery operating areaere not available.

Table 34 below compares the ragts on the Highway / ArteriaR operating area, from the data
collected by the data loggers installed by CALSTART staff.

Table 34: On-road emissions testing results fro m data loggers on Hwy/Arterial 2

CALSTART G ] s Tiéneio@ @F;glro Avg. Max
Data Loggers Date Miles Used Economy Key ON Speed Speed MPH MPH
(gal) | (MPG) ®) © (0al) ()

Dlesel 9/16 RS 1.22 9.16 1091 118 0.04 41.22 70.21
HHV 9/18 11.86 122 9.74 1297 272 0.00 41.67 69.40

. +6.4%  +0.0% +6.3% +18.9%  +130.5% -100.0%  +1.1% -1.2%

With an average fuel economy of 9.74 MPG, the HHV showed a fuel economy improvement of 6.3%

over the baseline on thelighway / Arterial2 operating area
Table 35 below compares the ragts on the Highway / Arterial operating area, from the data

collected bythe RAVEM system.
Table 35: On-road emissions testing results from RAVEM on Hwy/Arterial 2

co, NO,

HHV 9/18 11.86 1261.55 1.20

Unfortunately, a technical issue occurred which prevented the RAVEM system from recording data
on the conventional diesel for the last part of the day. As a result, no emissionsvdatecorded for

the Highway / Arterial2 operating area

We can see that the HH\produced13.9%more CO; per milein the Highway / Arterial2 operating
areathan in the Highway / Arterial. This was expected athe HHV is heavier due to the hydraulic
hybrid system angiighway / Arteriall is for a large pargoing dowmill, while Highway / Arteria® goes
uphill. However, the HHVproduced62.6% less NQper mile in the Highway / Arteria operating area
than in the Highway / Arterial. Highway / Arteriall is at the beginning of the shift when the ambient
temperature is lower and the Selective Catalytic Reduction (SCR) systerolds while Highway /
Arterial 2 is at the end of the shift when the ambient temperature is higher and the SCR system is

warmed up.
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Table 36 below compares the ambient and exhaust temperatures Haghway / Arteial 1 and
Highway / Arterial2.

Table 36: Ambient and e xhaust tempera ture analysis for Hwy/Arterial 1 & 2

Avg. Ambient Min. Exhaust Avg. Exhaust Max. Exhaust Time with
Temp . Temp . Temp . Temp . Temp. > 200°C

Hwy/Arterial #1 12.4°C 18.9°C 139.6°C 305.9°C 34% of total time
Hwy/Arterial #2 21.5°C 53.5°C 211.0°C 376.8°C 52% oftotal time
We can see that the exhaust temperature is significahtyher for Highway / Arterial. Since
current SCR systems have a poor N©@onversion efficiency when exhaust temperature is |a%],[the

higher NO, emissions er mile for Highway / Arteriall are most likelynot attributable to theHHV
system.

3.4.3 Conclusions

On-road emissions testing cannot provide the same controlled environment as aishass
dynamometer test Operating conditions such as road traffigriation in the number and location of
deliveriesor driver behaviorcannotbe controlled and maympactthe testingresults. In addition, as we
mentioned in section 3.4.2, the test vehicles were equipped with different engines and were not EPA
certified at the same emissions level, which campact fuel economy and emissionsstly, the driver
operating the test vehicle was a replacement driver who had limited experience driving the HHV and
limited knowledge of the parcel delivery rout@/hile we recognze the limitations of orroad emissions
testing, the results of the present test providealworld evaluation of the FCCC / Parker Hannifin
HHV on an actual parcel delivery route araffer valuable information for prospective fleets looking at
replacing gisting diesel parcel delivery vehiclesHiyVs Table37 below summarizes the test results.

Table 37: On-road emissions testing summary results
2008 FCCC MT -55 Diesel 2012 FCCC MT -55 HHV

Fuel CcoO, NO , Fuel Cco, NO,
Economy Emissions Emissions Economy Emissions Emissions

Hwy/Arterial 1 11.64 MPG 1189.03 g/mi 1.83 g/mi 10.96 MPG 1107.66 g/mi 3.21 g/mi
Pick-up & Delivery 7.97 MPG 1390.45 g/mi 5.46 g/mi 11.20 MPG 1095.65 g/mi 4.13 g/mi

Hwy/Arterial 2 9.16 MPG = = 9.74MPG  1261.55g/mi  1.20 g/mi
844 MPG  1364.28¢g/mi  5.07 g/mi 10.92 MPG  1127.10 g/mi 3.53 g/mi

We find that the HHV is more efficient and cleaner to operate than a similar conventional diesel
vehicle.It showsits best potentialin operating areas characterized by low driving speeds and high
number of stops. Depending on operating conditions sucteasin, driver behavior and driving / traffic
conditions, some fuel savings can be achieved on operating areas characterized by high driving speeds
and low number of stops, but savings will remain small.

We also fnd that the 2010 EPA certifiedHHV emitsmore NOy per mile than &2008 EPA certified
conventional diesel vehicle at cold stakboking at the exhaust temperature, we showed that these
higher emissions at cold start were most likely due to poor N€bnversion efficiency of the SCR
system and arenost likely notdirectly attributable to theHHV system.

Operating Area
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3.5 Hydraulic Hybrid Vehicle Performance Conclusion s

The performance evaluation carried out for this project evaluated 2 Hidpsrating on several
parcel delivery routesThe inuse datacollection and onroad emissions testingrovided a better
understanding of HHV technology and evaluated performance inwed parcel delivery application.
We summarizebelow the main findings amdcommendations deriveddm the performance evaluation

1 HHVsshow theibest potential on operating areas characterized by low driving speeds and high
number of stops.
A maximum fuel econominprovementof 40.5% compared to a similar diesel vehicle was observed
on a Rck-up & Delivery operating areaDependng on operating conditions such as terrain, driver
behavior and driving / traffic conditions, some fuel savings can be achieved on operating areas
characterized by high driving speeds and low number of stops, but savings will remalin s

9 Driver behavithat is better adapted to the operation ofshitddld lead to better performance.
Some drivers took advantage of the advanced engi
delivering packages. Drivers can save time by not having to switchdbaffthe vehicle for each stop,
but leaving theHHV system energized allows stored enetgybe depeted without doing useful work
and ultimately increases fuel consumptiétreliminary analysis of driver behavior showed that with
optimal driving for besfuel economy, up to 6% better fuel economy could be achieved.

1 The advanced engine off feature provides significant benefits to HHVs.

Analysis of the data showed that the HElgrove up to 16.2 miles with the engine off for each 100
miles driven.In additon, data also showed that the HH\/consume significantly less fuel while the
vehiclewas stopped, for instance at a traffic lightastly, the engine off feature eliminated up to 75
minutes of engine ruper daycompaed to a similar diesel vehicle.

Although this leads to hydraulic fluid leakage and ultimately higher fuel consumption, keeping the
vehicle in the key on position with the engine off while delivering packages was seen as an advantage by
some drivers who couldave time by not having to sish on and off the vehicle for each stop.

1 HHVs are more efficient and cleaner to operate than conventional diesel vehicles.

A maximum fuel economy increase of 29.4% compared to a similar diesel vehicle was observed on a
complete parcel delivery route. In addition, the -omad emissions testing showed that the HHV
produced17.4% less C@®per mile and 30.4% less NG@han a similadiesel vehicle (albeit with different
emission certification levels).
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Chapter 4: User Acceptance

In order to assess the user acceptance of the FCCC / Parker Hannifin HHV, we conducted surveys
and interviewed fleet staff. Comparisons were made betwegdraulic hybrid and conventional trucks
to determine the advantages and disadvgesaduring normal everyday use.

Drivers were asked to emplete a survey rating the HHVIn key vehicle performance areas
compared to typicatieseltrucks. Due to the sulgctive nature of driver impressionperformance was
rated on a scale from OMuch worsed6 to OMuch bett
survey covered the following areas:

Maneuverability at low speeds
Acceleration / Deceleration
In-cab cantrols,

Braking

Interior / Exterior noise level
Overall vehicle rating
Additional driver comments.

= =4 =4 -8 =8 - 9

In order to evaluate the serviceability and maintainability of the HHVs, mechanics were asked to
provide subjective feedback on various service and rma@mice aspects of hydraulic hybrid and
conventional vehicles.

Lastly, fleets managers were asked about their overall experience and impressions with HHVs from
a parcel delivery fleet management perspective compared to conventional vehicles.

4.1 Summary of User Acceptance Surveys

Three drivers were surveyed regarding their experience with the FCCC / Parker Hannifin HHV.
While this is a small sample size, the information captured by the surveys provides valuable input from
actual HHV users to evaluate theerformance of the FCCC / Parker Hannifin HHV and identify areas of
improvement. The tables below provide the summary of the survey te ¢t were obtained from the
three drivers. All surveys were also accompanied by extended interviews.
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Table 38: Summary results of performance surveys
Property of the HHV com paredto a Much Somewhat Much
o . . . Same Better
similar conventional delivery vehicle worse worse better
Initial launch from stand still ] X ] ] ]
Maneuverability at slow speeds ] ] X ] ]
Acceleration ] ] ] X ]
Coasting / Deceleration ] ] X ] ]
Overall braking behavior ] ] ] ] X
Productivity (able to cover routes quicker) ] ] ] X ]
Table 39: Summary results of operation surveys
Property of the HHV compared to a Much Somewhat Much
S . : . Same Better

similar conventional delivery vehicle worse worse better
Cold Start ] ] X ] ]
Reliability ] ] X ] ]
Inside noise level ] X ] ] ]
Outside noise level ] X ] ] ]
In-cab ergonomics

(driver interface / if applicable) O O O X O

9 Please provide an overall rating of the

Very poor Poor

[ [

The abovesummary results indicate that the overall ratings of the FCCC / Parker Hannifin HHV

Good

[

FCCC / Parker Hannifin HHV .

Very good

X

Excellent

[

were found to be very good. In terms of performanad| but one ratingwere better than a similar

conventional truck or equally good. Il nsi de
for a conventional truck. Drivers rateth-c ab er g o nboemitcesr 6ast han f or
powered truck, while theyatedr el i abi |l ity as O0sameod.
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4.2 Summary of Interviews

Drivers andmechanics were interviewed informal discussions to gather feedback on some of the
FCCC / Parker Hanffin HHV features, investigatew ratings identified in the surveys and discuss ways
the vehicle could be improved. In this section, we discuss findings derived from these interviews.

1 Noise level

As explained in section 2.1, hydraulic drive systems generate characteristic noise and vibration whe
installed in vehicles 8. The drivers and mechanics interviewed all noticed that HigV produced
different outside and inside noiséisan conventional diesel vehicles. Two drivers acknowledged elevated
outside and inside noise levels, which was their number one complaint aboti-ke

9 Driver training

While FCCC and Parker Hannifin planned to provide specific HHV driver and maintenance training
for all three fleetswe learned that not allirivers had undergone specifidHV training.We learned that
one fleet did not provide specific HHV training to theeplacement drivers (when the main route
driver goes on vacation for instance) and that they usually did not provide training when drivers switch
to another route or change vehicles.

9 Acceleration lag

The initial | aunch fr owheastt awdr séd | by wabe jddiged
discussion, it was determined thatiwkers operatinguntCnot i ced i n certain cases
between pressing the accelerator pedal and the vehicle moving up to speed. The lag was particularly
noticealle whenthe vehicle was taking off ipll.

1 Engine shut-down at high speeds

While the FCCC / Parker Hannifin HHV is capable of driving up to 72 Mi?id, fleetspecification
required maximum vehicle speed to be limited at 65 MPH. This led to some issubsioiC: if the
vehicle travels at a speed above 65 MPH for an extended period of timesrifji@ge control unitshuts
off the internal combustion engine anddes the vehicle to come to a complete stop befdies driver
can turn the system on again. The issue was identified as a software glitch.

91 Air brakes
The FCCC / Parker Hanifin HHV comes with aibrakes. This caused vehicle deployment issues for
Purolatorwhich generally uses vehicles equipped with hydraulic brakes.

1 Additional comments
Below is a norexhaustive list ofadditional driver and mechanic comments collected during the
interview process:

HHV acceleration isometimesslow especially upill.

Startingthe HHV up-hill is difficult.

HHYV is unable to reverse uill.

Available power cannot accommodate reversing up hill, but software fix changed programming to
allow for reversing up hills.

HHV is too loud.

Drivability and maneuverability gensistent, smooth and steady.

Engine offs a nice feature and reduces vehictise.

Quality and size of thélHV is good.

X X X X

X X X X
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Steering is controlled, responsive and consistent.

Brakes feel very safelHV can be parked on steep hills and hold steady.

Steeringadiusdoes notallow makingsame turns and it breaks natutzhbit.

HHVvhas a | ot of torque and Oburns outdé on wet pa

X X X X

4.3 Conclusions

The user acceptance surveys and interviews show a good acceptance of the FCCC / Parker Hannifin
HHV by drivers and mechanic®rivers recognized the superior braking behavior and acceleration
capabilities of thedHV and acknowledgethe quality of the vehicle manufacturing. Drivers complained
about issues with initial launch from stand still causedagg ht takeoff, especially when taking off-up
hill. Lastly some drivers complained about elevated vehicle noise.

The user acceptance surveys and interviews also revealed a gap in driver training. We believe driver
training is essential to ensure betteca@ptance ofHHVs and successfuiybrid vehicledeployments
overall. Drivers are more likely to adopt and accept a vehicle if they ateebtrained on its operation.
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Chapter 5: Service & Maintenance

Hydraulic hybrid vehicleare expected tohave lower maintenance costs than conventional vehicles
for the following reasons:

1 Brake energy recovery can capture and retaver 70% of brake energy for vehicle operation,
which can reduce brake wear.

9 Stored hydraulic power can operate the vehialben possiblallowing the engine to be shut off
completely, which can extend engine life.

1 The powersplit transmissioris camble of restarting the enginewithout using the traditional
12V DC starter system, which can redustarter and switchreplacements.

In order to estimate the service and maintenance benefits of HHVs compared to conventional
vehicles we regularlyinterviewed fleet mechanics in charge of vehicle maintenandbée site from
which Unit C was operating While we only colleted general HHV maintenance information and
estimates of conventional vehicles maintenance costs, we were able to develop a first look at the service
and maintenance benefits of HHVs in parcel delivery applications. We believe a more complete and in
depthanalysis is needed to further investigate and validate our findings.

5.1 Pre-production Vehicle Availability & Reliability
5.1.1 Vehicle Availability

Vehicle availability is defined as the percentage of time that a vehicle is potentially available for use,
regardless of whether the vehicle is actually used on the particular day. Due to project constraints,
vehicle availability was not tracked accuratelyring the performance testing period buteet
maintenance personnel and Parker Hannifin stadfularly provided updates on major maintenance
issues that occurred during the performance testing period.

Parker Hannifin engineers responded promptly to aaported issues in order to bring thelHVs
back to service as soon as possible. They also provided several software upgradesHid\tke¢hat
improved their performance or solved issues identified during the deployment.

The HHVs encounteredsomeissues that made themlightlyless available than conventional diesel
trucks. Sincethey were pre-production vehicles and had limited-service experience, maintenance
issues were anticipated during the project performance period. Fleet mechanicsriited lexperience
with hydraulic hybrid systermaintenance procedures and thalf major repairs were handled ke
supplier team addingsome delays when solving any maintenance issue. At this early stage of vehicle
development, true vehicle availabilitgmparison between HHYand conventional diesel vehicles would
be difficult.
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5.1.2 Vehicle Odometer

All three pre-production vehicles encountered issues with the vehicle odometer not recording
mileage when the engine is offhe issue was caused by thagine software not being configured to
handle engine off operationWhile the issue was specific to the engine supplier and not the HHV
supplier, it proved especially important for FedEx Ground, who uses vehicle mileage to pay its
contractors.

The supplieteam implemented a temporary short term solution relying on field engineers manually
reading mileage from installed hubometers. In addition, all thiid¥'s were equipped with data loggers
that provided accurate mileage data even if the vehicle odometers were not recording miles in engine off
operation. Lastly the supplier team alsaleveloped a long term solution that was successfully
implemented on one ofhe three pre-production vehiclesand will be used on future production
vehicles.

5.1.3 Air Compressor Governor

Engine off operation issues on Unit C were identified during plerformance evaluation period.
Table40 and Table41 below show the worst, average and best gday terms of performanceon the
two routes Unit C drove.

Table 40: Unit C worst, average and best performance on Route 1

Daily Engine Off Daily Engine Off
Driving Time Driving Miles

Worst 20 minutes 4.8 miles 669 MPG

Fuel Economy

Average 41 minutes 8.7 miles 814 MPG
Best 88 minutes 11.7 miles 949 MPG

Table 41: Unit C worst, average and best performance on Route 2

Daily Engine Off Daily Engine Off
Driving Time Driving Miles

Worst 0.5minutes 0.1 miles 6.49MPG

Route 2 Fuel Economy

Average 52 minutes 11.1miles 9.64MPG
Best 71 minutes 17.3miles 10.41MPG

For both Route 1 and 2, there is a large variation in fuel economy: from a worst of 6.69 MPG to a
best of 9.49 MPG on Route dnd from a worst of 6.49 MPG ta best of 10.41 MPG on Route 2he
worst fuel economy days happen when the HHV shows the lowest time and miles spent with the engine
off, while the best fuel economy days happen when the HHV shows the highest time and miles spent
with the engine off.

Parker Hannifin identified that Unit C faced issues with the @dmpressor governor, which
prevents the engine from shutting athd results in higher fuel consumptidfigure22 below shows 5
consecutives events whahe engine onUnit C fails to shut off while thevehicle is keyon, stopped,
with the parking brake on and the transmission in neutral.
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Figure 22: Zoom on 5 consecutive events where engine fails to shut off

Higher fuel economy could be reached more easily with bettelcampressor governing strategy
Parker Hannifin has developeddifferent control strategy to get moreonsistent engine offperation
andinstalled it on Unit C in September 2013. Preliminary results indicate that Unit C achieved a fuel
economy of about 10.0 MPG on Routenith the update. This represents a fuel economy improvement
over the baseline of about 30%, while Unit Gosved an average fuel economy improvement of only
5.3% and a best of 22.8% over the baseline during the performance evaluation period (section 3.3.2).

5.1.4 Hydraulic Hybrid Vehicle System

Unit C suffered a hydraulic fluid lealaused by a hydraulic pump/motor port failune October
2012 after about 230 hours in operation (3,400 milé®dEx Ground and UPS reported similar issues
with the HHV systemon other FCCC / Parker Hannifin HHVs not part of this project.

The supplier tam respondedpromptly to the issuereplacing theHHV systemand limiting vehicle
downttime to only a few daysParker Hannifin quickly completed a comprehensive analysis of the issue
and implemented a design change to mitigate the hydrauliddialidn case ofHHV systemfailure.Unit
C has been running without any issues since.

Beyond the mitigation measutiemplemented on all three units, Parker Hannifin worked to find a
long termsolutionand implement a design change.
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5.1.5 Tire Wear

Accelerated tire wear was noticed odnit C while operating on Route 1. Local fleet maintenance
personnel indicated that tires were replaced every 3,000 miles or every 3 months on the HHV running
on Route 1. To investigate the issue further, we compared twvear on 3 vehicles and different
routes:

1 1 gasolingpowered Workhorse W62 operating on Route 1,

1 1 conventionadieselpowered FCCC MT55 operating on Route 1 and Route 2,

1 1 hydraulic hybrid diesgdowered FCCC MT-55 operating on Route 1 and Route 2.

Table42 below detai$ each vehicle characteristics.

Table 42: Comparison of vehicle characteristics for tire wear analysis

Workhorse W62 FCCC MT -55 Diesel FCCC MT -55 HHV
Model Year 2011 ' 2008 ' 2012
Chassis Manufacturer Workhorse (W62 Model) FCCC FCCC
Body Manufacturer Morgan Olson Utilimaster Corporation Morgan Olson
GVWR 23,000 Ibs. 23,000 Ibs. 23,000 Ibs.
Curb Weight 12,100Ibs. 138001bs.
Model  GM Vortec 6.0L V8 Gasoline Cummins ISB 6.7L ~ Cummins ISB10 6.7L
299 HP (223 kW) 200 HP (149 kW) 280 HP (209 kW)
Peak Power @ 4,400 RPM @ 2,400 RPM @ 2,300 RPM
357 ftlbs. (484 Nm) 520 ftlbs.(705 Nm) 660 ftlbs. (895 Nm)
HEEIS UG @ 4,400 RPM @ 1,600 RPM @ 1,600 RPM
Fuel System  Gasoline / 46gallon fuel tank ~ ULSD / 40gallon fuel tank ULSD / 30gallon fuel tank
A SCR and DPF
Oxidizing Catalysand
Exhaust System Threeway Catalyst Periodic Trap Oxidizer 10-gallonDEF tank

(2-3% injection rate)

Dimensions

Tires 245/70 R19.5 245/70 R19.5 - 245/70R195
Wheelbase 178 in. 178 in. 178 in.

' Transmission / Hydraulic Hybrid System ]

Parker Powersplit Hybrid

Make Allison Allison :
Series System
. . Infinite Variable Advanced
Type 2000HS Automatic 2200 HSAutomatic SEes Teremesen
Rear Axle Ratio 5.13:1 4.10 N/A
. . Gearboxd 9 liters
Oil Capacity N/A N/A System 29 gallons
Components Weight N/A N/A ~1,700Ibs.

U Route 1 Analysis
From November 2011 to July 201#he gasolinepowered Workhorse W62 operatedon Route 1
prior to the HHV being deplged on that route. The vehicleperated on Route 1 for about 8.5 months
and drove about 12,000 miles. Both front tires were replaced at about 9,500 miles and the rear tires at

abaut 12,000 miles.

On May 13, 2013, theonventionaldieselpowered FCCC MT-55 was moved to operate on Route
1. All tires were changed on theehicleon May 2, 2013 and the truck drove 398 miles on Route 2
before switching to Route 1. On September 9, 2013, after driving 4,092 miles (398 miles on Route 2 and
3,694 on Route 1) aread depth measurement was done using a depth galdgdle 43 below
summarizes the results of the tread depth measurementmogidesmeasurements on brand new tires
andtire replacement limi for comparison Please note that both inside and outsid=ar right tires
were not accessible at the time of measurement.
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Table 43: Conventional FCCC MT -55 tread depth measurement (9/9/2013)

UTCEELE! [PTEfgln 9/9/2013 New Tires | Replacement
Measurement Limit
4326

Outside Rear Right N/A

17/ 32¢
17/ 32¢
1717 32¢
17/ 32¢
17/ 32¢
17/ 32¢

4 326
2/ 326
2/ 326
2/ 32
2/ 32

(@}

(@}

Figure23 and Figure24 below shows the rear and front tires at the time of measurement (on the

left) and for comparison, new tires (on the right).

Y

Figure 24: Conventional FCCC MT -55 left front tire (left) and new left front tires (right)

Knowing the mileage of the tires and the tread depththe time of the tread depth measurement
we can estimatéhe tire replacement intervdbr the conventional FCCC M5 operatingon Route ®:

i About 6,800miles for the rear tires,
M About 4,800miles for the front left tire,
1 About 4,400miles for the front right tire.

4 We assume thathe steertires are replaed when tread depth reaches/ 3 2 6

and twheas treddrdeptheecacheédf 8 8 6 .
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The hybrid FCCC MT55 wasin operation on Routel from July 20120 May 13, 2013From the
maintenance records, westimatedthe tire repla@ment interval on Routd.

1 Between2,30008 5,100miles forthe rear tires (averaget,000,

M 7,100miles for front lefttire,

1 8,900miles for front righttire.

U Route 2 Analysis

The conventional FCCC M5 has been in operation on Route 2 for several years. From the last 3
years of maintenance records, vestimatedthe tire replacement interval on Route 2:

1 Between 12,50@ 13,500 miles fothe rear tires (average 12,800),

1 Between 4,20@ 16,000 miles fothe front left tire (average 11,000)

1 Between 7,50@ 14,500 miles fothe front right tire (average 11,000)

On May 13, 2013the hybrid FCCC MT55 was moved to operate on Route 2. On September 9,
2013, after driving about 5,500 miles on Route 2remd depth measurement was done using a depth
gauge.Table 44 below summarizes the results of the tread depth measurement pralides
measurements on brand new tiresd tire replacement limitkor comparison.

Table 44 : Hybrid FCCC MT -55 tread depth m easurement (9/9/2013)

Tread Depth 9/9/2013 New Tires Replacement
Measurement Limit
Front Right 326 17/ 32¢ 326

5/326 17/ 32¢ 4 326
41326 17/ 32¢ 21326
3/326 17171 32¢ 20326
21326 17/ 32¢ 2/ 326
2/326 17/ 32¢ 21326

Figure25 and Figure26 below shows the rear and front tires at the time of measurement (on the
left) and for comparison, new tires (on the right).

Figure 25: Hybrid FCCC MT -55 rear right tires (left) and new rear right tires (right)
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Figure 26: Hybrid FCCC MT -55 left front tire (left) and new left front tires (right)

The front tires were changed last in February 2013 (for the left front tire) and March 2013 (for the
right front tire) and thus operated several months on Route 1 before the vehicle was switched to
operate on Route 2Given the tire replacement interval on Route 1 andokving the mileage of the
tires and the tread depth at the time of the tread depth measuremerg, ean estimatethe tire
replacement intervdior the hybrid FCCC MT55 operatingon Route 2:

91 About 8,900miles for the front left tire,

9 About 6,200miles for the front right tire.

The rear tireswere changed while the vehicle was operating on Route 2 (in July 2013) and we can
thus estimateahe tire replacement interval on Rout&

9 About 5,600 miles for the inde left rear tire,

1 About 5,200 miles for the outside left rear tire,

1 About 4,900 miles for the inside and outside right rear tire.

0  Summary

Table45 andTable46 summarize the tire replacement interval estimates for the 3 study veshasie
Route 1 and for the conventional and hybrid FCCC 483 on Route 2lt is important to note that the
mileage figurebelow are estimates based on maintenance records and tread depth measurement.

Table 45 : Estimates of tire r eplacement interval on Route 1

Vehicle Workhorse W62 FCCC MT -55 Diesel FCCC MT -55 HHV

Front (Left / Right) ~9,500 miles ~4,800/ 4,400miles ~7,100 / 8,900 miles
Rear ~12,000 miles ~6,800 miles ~4,000 miles

Front tire wear on the HHV appears to be consistent with the estimates on the Workhorse W62
andbetter than the conventional FCC®IT-55 on Route 1. However, the rear tires of the HHV seem
to be experiencing accelerated wear on Route 1.

5 We assume thathe steertires are replaced when tread depthreached 32 6 and twhea treddrdepthecached f 8 8 6 .
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Table 46 : Estimates of tire r eplacement interval on Route 2

1 e

FCCC MT -55 Diesel | FCCC MT -55 HHV
Front (Left / Right) ~8,900/ 6,0 miles
~12,800 miles ~4,900/ 5,600miles

Front tire wear on the conventionaFCCC MT55 varied largely from 4,200 to 16,000 miles.
Therefore, it is difficult to assess if front tire wear was better or worse on the HHV operating on Route
2. However, the rear tires of the HHV seem to be experiencing accelerated wear on Route 2.

The cost to replace a set of 4 rear tires is about $350 (labor not included), which can represent a
significant expensever the life of the vehicleand cancel other benefits such as fuel savedther
maintenance saving3everal reasons can explain the deted tire wear on the rear tires of the HHV:

T
1
T

T
1

Use of retread tires which will wear out faster than new tires.

Heaviercurb weight(about1,700Ibs. more than for a conventional diesel A% vehiclé.

Different weight distribution (Appendix C shows where the high pressure accumulator, low
pressure reservoir and thelHV systemare placed on the vehicle chassis).

Excessive torque from the pump/motor while accelerating or braking.

Driver behavior.

As aceleratedrear tire wear has only been reported obnit C, we believe a more complete and
in-depth analysis is needed to further investigate and validate our findings.
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5.2 Preliminary Maintenance Cost Analysis

We collected general maintenangmsts and maintenance intervdhta for the three vehtles
presented in section 5.1.9n order to analyze potential maintenance savings from hydraulic hybrid
technology, v looked atrecurring maintenance procedureshere hydraulic hybrid technology can
provide significant savings.

Please note that maintenance costs and intervals reported in this section will vary widely with
driving conditions such as miles driven and number of stops per day. The numbers pregetted
section are representative ofspecific facility and specific driving conditions. They should not be used to
predict HHV maintenance savings under different driving conditions.

5.2.1 12V DC Starter

The Parker HannifitHHV systemis capable ofaunching the vehicle while the internal combustion
engine is off. If the internal combustion engine is neededHtH¥ system can start the engine without
using the traditional 12\DC starter. The examplebelow details a typical starting sequence with the
Parker HannifitHHV system

100 S AccelPedPos1 (%) ——BrkPedPct (%)

Phase 1: The diver maintains theHHV
80 /e N —— | stopped by pressing on the brakésngine
is off

40 D Phase 2: The diver releases the brakes
20 ] | and accelerate the HHV. Engine is of

and the HHV system provides all the
0 S

torque needed tomeet driver demand

6000 AccGasPress ) | (reflected by the accumulator ga

5000 e — | pressure dropping).

4000 T B

3000 % 4E7 / | Phase 3: The diver keeps accelerating

2000 E E n E the HHV. The accumulator reaches a lov

1000 pressure and the engine is starte
(without using the 12V DC starter) to

A supply torque and meet driveregnand.
1500 S ——EngineSpeed (RPM)

Phase 4: The driver is braking andhe
—— | HHV system regenerates energy whil
E braking(reflected by the accumulator ga
pressure rising). gine RPM decrease
and ultimately shuts off.

1000

500

0 < Phase 5: The diver keeps braking anc
80 the HHV system regenerates energy
while braking. Engine dsf.

60

40 E

20

AccelPedPos1 = accelerator pedal position (%
BrkPedPct = brake pedal position (%)

AccGasPress = accumulator gas pressure (ps
EngineSpeed = engine speed (RPM)

WheelBasedVehSpd = wheel based vehicléppge!

0 5 10 seconds 15 20 25
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We analyzed the data from botbinit B and Unit Cto assess how many times the traditional 12V
DC starter was usedd start the internalcombustion engineTable 47 below shows the number of
starter uses for Unit BandUnit C operating on two different routes.

Table 47: 12V DC starter use analysis for Unit C on Route 1 & 2 and for Unit B on Route 3

Unit C (Route 1) UnitC (Route 2) Unit B (Route 3 )

Days in operation
12V DC starter use
Starter use per day

Results show thaton average12V DC starter use is between 1.5 and 3.3 times per day in
operation. The difference between the three values can be explained by different operating conditions
such as miles driveand number of stops.

Figure27 below compares 12 DC starter useon Route 1 and Route between Unit C and the
conventional diesel vehicle

Unit C - Route 1 / 12V DC Starter Use Comparison Unit C - Route 2 / 12V DC Starter Use Comparison
183.8 starter 180.2 starter
use [ day use / day
1.5 starter 2.7 starter
use / day use / day
Diesel HHV Diesel HHV

Figure 27: Conventional diesel and HHV 12V DC  starter use comparison on Route 1 & 2

Sarter use is dramatically reduced on the HHV unit on both routes: the HHV system saves about
180 12V DC starter usefor each day the vehicle is in operatidfor a vehicle that is used about 250
days per year and kept in service for 10 years, a HHV will use its 12V DC starter system about 5,000
times in its lifetime versus 450,000 times for a conventional diesel vehicle.

12V DC starterscan be replace@veryyear on parcel delivery routes with lligh numberof stops.
The cost to replace al2V DC starter is about $120 (labor not includedihich can represent a
significant expense over the life of the vehicle.

Some fleetseplace 12V DC starters at fixethtervals based on vehicle mileage. To take advantage
of the reducel wear and tear on the 12V DC starter system, fleets will need to use different
replacement intervalspecific to the operating conditions of HHVSs.
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5.2.2 Brake Wear

With brake energy reovery capable of capturing and returning over 70% of brake energy for vehicle
operation,HHVs are expected to reduce brake wear and increase brake life over a conventional diesel
truck. The example below shows the Parker HannHiHV systemcapturing andeturningbrake energy
during vehicle operation.

100 AccelPedPos1 (%) —BrkPedPct (%)
Phase 1: The diver presses the brake
pedal to slow down. The rising
accumulator pressure indicates that th
HHV is slowed down using the HH\
system which recovers brake energy.

80

60

B E

40

20
Phase 2: The diver keeps braking. The
pressure in the accumulator has reache
6000 AccasPress (si) | jts maximum and no additional brak
5000 energy can be recovered. The HHV i
4000 I slowed down using the conventional -ai

3000 E E 7§;E E liiﬂ brakes.

2000 R Phase 3: The diver presses the

0

1000 accelerator pedal to increase vehicl
o speed. The decreasing accumulatc
120 —Wheelbasedvehspd (ki) | PTESSUre indicates that brake energy

returned by the HHV system to
accelerate the vehicle.

AccelPedPos1 = accelerator pedal position (%
BrkPedPct = brake pedal position (%)

AccGasPress = accumulator gas pressure (ps

WheelBsedVehSpd = wheel based vehicle speed

0 50 100
Seconds

To assess potential brake savings, we compared brake pad thicknésstdd andthe conventional
FCCC MT55 presented in section 5.1.9he conventional FCCC M®B5 has been in operation on
Route 2 for several years. From the last 3 years of maintenance records, we estimated the brake pad
replacement interval on Route & between 22,00 6 26,000 miles for the front and rear brake pads.

On September 18, 2013, after driving 15,051 miles (about 2/3 on Route 1 and 1/3 on Route 2), a
brake pad thickness measurement was done using a depth Jalge48 below summarizes the results
of the brake pad thickness measurement and provides measurements on brand new brake pads and
replacement limits for comparison.

Table 48: Hybrid FCCC MT -55 brake pad thickness m easurement (9/18/2013)

Brake Pad Thickness 9/18/2013 New Brake Repla}ce_ment
Measurement Pads Limit
Front Right 22/ 32¢ 23/ 32¢ 12/ 32¢
Front Left 22/ 32¢ 23/ 32¢ 12/ 32¢

Rear Right 16/ 32¢ 23/ 32¢ 12/ 32¢
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Knowing the brake pad thickness and the HHV mileage at the time of the brake pad thickness
measurement, we can estimate the brake pad replacement interval for the HHV

1 About 165,600 miles for the front brake pads,

1 About 23,700 milesoir the rear brake pads.

Table49 summarizes the brake pad replacement interval estimatedfdr C andthe conventional
FCCC MT55. It is important to note that the mileages below are estimates based on maintenance
records and brake pad thickness measuremémtaddition,Unit C operated on both Route 1 and 2
during the evaluation period, while the estimates for the coeeral FCCC MT55 are for Route 2
only.

Table 49: Estimates of brake pad r eplacement interval

Vehicle FCCC MT -55 Diesel FCCC MT -55 HHV
(Route 2) (Route 1 & 2)

Front 22,0000 26,000miles ~165,600miles

“ 22,0008 26,000miles ~23,700miles

Front brake pad wear is dmatically improved on the HHV, whitee rear brake pad wear appears
to be consistent with the estimates on the conventional FCCC-B85T This first rough look at brake
savings indicates that théHV systemhasthe potential to provide significant savings on the front brake
pads.

Several reasons can explain tifferent brake pad weapetween front and rear:

Heavier curb weight (about,700Ibs. more than for a conventional diesel % vehicle).

Different weght distribution (Appendix C shows where the high pressure accumulator, low
pressure reservoir and the IVT are placed on the vehicle chassis).

9 Driver behavior.

T
T

The cost to replace a complete vehicle set of brake pads is between $60 and $80 (labor not
included), which can represent a significant expense over the life of the veWieléelieve a more
complete and irdepth analysis is needed to further investigate and validate our findings.
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5.2.3 Optimized Engine Control

The Parker HannifinHHV system enables optimized engine controlyhich presents several
advantages in terms of epation and maintenance savings [3]:

U Stord hydraulienergy is able to power the vehicle without using the engine.

We saw in sections 3.1, 3.2 and 3.3 that both Unit B @ntbok advantage of the engine off feature
to operate on hydraulic power onlyhile operating on Route 2Unit C drove 16.2 miles with the
engine off for each 100 miles, eliminating an average of 75 minutes of engine run time per day despite air
compressr governor issues and driver behavior niotly adapted tothe operationof HHVSs.

Engine off operation can extend engine life and increase replacement intervals of the following
engine related componentsil change / o filter, fuel filter, air filter and engine coolantSome fleets
replacethe previous componentat fixed intervals based on vehicle mileage. To take advantage of the
reducead wear and tear on theengineand its componentsfleets will need to use different replacement
intervak specificto the operating conditions of HHVs.

U Series HHVeadouples the engine from the drive wheels dlldweng oper at i on of t he e
spot 6 odonstimpton and lawerlemissions for a given power level.
Figure28 below shows the engine speed and torque distribution for the conventional FCCG&BT
during an entire day in operation on Route 1 dridgure29, the sameor Unit C.
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Figure 28: Conventional diesel engine speed and torque distribution
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Figure 29: Hydraulic hybrid engine speed and torque distribution
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We can see that the engine on the HHV is operated differetitign on the conventional vehicle
The engine operating points are more concentrated, indicating thatHtH® system is able to provide
the required power level while operating the engine at higher efficiencies.

The example below shows how the Parker HannHiHV systemis able to blend power from the
highpressure accumulator and the engine to meet driver tagiemand, while operating the engine at
a0 s we e tof g foel adnsumption and lower emissions for a given power level.

120 AccelPedPos1 (%) ——BrkPedPct (%)

100

80 Phase 1: The diver maintains theHHV
) stopped by pressing on the brakésngine

& E E E E is on

a0 —

20 \ / Phase 2: The driver releases the brake:
0 and accelerates thelHV. Mechanical anc
hydraulic powers are blended through th
highly efficient duahode operating

system to provide the torque needed tc
4000 meet driver demand.

3000 E E

2000

6000 AccGasPress (psi)

5000

[ () |
[ D |

Phase 3: The driver keeps acceleratin
the HHV. As the accumulator reaches

1000 low pressure, mechanical power from th

0 engine provides all the torque needed t
1800 ——EngineSpeed (RPM)  —— EngActualEnginePctTorque (%) meet driver demand.Power level then
1600 : drops as the vehicle speed governor ac
1400
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60

1200
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600 » HHV system regenerates energy whil
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1] 0
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EngActualEnginePctTorque = actual engine torqu
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5.3 Conclusions

The service and maintenance evaluation carried out for this prajettected general maintenance
information and estimageof maintenance costs and benefits from UnitThe evaluatiorof the FCCC /
Parker Hannifin HH\feported limited vehicle availabiitissueghat were expected with preproduction
vehiclesand identified several opportunities for maintenance savings compared to conventional vehicles.
Lastly, the evaluation also found some service and maintenance improvement opportunities.

1 Preproduction vehicle issues

Unit C encountered eme issues that madé¢he vehicleslightly lessavailable thara conventional
diesel truck For ingance, Unit C experienced a HHV systdiilure early after the vehicleas put in
commercial serviceln addition, all three prgoroduction vehicles encountered issues with the vehicle
odometer recording mileage when the engimeas off. Lastly, Unit C faced issues with the air
compressor governor, which prevesd the engine from shutting off and resedt in higher fuel
consumption.

1 Opportunities for savings

The Parker HannifillHV systemdramatically reduced 12V DC starter use (99% less starter use per
day) comparedto a conventional diesel truckin addition, front brake pad wear was dramatically
improved: preliminary estimates showed front brake lifeuld be increased by 6 times over a
conventional diesel truck.astly, he advanced engine off strategy allowed Whito drive up to 16.2
miles wih the engine off for each 100 mildsiven on one particular parcel delivery royteliminating an
average of 75 minutes of engine run time per day despite air compressor governor issues and driver
behavior not fully adapted to the operatiai hydraulic lybrid vehicles.

A more complete analysis is needed to further investigate and understand the potential maintenance
savings of HHVs.

1 Potential for improvement

For pre- andearly production vehicles, vehicle warranty should be extended to meet the ugeful li
of the vehicles to encourage fleets and independent contractors to purddblés without fearing that
vehicles will not be profitablence they come out of warrantyn addition, HHVs have special parts that
may complicate ihouse servicing. At this early stage of vehicle deployment, fleets are forced to take
vehicles to their dealership for repairs, which increases vehicle doma and ultimately maintenance
costs. Returning vehiclguickly when maintenance issues arise is imporizetly,a preliminary analysis
identified that Unit C experienced accelerated wear on the rear tires while operating on two distinct
parcel delivery routesThe cost to replace a set of 4 rear tires caepresent a significant expense over
the life of the vehicle and cancel other benefits such as fuel savetther maintenance savings. A more
complete and irdepth analysisnto this last issue is needed to further investigate and validate the
findings othis report.
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Chapter 6: Findings & Recommendations

This chapter summarizes the findings and recommendations developed in this report to inform fleets
and hydraulic hybrid vehicle manufacturers on the overall performanéHdfs to provide insights on
how the technology can be improved and better used.

6.1 HHV Performance

Chapter 3 presented a comprehensive performance evaluation of hydraulic hybrid vehicles, including
results from inuse data collection and emad emissions testing-he HHV performance key findings
are:

1 Operating conditions impact HHV performance.
1 HHVs are more efficient and cleaner to operate.

The inservice performance evaluation and the-mad emissions testing showed that HHVs
achieved higher fuel economy savings ieraping areas characterized by low driving speeds and high
number of stopsln addition,the in-service performance evaluation showed howwver behaviorcan
impact HHV performance.

In generalpoth in-service performance evaluation and the-mad emissions testing showed that
HHVs are more efficient than conventional diesel vehiclesogredate with fewer emissions.

6.2 HHV Fleet Deployment

Chapter 3 presented a comprehensive performance evalatf hydraulic hybrid vehicles, including
results from iRruse data collection and emad emissions testing. Chapter 4 detailétHV user
acceptanceThe HHYV fleet deployment key findings are:

1 Operating routes need to be carefully selected.
1 Driver behavighould be managed to achieve best performance.

Actual vehicle fuel economy varies widely with driving conditions such as drive cycle and driver
behavior.Figure 30 below shows the results of extensive fuel economy testing done in 2012 on a
prototype version of the FCCC / Parker Hannifin HHV at the U.S. EPA National éehiudl Fuel
Emissions Laboratorfl5].
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2011 Parker HHV Initial Lab Benchmarking

140% 132%

Drive Cycle

Speed (>0) per Mile
HWYFET 48.6 0.10
FTP Bag 3 31.8 1.39
FTP Cold Start 26.2 1.99
FTP Bag 2 19.7 3.11
NYC Truck 15.7 9.37
WVU City 12.1 4.24
CBD Truck 114 6.41
Manhattan Bus 10.7 9.68

120% 108%

117%
85%
49%
15%
o=
| —— —— —— || | —

hattan CBD Truck WVUCity NYCTruck FTP-Bag2 FTP FTP-bag 3 Hi
Bus w

Source: National Center for Advanced Technology - US EPA

Figure 30: Results of 2011 Parker HHV Initial Lab Benchmarking  [16].
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Results clearly show how drive cycle influences vehicle fuel economy and confirms that HHVs are
better suitedfor routes with a higher number of stops and lower average spe@fsen deploying a
HHV, fleet managers should identify the route close to the target parameters identifidakte 50
below.

Table 50: Target route parameters for optimal HHV performance

Brake W ear High

Daily Miles 50-70 miles per day
Stops / Mile >3-4
Number of Pickup & Deliveries >100per day

Route Parameter

Highway / Arterial Miles Minimize
Pickup & Delivery Miles Maximize
Idle Time High

Sections 3.1 and 3.2 show how driver behavior can significantly impact vehicle performance and
ultimately fuel economyHybrid vehiclescan present a challenge to drivers as threguire modifying
driving techniques to take advantage of regenerative brakingnstance We recommend that drivers
operatingHHVs be trained and coached tlearn to drive their new truck more efficiently thrghout
their parcel delivery route.Driver training is essential to ensure better acceptanceH#Vs and
successfuHHV deployments overall.
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6.3 HHV Maintenance

Chapter 5 presented a preliminary service and maintenance evaluation of HFiés.HHV
maintenance key findings are:

1 Accelerated rear tire wear can negatively impact the business case for HHVs.
1 HHVs show opportunities for lower maintenance costs.

A preliminary analysis identified that Unit C experienced accelerated wear on the rear tires while
operating on two distinct parcel delivery routeéBhe cost to replace a set of 4 rear tires can represent a
significant expense over the life of the vehialed cancel other benefits such as fuel sasedther
maintenance savings.

Section 5.2 shows potential to have lower maintenance costs than conventional veQiatefirst
look identified 12V DC starter, front brake wear and reduced engine run time as areasafdng
opportunities Some fleetemploy maintenance procedures #iked intervals based on vehicle mileage.
To take adiantage of these potential maintegarnsavingsfleets will need to use different replacement
intervals specific to the operating conditions of HHVs.

We expect HHVs maintenance savings to vary widely with driving conditions such as miles driven
and number of stops per dayx more complete ad indepth analysis into this issue is needed to further
investigate and validate the findings of this report.

6.4 HHV Business Case

The business case for higifficiency vehicles is important to understand in the early stages of
market introduction.High-efficiency vehickesuch as hydraulic hybrid vehicles have upfront costs much
higher than similar diesel or gasoline trucks but will have lower operation and maintenance/¢iists.
increased fuel economy and lower maintenance costs, HHVs can beeffestive. Three conditions
need to be met to achieve a return on investment (ROI):

1 High fuel economy increase,

1 High maintenance savings,

9 Low incremental cost

The in-service performance evaluatioshowed preproduction HHVs achievingfuel economy
increases of upo 30%on selected parcel delivery routegVith an optimizedHHV system, compatible
driver behavior andrehiclesoperating inoptimaldriving cycleswe expect HHVs to achieve greater fuel
economy increasedVe also identified in section 5.2 several oppmrities for maintenance savings such
as 12V DC starter use, front brake pad wearcreased engine and engine components life.

76



NHTMP / DOE Contract # DEFC2606NT42791 Final Report

Table 51 below analyzes the business cas®l environmental benefitgiven three fuel economy
performance leveland assuming a level of maintenance sa%ings

Table 51: HHV business case analysis

30% MPG 40% MPG
Increase Increase Increase

Maximum Incremental Cost for 7 -yr. Payback $21,100 $24,380 $27,210
Net Present Value (10 yrs.) $5,310 $6,320 $7,200

Yearly Fuel Savings 468 gallons 579 gallons 676 gallons
Yearly WTW CO 2 Savings 6.0 metric tons 7.4 metric tons 8.7 metric tons

Yearly Petroleum Savings 12.0barrels 14.9barrels 17.4barrels

50% MPG

If a HHV achieve a 30% fuel economy increase compared to a similar diesel vehicle, the maximum
incremental cost would have to be2$,100 to achieve a-§ear payback period. If the HHV achieved a
40% fuel economy increasthe maximum incremental cost would have to be4&B0 to achieve a 7
year payback period. Lastly, if the HHV achieved a 50% fuel economy incteasepaximum
incrementl cost would have to be $2210.

The HHV business case key findings are:

1 HHVs can achieve ROI with high fuel and maintenance savings and low incremental cost.
1 Incentives for purchase play an important role for the early HHV market.

The present reportshows that HHVs have the potential to achieve high fuel and maintenance
savings with an optimizedHV system, compatible driver behavior and vehicles operating in optimal
driving cyclesAt this early stage in the HHV markeitacentives for purchase candece incremental
costs allowing attractive returns on investment and increasing fleet purchases. With moreHidiés,
system cost savings can be achieved, improving the business case for HHVs.

6 We assume the following: vehicle life = 10 years, days in operation = 250 days tgtahdaily range = 60 milespnventional diesel fuel
economy =7.4 MPG, conventional diesel cost = $70,000, maintenance savings Z#/$0i, diesel fuel price = $£20 / gallon, fuel escalation
rate = 3%, discount rate = 7%.
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Appendix A: Project Timeline

2005

1 The Parcel Delivery Working GrougWG) including FedEx Express, FedEx Ground, Purolatoited Parcel Service (UPS)
and United States Postal Service (USPBjitiated.

1 The WG members express desire to demonstrate Class 4 and Class 6 hydraulic hybrid parcel delivery vehicles since FedEx
Expresss already experimenting with hybrid electric vehicles.

1 The WG identifies a lack of sufficient parcel delivery ie@hdrive cycle information to share.

2006

1 August: A daft RequestFor Proposab (RFP) for Class 4 and Class 6 hydraulic hybrid velsiadeveloped.

1 October: CALSTART receives funding from the U.Sp@rtment d Energy (DOE)o support the WG and demortsate
prototype hydraulic hybrid vehicles.

1 October: CALSTART conducts several ridéong activities to better define Class 4 and Class 6 parcel delivery drive cycles.

1 November:A WG meetingis heldat the HTUF National Meeting in San Diego, .CA

N

007

1 FebruaryThe HTUF Class 4 Parcel Delivery Drive Cycle is developed by CALSTART and accepted by the WG.

1 April: The HTUF Class 6 Parcel Delivery Drive Cycle is developed by CALSTART and accepted by the WG.

1 April: The WG decides to focus the RFP on Classdhicles.

1 April: Key industry suppliers indicate that functional vehicles aBey2ars away but new, smaller suppliers indicate better
nearterm availability.

1 May: A evised draft RFP for a Class 6 Hydraulic Hybrid ParadivBry Vehicle is issued for ® 6 technology validation
vehicles which would be leased to participating fleets for a period of 18 months.

1 June: Theifial RFP including comments to the draft RFP is issued.

1 SeptemberThe WG receives 3 proposals from Parker Hannifin Corp., Hybnave Sytems LLC and SuperDrive. Eaton
Corp., already working on a hydraulic hybrid parcel delivery vehicle with UPS did not answer positively to the RFP.

1 October: The 3 participating fleets (FedEx Ground, Purolator, UPS) provide a preliminary evaluation afbthigtex
proposals.

1 November: ParkeHannifin and Hybr®rive Systems present their proposals to the WG in Detroit, MI.

2008

1 April: HybraDrive Systemss selected as winning proposer ftie Class 6 Hydraulic Hybrid Parcel Delivery demonstration.
ParkerHannifin is the runneup.

1 May:A WG teleconference to establish the final configuration of the tedticles is held.

1 October: A WG meetingis heldat the HTUF NationaMeetingin South Bend, INThe WG agrees to delay test vehicles
availability teaccommodate further Hybr®rive Systems development.

2009

1 January / March: Hybifarive Systemss successful in acquiring funding from the State of Michigan and from venture capital
investors to secure development activities for the hydraulic hybridgraission. Test vehicles availability is further delayed.

1 March:Freightliner Custom Chassis Corp. (FCCand Parker Hannifin roll out hydraulic hybrid watkvan at the National
Truck Equipment Association Work Truck Show.

1 April / June: Hybrdrive Systera continues development of concept with periodic review from the WG.

1 July / September: Hybifarive Systems becomes LirReid Technologies and continues development of hydraulic drivetrain
and tests a productiomeady transmission in a Humvee. Test vehideailability is further delayed.

1 September: FCCC developmental unit with Parker Hannifin system is tested for 3 weeks on a commercial FedEx Ground
route in Pontiac, M.

1 October / December: LimeReid Technologies further delays test vehicles availability.

1 November: FCCC developmental unit with Parker Hannifin system is tested for 4 weeks on a commercial UPS route in
Cleveland, OH.
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N

010

7 January / MarchThe WG contacts Eaton and Parker Hannifin to determine their ability to supply hydraulic hybrid test
vehicles.

1 April / June: Eaton discontinsiggs hydraulic hybrid parcel delivery vehicles activities.

1 August: A WG teleconference meetings held where the WG unanimously agrée keep pursuing hydraulic hybrid
technology for parcel delivery vehicles.

1 Septenber: FCCCand Parker Hannifin are selected to replace LiReid Technologies who was unable to deliver functional
vehicles as originally proposed.

1 SeptemberA WG meetingis heldat the HTUF NationaMeetingin Dearborn, IL. FCCQ Parker Hannifin presentehicle
specifications and a delivery timeline for federally certified vehicles to be purchased by the WGThes8G agees that
CALSTART througtDOE funding would reduce the incremental cost of the 3 first hydraulic hybrid vehicles.

1 December:A WG teleconferenceds heldto discuss pricing and delivery schedule. Vehicles availibiilayed to May 2011.

N

01
1 January / March: Vehicles availahigityelayed to July 2011.
1 April / June: Vehicles availabilgydelayed to August 2011.
1 JuneA WG teleconferencds heldto review final vehicle specifications.
1 July / September: Vehicles availahiyelayedo December 2011.
1 October: Purolator and CALSTART representatives attend vehicle review at the Michigan Proving Grounds in Romeo, MI.
1 November:A WG teleconference meetings held FCCC / Parker Hannifin finalizes hydraulic hybrid vehicldevelopment
and testing.
1 December: Vehicles availabiligydelayed to January 2012.

[EEN

2012

1 January / March: FCCC / Parker Hannifin estaltistexpected delivery date of the 3 vehicles to be April 2012.

1 February: FCCC / Parker Hannifin validathicledurability testing and test 1 prototype vehicle for fuel economy.

1 FebruaryA WG teleconference meeting is held.

1 March: CALSTART instruments a conviemal diesel Class 6 parcel delivery vehicle from Purolator in Mississauga, ON for
baseline comparison. CALSTART staff rides along a Purolator Class 6 truck to better understand the typical route
configuration.

TApril: UPS t akes dedmmerciallypvaiaifle hydraelic hylid fdarded deliveryi truck.

1 April: The UPS vehicle is displayed at Fortune Brainstorm Green in Laguna Niguel, CA.

1 April: One FCCC /Parker Hannifirhydraulic hybrid vehiclendergoes extensive emissions and fuel econtesting at the
U.S. EPA National Vehicle and Fuel Emissions Laboratory.

1 April: FedEx Ground announces it will deploy 5 additional hydraulic hybrid vehicles in California and Michigan.

1 May: CALSTART instruments a conventional diesel Class 6 parcel deleteinle from UPS in Laguna Hills, CA for baseline
comparison.

1 June: FedEx Ground and Purolator take delivery of their hydraulic hybrid parcel delivery trucks.

1 July: UPS puts its hydraulic hybrid vehicle in commercial operation in Laguna Hills, CA.

1 September: CALSTART instruments a conventional diesel Class 6 parcel delivery vehidree@®mGround in Vernon, CA
for baseline comparison.

1 October: CALSTART instruments an additional conventional diesel Class 6 parcel delivery vehicle from UPSaitHlliagun
CA for baseline comparison.

1 October: UPS announces it will deploy 40 additional hydraulic hybrid vehicles in Atlanta, GA and Baltimore, MD.

1 November: FedEx Ground puts its hydraulic hybrid vehicle in commercial operation in Sun Valley, CA.

201

1 JnuaryA WG teleconference meeting is held.

1 March: Parker Hannifin officially launches its Parkerdy§temat the Green Truck Summit in Indianapolis, IN.

1 May: Purolator puts its hydraulic hybrid vehicle in commercial operation in Mississauga, ON.

1 JulyA WG teleconference fleet meeting is held.

1 September:CALSTART contractsEngine, Fuel, and Emissions Engineering(lR&EE}o carry on inservice validation
testingof one hydraulic hybrid vehiclto measure emissions and fuel economy.

[¢V]
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Appendix B: Parker Hannifin Hydraulic Hybrid Power

Split Transmission
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Hydraulic Hybrid Power Split Transmission
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Hydraulic Hybrid Power Split Transmission
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Appendix C: FCCC MT55 HHV EPA2010 Chassis
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Appendix D: HHV In -Service Validation Testing / Final
Report

IN-SERVICE EMISSIONS FROM
MODEL YEAR 2012 HYDRAULIC
HYBRID AND MODEL YEAR 2008
CONVENTIONAL DIESEL
PACKAGE DELIVERY TRUCKS

FINAL REPORT

December 5, 2013

Submitted to:

CALSTART
48 South Chester Ave.
Pasadena, CA 91106
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In-Service Emissions from Model Year 2012 Hydraulic Hybrid and i
Model Year 2008 Conventional Diesel Package Delivery Trucks

EXECUTIVE SUMMARY

Hybrid vehicles — combining internal-combustion engines with on-board energy storage and
kinetic energy recovery during braking — hold significant promise for reducing emissions and
fuel consumption by package delivery fleets. One innovative hybrid drive approach uses a
hydraulic system for power transmission and energy storage. To assess the benefits and
operational impacts of the hydraulic hybrid technology, United Parcel Service (UPS) is hosting a
pilot program to compare package delivery trucks using this technology with their present diesel
delivery trucks. Funding for this program has been provided by the U.S Department of Energy,
and the program is being managed by CALSTART.

CALSTART contracted with Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) to
measure in-service pollutant emissions from one model year 2012 hydraulic hybrid and one
model year 2008 conventional diesel package delivery truck. Measurements were conducted
while the test vehicle followed and “shadowed” a UPS package delivery truck in normal
operation. The measurements were performed using EF&EE’s Ride-Along Vehicle Emission
Measurement (RAVEM) system. Mass emissions of carbon dioxide (CO,), carbon monoxide
(CO), oxides of nitrogen (NOx), particulate matter (PM), and total hydrocarbons (THC) from the
hydraulic hybrid and the conventional diesel test vehicle were each measured over the course of
atypical day of package deliveries.

The two vehicles were somewhat different from each other as the conventional diesel vehicle
was equipped with a 200 hp Cummins engine, while the hydraulic hybrid vehicle was equipped
with a 280 hp Cummins engine. In addition, both engines were not EPA certified at the same
emissions level: 2007 EPA certified for the conventional diesel vehicle and 2010 EPA certified
for the hydraulic hybrid vehicle.

Table E-1 summarizes the results of the test program. The measured emissions of CO and PM
were near zero for both the conventional and the hybrid truck. THC emissions from both vehicles
were negative — the exhaust THC concentration was less than the ambient background level.
Compared to the conventional vehicle, the hybrid showed 17% lower CO; emissions and 30%
lower NOy emissions over the testing period.

Table E-1: Summary results

" Distance Minutes 5 Emissions (g/mile)
Daily Total )
(mi.) Total Stopped co2 NOx PM
Conventional 53.0 350 174 18.03 1364.28 5.07 0.01
HHV 70.2 390 177 19.74 1127.10 3.53 0.02
Percent Difference 32% 12% 2% 10% -17% -30% 87%
Engine, Fuel, and Emissions Engineering, Inc. December2013
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Table E-2 summarizes the results of the test program per operating areas: highway/arterial
outbound, pick-up & delivery and highway/arterial inbound. In the low-speed / stop-and-go
pickup and delivery operating area, the hybrid showed 21% lower CO, emissions, while it
showed 7% higher CO, emissions in the high-speed highway/arterial outbound operating area.

Table E-2: Summary results by operating area

Vehicl Driving T Distance Minutes A Emissions (g/mile)
SHEe AL (mi.)  Total Stopped co2  NOx PM
- tiona HYY/Art Outbound 765 12 I 4155  1189.03 183 Z
OnVentional pick-up & Delivery  44.46 335 170 16.17 139045 546 B
Hwy/Art. Outbound  7.68 12 I 4227 110766 321 =
HHV Pick-up & Delivery  49.23 351 182 1748 109565 4.3 -
Hwy/Art. Outbound  11.86 2 4 4167 126155 120 <
Hwy/Art. Outbound 0% 1% 2% 2% 7% 75% N/A
Percent
) Pick-up & Delivery | 1% 5% 7% 8% 21% 24% N/A
Difference
Hwy/Art. Outbound  N/A N/A N/A N/A NA N/A N/A

The hybrid was equipped with a SCR system for NOy control, while the conventional vehicle
was not. This would be expected to result in much lower NOy emissions. Measured NOg
emissions from the hybrid were 24% less than the conventional vehicle in the pickup and
delivery operating area. NOy emissions from the hybrid were higher than the conventional
vehicle in the highway/arterial outbound operating area, which began with a cold start. NOy
emissions in both highway/arterial operating areas (outbound and inbound) from the hybrid were
63% lower on the return than on the outbound trip. This difference is probably attributable to the
low SCR catalyst temperature at the beginning of the trip.

Actual emission rates will vary widely with driving conditions such as drive cycle and driver
behavior. The numbers presented in this report are representative of specific drive cycles and
driving conditions and were derived from testing done in a semi-controlled environment. They
should not be used to predict emission rates in different driving conditions.

Engine, Fuel, and Emissions Engineering, Inc. December2013
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