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-AI TI"?-9'1115/T Report No: 

Meeting Date: 

Alameda-Contra Costa Transit District 

STAFF REPORT 
TO: AC Transit Board of Directors 

FROM: David J. Armijo, General Manager 

SUBJECT: Update on Zero Emission Bus Technologies 

BRIEFING ITEM 

RECOMMENDED ACTION(S): 

15-017 

March 25, 2015 

Consider receiving an update on zero emission bus technologies that are currently available for 
procurement for a discussion on the District's path for future zero emission bus procurements. 

EXECUTIVE SUMMARY: 

The transit bus industry has been a testing ground for the reduction of vehicle emissions for 
several decades. In the early part of the 21st century, both the automobile industry and transit 
bus manufacturers have made significant advancements on zero emission propulsion systems 
for light and heavy duty vehicles. The primary focus of the zero emission technologies has been 
on the development of the fuel cell and battery electric propulsion systems. 

As the District continues to pursue grant opportunities to fund its zero emission initiatives, an 
update on zero emission technologies is needed to determine the District's zero emission path 
going forward. Both zero emission fuel cell and battery electric bus technologies have advanced 
in the last several years, and bus manufacturers have initiated the marketing of both 
technologies to provide for new bus procurement options for transit agencies. Both battery 
electric bus and hydrogen fuel cell bus have equipment and facility benefits and limitations that 
must be considered for future bus procurements. 

This report provides information and costs for zero emission bus technologies and infrastructure 
being demonstrated at transit agencies and available in the marketplace to assist in making 
decisions on a path moving forward for zero emission bus demonstration and replacement 
programs. 

BUDGETARY/FISCAL IMPACT: 

There are no specific budget impacts related to this briefing report; however, the District could 
experience significant increases in capital and operating budget expenses with expansion of zero 
emission bus programs, as discussed later in this report, since the Federal Low or No Emission 
Vehicle Deployment Program (LoNo) grant and CARB regulatory efforts are considering 12 year 
replacement buses rather than prototype zero emission buses. 
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BACKGROUND/RATIONALE: 

The transit bus industry has been a testing ground for the reduction of vehicle emissions for 
several decades. In the later part of the 2051 century, transit agencies tested and implemented 
alternative fuel propulsion technologies for buses, and several transit agencies transitioned to 
natural gas or hybrid drive propulsion systems to reduce the emissions from transit buses. 
During this period, zero emission buses were primarily trolley buses that received power from 
overhead catenary systems, but there was also some early testing of fuel cell and battery 
electric bus propulsion systems. 

In the early part of the 21 51 century, both the automobile industry and transit bus 
manufacturers have made significant advancements on zero emission propulsion systems for 
light and heavy duty vehicles. While the trolley bus remains an option for some cities, the 
primary focus of the zero emission technologies has been on the development of the fuel cell 
and battery electric propulsion systems. This report is intended to provide the Board with an 
update on the status of these zero emission technologies and allow for discussion on the 
District's path for future zero emission bus procurements. 

ZEB Technologies 

• Battery Electric Buses 

Battery electric buses generally have a large bank of batteries with one or more electric 
motors to propel the vehicle. The batteries in electric buses are either charged in route 
while the buses are in revenue service or at the agency bus yard when the buses are out of 
service. The energy from regenerative braking is also used to provide additional charge to 
the batteries during operation. The electric buses with in route charging could conceivably 
operate on a 24/7 basis by recharging throughout the day. Battery electric buses that 
charge in the agency bus yard have a limited range of operation before the buses would 
require recharging at the bus operating division. 

o Procurement costs 

Base forty-foot battery electric buses are being quoted by bus manufacturers with a 
procurement cost of approximately $750,000 to $800,000 dollars each. Several transit 
agencies have been quoted and purchased battery electric buses within this range of 
pricing. 

o Maintenance and Performance 

The routine maintenance for battery electric buses is minimized as compared to 
conventional diesel buses, since there are far less moving parts and components that 
require preventative and routine maintenance. The cost savings on these buses are 
gained from reduced consumption of fuel (energy), lubricants, filters, and related labor 
hours for maintenance. Some electric bus models offer further electrification of bus 
components, such as heating ventilation and air conditioning (HVAC) system, air 
compressor, steering motor, door system and wheel chair ramp to further reduce cost 
and improve reliability. 
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Currently, there is no industry standard for scheduled mid-life replacement of 
propulsion system components for battery electric buses. Should any component fail 
outside of the warranty period the replacement costs are approximately $8,000 to 
$11,000 on electric motors, $3,500 for inverters, and $6,000 for battery modules. The 
cost for replacement of all battery modules would vary based upon the electric bus 
manufacturer. The replacement batteries for buses with in route charging are expected 
to cost about $50,000 while the replacement batteries for a bus with a longer range that 
charge back at the division could cost about $300,000 dollars. The total maintenance 
cost for a battery electric bus is unknown at this time since staff was not able to obtain 
comparable cost information from other transit agencies operating battery electric 
buses. 

Battery electric buses have equal to better acceleration performance than conventional 
transit buses due to the torque and gearing of electric motors. Battery electric buses are 
limited in the range of operation from between 55 to 155 miles before requiring 
charging. The range of operation for battery electric buses is impacted by the type of 
charging (in route or end of day) and the type of service and duty cycle. Routes with flat 
service areas help maximize the range of the buses, since operation in a service area 
with grades tends to consume more energy and lessen the vehicle range. Based on 
information from Altoona bus testing and the District's average cost for electricity, the 
energy (fuel) costs to propel the electric buses are estimated at $0.31 cents per mile. 
(compared to $0.70-$0.77 fuel cost per mile for diesel) 

• FueiCell 

Fuel cell buses utilize the proton exchange membrane fuel cell (PEMFC) to generate 
electricity from hydrogen to charge a smaller energy storage system of batteries and can 
also power one or more electric motors to move the vehicle. Energy during braking is also 
regenerated and used to charge batteries while the vehicle is in operation. Fuel cell buses 
utilize a hydrogen fuel storage system containing either a series of high pressure gas 
cylinders or a cryogenic liquid tank. 

o Procurement costs 

The Van Hool fuel cell buses currently in operation at the District cost $2.5 million each; 
however, the production costs for fuel cell buses is expected to be reduced based upon 
advancements in fuel cell design and the quantity of fuel cell buses produced. The 
American Fuel Cell Bus development team led by BAE and Ballard Power Systems built 
on an Eldorado bus chassis was recently awarded a contract of {10) buses to Sunline and 
Southwest Ohio Regional Transit Authority for a cost of $1.8 million each. 
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o Maintenance and Performance 

In the most current National Renewable Energy Laboratory (NREL) report, the fuel cell 

fleet averaged 76 percent availability for revenue service. The cost of Hydrogen 

averaged $9.08 per Kilogram. With fuel economy at 6.42 miles per kilogram (mi/kg). Due 

to the higher cost of Hydrogen, the energy (fuel) cost to propel the buses is about $1.40 

per mile for a fuel cell bus. (compared to $0.70-$0.77 fuel cost per mile for diesel) 

The maintenance of the District's fleet of twelve fuel cell buses is supported through 
service and support agreements for the fuel cell and energy storage systems. U.S. Hybrid 
provides support to maintain the fuel cell power plants with a cost of $193,382 dollars 
annually. In addition, the District has a maintenance contract with Enerdel to provide 
service and support to maintain the battery storage systems totaling $690,000 over a 3-
year period. Based on the combined service and support agreements cost (for the fuel 
cell power plant and energy storage system) and the average annual mileage for the fuel 
cell fleet at 30,000 miles per bus. The total maintenance cost for a fuel cell bus, 
including parts and labor and outside contracts, is $1.91 per mile, as compared to the 
average diesel bus maintenance cost per mile of $0.81. The funding support for the 
existing service and support agreements for the fuel cell bus fleet will expire at the end 
of 2016. 

Cost savings benefits on fuel cell buses can be gained from further electrification of bus 
components such as heating ventilation and air conditioning (HVAC) system, air 
compressor, steering motor, door system and wheel chair ramp. Without an industry 
standard, the total midlife replacement costs are not known at this time. Fuel cell 
engine replacement for the current fleet of fuel cell buses was estimated at about 
$750,000 dollars per bus based upon a recent proposal to install new fuel cells in four 
existing AC Transit fuel cell buses. The replacement cost for fuel cell bus batteries is 
estimated at $50,000 dollars per bus, and it is anticipated that the batteries will require 
one replacement during the twelve year life cycle of the bus. 

Fuel cell buses have equal to better acceleration performance than conventional transit 
buses due to the torque and gearing of electric motors. The current fleet of fuel cell 
buses has an estimated range of 220 miles due to the fuel cell power plant's ability to 
recharge the batteries while the bus is in operation; however, the range of operation is 
impacted by type of service area and duty cycle. Routes with flat service areas help 
maximize range, while operation in a service area with grades consume more energy 
and lessen the vehicles range. 

The performance of fuel cell buses has improved over time; however, there are still 
challenges that need to be addressed before the technology can be considered 
commercially ready, including: 

• Increasing the reliability and durability of fuel cell and related components. 
• Improving systems integration and optimization. 
• Providing adequate parts supply. 
• Lowering both capital and operating costs to equal performance of the baseline bus. 
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• Fuel Cell technology diagnostic and repair training for mechanics. 
• Scalability of hydrogen fueling stations to support increasing fuel cell fleets. 

• Fuel cell buses that meet Buy America requirements and are Altoona tested. 

• Commitment from bus and fuel cell manufacturers to support equipment for twelve 
years. 

ZEB Infrastructure 

• Battery Recharging Infrastructure 

o No common charging methodology 

The advancement of battery electric buses has outpaced fuel cell buses in recent years; 
however, there are still several challenges that need to be addressed before these 
vehicles can be considered replacements for conventional diesel buses. These 
challenges include the following: 

• There are currently no charge standards for heavy-duty vehicles. 

• Each bus manufacturer uses different propulsion system voltages. 
• Using depot charging only results in limited range and heavier vehicles due to 

additional batteries. 

• The lack of industry standards causes difficulty for agencies to operate mixed fleets 
of electric buses on the same routes. 

o Battery Electric Charging Systems 

Vehicle batteries can be slow charged (plug-in) at the bus yard during off peak evening 
hours or fast charged in-route within 5 to 10 minutes utilizing a conductive (overhead 
station) or inductive (wireless) system. Development of rapid battery charging systems 
(also called opportunity charging) that are located on bus routes are currently available 
in two different technologies; overhead roof mounted conductive systems or in-ground 
inductive (wireless I wave) systems. For the conductive or inductive systems, the bus 
will pull up to a specially constructed terminal or pull-out with a rapid charging station, 
where the bus makes contact with electrical connections or a wireless inductive system 
to recharge the batteries. 

In route charging stations are designed to charge one bus at a time and require between 
5 and 10 minutes per bus to charge. The electric capacity at the location would need to 
be evaluated with the utility (PG&E) to ensure ample capacity for charging. 

• Conductive or Inductive Fueling Station Capital and Maintenance Costs 

The overhead or wave charging systems are quoted at a range of $500,000 to 
$550,000 each excluding installation and based upon the type of charging 
equipment system and level of energy output of the station. The maintenance cost 
of charging systems is anticipated to be considerably less than a hydrogen fueling 
station, since the maintenance primarily consists of regularly scheduled visual 
inspections after installation of the charging system. 
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• Overnight I Mid-day Charging System Capital and Maintenance Costs 

Plug in electric charging stations are the least expensive method of charging zero 
emission buses. Battery charging stations located in the bus yard or depot cost 
approximately $8,000 dollars each not including installation. There is very little 
maintenance cost required for battery electric chargers other than regularly 
scheduled visual inspection once the charging system is installed. 

Depending on available power the District may need to work with the utility 
provider (PG&E) to insure appropriate service levels of power is available. Battery 
charging can typically take place in the evening hours when energy rates are the 
lowest and grid energy is ample. Typically one station is installed per bus. These 
charging stations can take approximately 3-4 hours to completely charge a bus. 

There is no facility modifications required for the maintenance of battery electric 
buses as they contain no gaseous fuels, outside of the installation of the charging 
stations for plug-in battery electric buses. 

• Fuel Cell Fueling Infrastructure 

Hydrogen fuel for the bus can be delivered by truck or manufactured on site by utilizing a 
method of electrolysis or steam/methane reformation utilizing natural gas. Hydrogen is 
stored on site in high pressure storage vessels and dispensed into the bus utilizing special 
high pressure pumps and nozzles. Currently 95 percent of hydrogen is manufactured at 
central plants derived from fossil fuels. Renewable hydrogen can be generated from bio
fuels or electricity. 

o Fueling Station Capital and Maintenance Cost 

Typically, the storage and compression of hydrogen is the largest contributor to fuel 
station costs such as capital, energy consumption and maintenance. Based on District 
experience with fuel cell station procurement, the cost for a hydrogen fueling station is 
approximately $12.3 million dollars. Maintenance for the District's fueling station at 
Division 2 in Emeryville is contracted with Linde Corporation. The District currently 
averages an annual cost of $141,000 dollars for the maintenance of the station and 
related equipment. It is estimated that the projected costs to operate the hydrogen 
fueling stations once the grants expire will be $250,000 annually for each station. 

o Capacity issues 

The capacity of the Emeryville fueling station is designed and limited to the fueling for 
twelve buses. This is due to the station's limited ability to dispense hydrogen while 
maintaining appropriate hydrogen pressure in the buffer tank. 

o Facility Modifications 

A Maintenance bay was modified for gaseous fuel at Seminary D-4 to accommodate the 
fuel cell buses during repairs. The buses operated at Emeryville D-2 are driven to 
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Seminary D-4 for maintenance repairs. Designs are currently under development to 
retrofit a maintenance bay at D2 for maintenance repairs at that division. 

Manufacturer availability 

There are currently four Buy America compliant bus manufactures that have developed and 
manufactured battery electric buses. In addition, there are a few companies, such as Complete 
Coach Works (CCW), that provide battery electric bus repowers. The battery electric bus 
manufacturers include New Flyer, BYD, NOVA Bus and Proterra. Currently, BYD and Proterra 
have completed Altoona testing and have been operating in revenue service at transit agencies. 

There are currently two Buy America compliant bus manufacturers that have developed 
hydrogen powered transit buses; however, none have been Altoona tested. These bus 
manufacturers are New Flyer Industries and American Fuel Cell Bus. 

Transit Agency ZEB Programs 

• Battery 

The largest fleet of BYD battery electric buses (thirteen buses) is located at Stanford 
University, California, which has an additional order for ten more buses. The largest fleet of 
Proterra battery electric buses (fifteen buses) is operating at Foothill Transit in Pomona, 
California. The project at Foothill Transit began with three buses and was funded by the 
American Recovery and Reinvestment Act in 2009, then expanded to fifteen buses in 2014. 
Closer to the San Francisco Bay Area, San Joaquin Transit in Stockton is operating two 
Proterra buses with one fast charging station. This twenty four month demonstration 
project at San Joaquin Transit was awarded by a grant from the California Energy 
Commission with support from CALSTART. 

• FueiCell 

Currently, A. C. Transit operates twelve fuel cell buses as part of the Zero Emission Bay Area 
(ZEBA) demonstration, which also includes two hydrogen fueling stations. This effort is the 
largest in the United States and involves five participating bay area transit agencies. The 
ZEBA project is collaborating with the U.S. Department of Energy and the National 
Renewable Energy Laboratory to evaluate the cost, performance, and reliability of operating 
fuel cell buses in revenue service. 

Sunline Transit in Palm Springs, California currently operates a total of three fuel cell buses 
in revenue service, which includes two American Fuel Cell 40 foot buses that were built 
using an Eldorado National chassis with a Ballard Power System fuel cell. The first American 
Fuel Cell Bus was placed into service in January of 2012 and the second bus in June of 2014 .. 
The third bus that was produced by New Flyer Industries was placed into service in April 
2010. 

Beginning in 2009, British Columbia Transit (BC Transit) started a demonstration of twenty 
fuel cell buses operating in Whistler, Canada. The fuel cell fleet was introduced during the 
2010 Winter Olympic Games and operated through March of 2014. During the 
demonstration, it was the world's largest fuel cell fleet in a single location. The fuel cell 
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buses were 42 foot, low floor buses built by New Flyer that included a Ballard Power 
Systems fuel cell with lithium phosphate batteries. 

CARB Regulatory Efforts Related to ZEB Buses 

The Zero Emission Bus (ZBus) regulation was designed by CARB to encourage the operation and 
use of zero emission buses in California urban bus fleets. CARB has provided workshops for 
transit agencies to focus on the current state of the technology. The workshops have included 
discussions on potential regulatory concepts and options under consideration for zero and 
near-zero bus deployment. 

CARB is now completing a technology assessment to evaluate and measure commercial 
readiness, and rule amendments that would provide a proper lead-time and the ramping up of 
requirements after commercial readiness of zero emission technology is achieved. CARB plans 
to implement this technology assessment and develop amendments to the Transit Fleet Rule 
regulation for their Board review in 2015. 

CARB has indicated that the Zero Emission Bus requirements of the Transit Fleet Rule are a key 
element in their strategy to encourage early development and commercialization of zero 
emissions technologies in heavy-duty applications, since the commercialization and widespread 
adoption of zero and near-zero technologies in the heavy-duty sector is critical for meeting 
California's air quality and greenhouse gas emissions reduction goals. 

Funding Opportunities 

The District continues to pursue grant opportunities to fund its zero em1ss1on initiatives. 
Funding for these programs can be broken down roughly into two categories - pilot programs 
and bus replacement programs. Pilot programs generally do not require the buses to meet the 
normal 12-year useful life standard for a transit bus. Bus replacement programs may not be 
specific to Zero Emission buses, but all require buses to meet the 12-year useful life standard. 

Pilot Programs 

• The California Energy Commission (CEC) released a grant opportunity for medium- and 
heavy-duty vehicles in December. The grant opportunity has $25 million available in grant 
sizes up to $3 million for zero- or near-zero emission vehicle demonstrations. The District, in 
partnership with the Center for Transportation and the Environment, applied for $3 million 
to retrofit up to six of the current fuel cell buses with new fuel cells. The project will 
demonstrate one method for prolonging the useful life offuel cell buses. 

• The California Air Resources Board (CARB) is expected to release a grant opportunity in April 
for zero-emissions heavy-duty truck and bus pilot projects. The grant opportunity has $25 
million in total funding, with a possibility for more funding if CARB adds funding from the 
following fiscal year. Staff is participating in CARB workgroups to develop the final 
opportunity guidelines. 
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Bus Replacement Programs 

• The purchase of zero-emission vehicles is eligible for funding under some of the Cap & 
Trade funding programs. Staff is following the development of the various Cap & Trade 
programs and will bring specific program grant requests to the Board. 

• CARB has a voucher program that can provide up to $160,000 per vehicle for the purchase 
of zero-emissions buses. 

• The District regularly receives FTA Section 5307 Formula funds for replacement buses 
through the Metropolitan Transportation Commission (MTC) Transit Capital Priorities (TCP) 
program. The amounts received depend on a standard pricelist developed based on agency 
input. Additional amounts are available per-bus if an agency decides to purchase low- or 
zero-emission buses. 

Next Steps 

The District will continue to pursue grant opportunities to fund its zero emission initiatives 
based upon Board direction. The information provided in this report should provide the 
background for the discussion required for decisions on the type of zero emission technologies 
that should be considered to determine the District's zero emission path going forward. 

ADVANTAGES/DISADVANTAGES: 

Zero emission buses provide several advantages to AC Transit, including gaining insight into the 
operating characteristics and cost of the bus fleet, fueling stations, and facility requirements. In 
addition, the program has allowed for a significant amount of grant funding for fueling stations 
and facility modifications. 

The disadvantages include the future capital and operating cost for maintaining such a program 
and for any expansion of the program. In addition, the staff time required to support this 
specialized fleet can impact the primary mission of the agency to provide high quality and 
efficient transit service to the East Bay service area. 

ALTERNATIVES ANALYSIS: 

The alternative to pursuing a Zero Emission Bus program is to maintain the existing program 
and not pursue any expansion of the zero emission bus fleet. While this alternative may be 
feasible in the short term, the procurement of zero emission buses will likely be required for 
compliance with future CARB rules requiring zero emission buses as part of the District fleet. 

PRIOR RELEVANT BOARD ACTIONS/POLICIES: 

Staff Report 14-013 

Staff Report 14-135 
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ATTACHMENTS: 

1: Zero Emission Bus Technology Workshop Presentation 

Executive Staff Approval: 

Reviewed by: 

Prepared by: 

James Pachan, Chief Operating Officer/Interim Chief Financial 
Officer 

Denise C. Standridge, General Counsel 
James Pachan, Chief Operating Officer/Interim Chief Financial 
Officer 
Salvador Llamas, Director of Maintenance 

Stuart Hoffman, Manager Technical Services 
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Zero Emission Bus 
Technology Workshop 

Stuart Hoffman, Manager Technical Services 

March 25, 2015 

SR 15-01 7 
Attachment 1 

ZEB Technologies _hl~.~r ...... '7!:'"' 

Battery Electric Buses 
• Large bank of batteries with one or more electric motors utilized 

to propel the bus. 

• Buses can be charged in route for continuous all-day service or at 
the operating division yard. 

Fuel Cell Buses 

• Proton exchange membrane fuel cell generates electricity from 
hydrogen to charge a smaller bank of batteries to propel the bus. 

• Bus requires a hydrogen fuel storage system containing either a 
series of high pressure cylinders or a cryogenic tank. 

• Would not require any overhead electrical wiring for bus charging 
at specific street side locations to support District routes. 

3/19/2015 

1 
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ZEB Procurement Costs 

Battery Electric Buses 

• Base forty foot buses are being quoted by manufacturers at 
between $570,000 to $800,000 per bus. 

• Several transit agencies have purchased battery electric buses 
within this range of pricing. 

Fuel Cell Buses 

• Current fleet of Van Hool fuel cell buses cost $2.5 million each. 

• Sun Line Transit fuel cell procurement cost was recently 
reported at $1.8 million per bus based on a (1 0) bus consortium 
order with delivery in 2016 or 2017. 

ZEB Infrastructure 

Battery Electric Buses 

• BYD - slow charge in 3-4 hours. Charging station - $8,000 per bus. 

• Proterra I Nova I New Flyer- 5-10 minutes fast-charge in-route. Charging 
station - $500,000-$550,000 for multiple buses. 

• Charging station costs do not include installation and possible PG&E 
modifications and/or limitations. 

Fuel Cell Buses 
• Hydrogen delivered by truck and/or manufactured on-site. 

• Hydrogen fueling stations cost approximately $12.3 million dollars. 

• Annual fueling station operating cost about $250,000. 

3/19/2015 

2 
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ZEB Maintenance & Performance ~~~~T 
Battery Electric 

• Routine maintenance less than conventional diesel buses. 

• Proterra I Nova I New Flyer - in-route charging with all day operation. 

• BYD- range limited up to 155 miles before recharging is required. 

• Energy cost of $0.31 per mile based on Altoona bus testing. 

Fuel Cell 
• Routine maintenance costs higher than conventional diesel buses. 

• Maximum range of Van Hool fuel cell buses is 220 miles. 

• Total mid life replacement cost not known at this time. 

Cal Start estimated $750,000 fuel cell replacement cost for CEC grant. 

• Energy cost of $1.40 per mile based on price of hydrogen. 

ZEB Manufacturer Availability 

Battery Electric Buses 
Currently four Buy America compliant bus manufactures: 

• BYD ~ -- . • New Flyer 

• NOVA Bus 

• Proterra 

BYD and Proterra have completed Altoona testing. 

Fuel Cell Buses 
Currently two Buy America compliant bus manufactures: 

• New Flyer 

• American Fuel Cell Bus 

No fuel buses have completed Altoona testing . 

3 
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Examples of ZEB Programs 

Battery Electric Buses 
• (13) BYD buses at Stanford, California 

• (15) Proterra buses at Foothill Transit 

• (2) San Joaquin Transit 

Fuel Cell Buses 
• (13) A. C. Transit 

• (5) SunLine Transit 

• (10) Alberdeen, Scotland 

• (5) Oslo, Norway 

ZEB Funding Opportunities 

California Energy Commission (CEC) 

• $25 million available in total grants sizes up to $3 million each. 

• A. C. Transit along with Center for Transportation and 
Environment have applied for $3 million to retrofit (6) current 
fuel cell buses. 

California Air Resources Board (CARB) 
California Environmental Protection Agency 

0 Air Resources Board 

• $25 million in total funding available in 2015 

• A.C. Transit is participating in CARB workshops to develop final 
opportunity guidelines. 

3/19/ 2015 

4 
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ZEB Challenges - Battery Electric .r)l~r 

Battery Electric Buses 

• No current charge standards for heavy-duty vehicles. 

• Different propulsion system voltages used by 
manufacturers. 

• Improving systems integration and optimization. 

• Providing adequate parts supply. 

• Depot charging concept results in limited range and 
heavier vehicles due to additional batteries. 

• The lack of industry standards causes difficulty for 
agencies to operate mixed fleets of electric buses on the 
same routes. 

ZEB Challenges - Fuel Cell 

Fuel Cell Buses 

• Increasing reliability and durability of fuel cell and related 
components to diesel bus standards. 

• Improving systems integration and optimization. 

• Providing adequate parts supply. 

• Reducing capital and operating costs to equal performance 
of the baseline bus. 

• Fuel Cell technology diagnostic and repair training for 
mechanics. 

• Scalability of hydrogen fueling stations to support larger 
fuel cell bus fleets. 

3/19/2015 

5 
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THANK YOU 

ANY QUESTIONS? 

6 
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M E M O R A N D U M Bd. #15-017A

25 March 2015

To: AC Transit Board

CC: AC Executive Staff, Salvador Llamas, Stuart Hoffman, Chris Andrichak

From: Chris Peeples (510-891-7151, chris_peeples@yahoo.com)

Date: 24 March 2015

Re: Additions To And Comments On Update On Zero Emission Bus

Technology

4444444444444444444444444444444444444444444444444444444444444444

Colleagues:

I greatly appreciated the opportunity to meet with Jim and his team last week

for a brief review of this memo and its accompanying PowerPoint slides.  I was able to

give them some feedback “off the top of my head,” some of which has been incorporated

into their report.  I also greatly appreciated the plant tour and briefing given to me by

ProTerra and the bus demonstration and willingness to provide a plant tour by BYD.  I

have now had the opportunity to reach out to various vendors and other experts in the

field, and wish to forward the following thoughts for your consideration.

Summary

AC transit has the premier program in the country, probably in the world, in

deploying the most technologically advanced and reliable zero-emission buses.  We

have proved that those buses can be a one for one replacement for diesel or CNG with

steadily decreasing costs.  As demonstrated at our meeting in June and as I believe will

be demonstrated tomorrow, there is substantial academic and political support for

continuing the deployment of fuel-cell buses.  Various kinds of battery electric buses

have skilled and knowledgeable salespeople and those buses are also being deployed,

both locally and around the country.  So long as there are entities that are willing to

fund our continued deployment, we should continue as the world’s leading fuel cell

operator.

General Analysis

A. Deployment Flexibility

The report ignores the most desirable benefits of fuel cell buses: they are the

only zero-emission technology that is capable of replacing one-for-one a diesel or CNG

bus. Fuel cell buses need only be fueled once at the division and then deployed on the

vast majority of routes operated by a transit agency, hills or major trunklines
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notwithstanding. Fueling infrastructure for fuel cell buses is already standardized and

centralized and mirrors current transit agency operations. The same cannot be said for

battery-electric bus infrastructure.  

As the report points out, there is no common standard among battery electric

bus manufacturers as to voltages or charging systems.  Thus, if we were just to decide

to purchase ProTerra buses, then in the next cycle decide (for whatever reason) that we

wanted New Flyer in–route recharging buses we could not use the millions of dollars in

ProTerra chargers to charge the New Flyer buses, nor could we use the New Flyer

chargers to charge ProTerra buses.  We would thus be stock with a series of sub fleets

that were only usable on particular routes.

In general, the primary advantage of bus service over other fixed route transit

modes is the ability to change routes and service to respond to changing land uses and

development patterns. Overnight charging options have limited range and duty cycles.

On-route charging fixes a route and is not easily adaptable to route modifications.

B. Fuel Cell Bus Cost

The report talks about current fuel cell bus costs, but does not discuss the

trajectory of those costs or the current delivered cost in Europe.  Our first three buses

(out of a build of three) cost $3.2 million each, our current 12 (out of a build of 16) cost

$2.6 million each.  The “All-American” consortium bus delivered to Sun line cost $1.8

million each.  The latest 10 buses delivered in Aberdeen, Scotland cost about $920,000

each (€850,000).  That is directly in line with the estimate given by America’s largest

bus manufacturer, New Flyer, in its letter to CARB, a copy of which was provided to us

at the 11 June meeting on this subject.  That estimate was for a 40 bus order, so I

would estimate that for a smaller order the cost would be slightly higher, but nowhere

near $1.8 million.

These prices also validate the 2012 DOE/FTA report on projected costs and

performance targets.  (Copy attached.)  (Note also that the 2016 target for power plant

lifetime is 18,000 hours.  Our most senior fuel-cell already has more than 19,000 hours

and it is early 2015.)

The report does not consider the cost of needing multiple battery electric buses

to replace one diesel or fuel cell bus or the operating cost of deadheading a range

limited overnight recharging bus back to the yard.
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C. Technology Readiness Levels (TRL):

At the International Fuel Cell Bus Workshop in Palm Springs last month

(February 2015), a representative of five of the largest bus manufacturers in Europe

(Mercedes, MAN, Van Hool, VDL, and Solaris), each of whom have considerable

experience with electric-drive buses, cited that fuel cell buses have achieved a TRL of 7

or 8 (on a scale of 1 to 9, with 9 being a commercial product), whereas battery-electric

buses are at TRL 5 or 6. This is in part based on the challenges associated with

battery-electric charging infrastructure, the uncertainties of battery durability and the

financial strength of battery companies, and the inherent limitations of deploying

battery-electric buses on a high percentage of routes and duty cycles. This assessment

comes from very profitable bus OEMs, whose primary product lines are buses with

conventional propulsion technologies, most of whom also have significant experience

with electric trolley buses.

The 2013, McKinsey & Company report entitled, “Urban buses, alternative

powertrains for Europe” identifies fuel cell buses as a necessary technology to meet the

EU’s carbon reduction goals in terms of grams of CO2/km.  Those goals are similar to

California’s AB 32 goals.

D. In-Service Experience: 

The fact remains that there is very little empirical data and in-service miles for

battery-electric buses compared to fuel cell buses. AC Transit has accumulated over

one million miles of service on their buses, and worldwide there is more than six (6)

million miles of service with fuel cell buses. The data also shows that the majority of

reasons for taking a bus out of service are related to non-fuel cell issues, such as

battery and drive-system components. DOE, FTA, and CARB are looking to collect

performance data on battery-electric buses in the future as more of these vehicles are

deployed in the field on heavy-duty urban transit routes. 

E. “Fuel” Cost

Thus far, the various agencies who have been experimenting with in–route

recharging battery electric buses have been able to negotiate with the California PUC

to avoid the “demand charges” normally associated with heavy mid–day electricity use. 

Before foothill transit was able to negotiate that tariff with the PUC, their electricity

cost was running several dollars a mile.  I am not clear if those tariffs are permanently

changed or are changed only temporarily for those agencies experimenting with

in–route charging battery electric buses.  

The current cost of hydrogen at $8.898/kg (according to Linde) is admittedly

high, but research being conducted by DOE’s National Labs is projecting a cost of $6/kg

in the 2020 timeframe, as demand and volume production increase in the

transportation sector. The California Energy Commission, the California Air Resources
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Board, and DOE expect to see price parity between hydrogen fuel and petroleum-based

fuels over time. The current price of petroleum fuels does not reflect the externalities

associated with both criteria and Greenhouse Gas emissions. Hydrogen used in a fuel

cell reduces CO2 emissions by 43% compared to diesel buses, and there are no

emissions from the tailpipe. 

F. Fueling Station Cost

The staff report cites a cost of $12.3 million to build a hydrogen station and that

the current AC Transit stations can only fuel 12 buses each. This is incorrect. The cost

of the Seminary station, including the Bloom Energy stationary fuel cell, was $12

million, but the cost of the hydrogen-only facility, exclusive of the electrolyzer and the

Bloom Energy system, was $5.6 million. A new station capable of fueling 25 or more

buses with a cryogenic pumping system can be built at a cost of between $3 million and

$4 million. (These cryogenic systems are about to go into production by all three major

industrial gas companies.)  Each of AC Transit’s existing stations is able to fuel up to

15 buses (25 kilograms per bus) during a seven-hour fueling window, between 10 p.m.

and 5 a.m. 

G. Maintenance Cost

According to NREL the maintenance costs for ProTerra buses are quite variable. 

They saw very different cost data from 2 fleets – they thought that Star Metro must

have been doing much of the work on their buses. They had high maintenance costs.

VIA has very low costs – which lead them to believe that ProTerra was doing a lot of

the work.  Unfortunately, unlike the national fuel cell bus program, there is not a very

robust analysis going on of the experience with the various battery electric buses. 

From my visit to ProTerra, my guess is that they are making fairly substantial

advances in the reliability and durability of their buses, but, as noted above, they have

nowhere near the in-service experience that we have (and the various European

manufacturers have in Europe).  (I am told that Toyota and Hino will announced their

new FC bus within a year.  Toyota, of course is quite committed to a fuel cell car.)

Attached is a page by page discussion of the report and of the PowerPoints.
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SPECIFIC COMMENTS

Page 1 (73), Budgetary/Fiscal Impact

CARB will be addressing AB 32 goals with regulations that will require more

stringent adherence to higher criteria and GHG emission reduction standards. Zero

emission propulsion technologies will play a dominant role in meeting those standards.

The state and its implementation agencies – CARB and CEC – intend to provide

assistance to transit agencies in helping to bridge the cost gaps associated with higher

emission standards, utilizing revenues from Cap and Trade and DMV fees. 

Page 3 (75), Battery-electric bus (BEB) Acceleration 

Electric buses indeed have excellent torque and hill-climbing capability, but

assigning a battery-electric bus with overnight charging to hill routes would

significantly reduce its range and sustained hill-climbing power.

Page 3 (75), Cost of “The American Fuel Cell Bus”

The $1.8 million per bus for this particular vehicle does not necessarily reflect

the cost of building a fuel cell bus when a bus OEM acts as the prime contractor,

responsible for both manufacturing and integration. In Europe, the latest price for a

fuel cell bus is €850,000 ($920,000). In the United States, the price of a fuel cell bus

built and integrated by a bus OEM, who takes on the responsibility as the prime

contractor, will significantly reduce the cost of the bus. The largest bus OEM in North

America (New Flyer Industries) has provided a letter to CARB committing to a vehicle

price of less than $1.0M USD at a volume of 40 vehicles or more.

Page 4 (76), Fuel Costs

While it is true that the current cost of fuel is higher for hydrogen, price parity

with petroleum fuels is expected to be reached by 2020, if not sooner. In any event,

environmental regulation and the economics of using non-renewable sources of fuel will

ultimately drive up the price of petroleum-based fuels, while an increase in the demand

for hydrogen (both for cars and buses) will drive up production volumes and supplies,

resulting in more competitive pricing.

Page 4(76), Maintenance Costs

Maintenance costs continue to decline as fuel cell technology continues to

mature. While AC Transit paid $9,000 per kW for the fuel cells in AC Transit’s fleet,

the price has dropped to under $3,500 per kW, and the projected cost per kW in the

next four to five years is as low as $250 per kW because of anticipated higher

production volumes and better supply chain support (these cost reductions are also

expected because of the rollout of fuel cell cars). 

Much of AC Transit’s fuel cell maintenance expenses are a result of delays in

building service bays at Emeryville and requiring buses to be shuttled between

Emeryville and Seminary for PM service, and sometimes as far south as the Hayward

Division to access the overhead hoist for removing batteries. Regardless, new buses
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supported by U.S. bus manufacturers and expanded production volumes will benefit

from supply chain cost reductions.

Page 4 (76), Cost Savings from “further electrification of bus components”

The staff report speaks to further cost reductions associated with, “. . . the

electrification of HVAC systems, air compressors, steering motors, door systems, and

wheel chair ramps.” An AC Transit fuel cell electric bus is already fully electric,

including all of the auxiliary components and systems on the bus. Price reduction will

come with volume production of buses and a stronger supply chain network.

Page 4 (76), Fuel Cell Engine Replacement Estimated at $750,000

The quoted estimate for replacing a fuel cell system is not correct. It reflects an

offer that one supplier proposed to staff. New fuel cells are considerably less in cost.

However, to do a first-time retrofit with a new fuel cell and possibly new batteries, will

require extensive Non-Recurring Engineering (NRE). The expected long-term cost of

mid-life replacement is projected to be no more than replacing a diesel engine and

transmission. Fuel Cell technology is very conducive to plug and play integration.

When AC Transit staff replaces the same Balance of Plant fuel cell “box,” in one of its

buses, it takes no more than four (4) hours to remove one fuel cell system and install a

new one.

Page 4 (76), Estimated Range of A Fuel Cell Bus is 220 Miles

The American Fuel Cell bus is specified at 260 miles range and routinely travels

more than 300 miles in normal revenue service with SunLine Transit. The AC Transit

buses are presently fueled to 350 Bar pressure, but it’s possible to increase the

pressure to 380 Bar, which would increase the range by another 15 or 20 miles. Future

onboard storage systems could be configured to fuel to 700 Bar pressure, which is

becoming the standard for fuel cell cars and is proposed for the anticipated

Toyota/Hyno bus. This would increase the range to 350 miles or more.  Our first 3 fuel

cell buses (based on the Van Hool A330) had a range of close to 350 miles.  The current

fleet (based on the Van Hool A300L) was specified with fewer fuel tanks because we did

not need that much range.

Page 5 (77), “The advancement of battery electric buses has outpaced fuel cell buses in

recent years.”

This is not correct, because scaling up the size of a battery-electric deployment

has not been adequately demonstrated or analyzed. There are far more miles on fuel

cell buses operating on heavy-duty transit routes worldwide than battery-electric

buses. There is also very little independent analysis of batter-electric buses, whereas

DOE and FTA, working with the National Renewable Energy Laboratory (NREL),

have been closely monitoring the performance and cost of fuel cell buses for more than

10 years. 

Both buses use the same propulsion system, and both rely on the efficiency of

batteries to handle regenerative energy. 
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Page 5 (77), Fast charging on route in 5 to 10 minutes

Layover time at bus terminals is not guaranteed. This is “recovery” time, and if

an operator is delayed in route, there may not be 5 to 10 minutes of time to adequately

recharge the bus. This could present a serious operating challenge and impact the

ability of the driver to maintain scheduled service.

Page 5 (77), Inductive Charging

Inductive charging may offer an alternative, but this technology has not yet been

successfully demonstrated with power ratings in excess 50 kW. 300 kW to 450 kW

systems are needed to support on-route charging of 40’ and 60’ trunkline buses. This is

successfully being demonstrated with conductive charging systems, but has yet to be

proven with inductive charging systems.

Page 5 (77), Conductive or Inductive Fueling Station Capital and Maintenance Costs

An overhead conductive charging system may cost upwards of $600,000 (not

$500,000 to $550,000, as noted in the staff report), not including costs associated with

installation and high-voltage power feeds. At APTA, several battery bus OEMs told me

that conductive charging stations could cost $1,000,000 depending on infrastructure

costs.  And that to serve only 6 buses.  These systems will support approximately six

buses on a specific line. A single line with 20 buses may require as many as three or

four charging stations. The infrastructure will also require exclusive rights of way to

ensure that other heavy-duty vehicles do not damage the overhead conductors. On the

other hand, fuel cell buses fuel only once at the maintenance center and can stay in

service 19 to 20 hours or more without having to refuel.

Page 6 (78), Overnight/Mid-day Charging System, Capital and Maintenance Costs

The staff report suggests that it is relatively easy and cheap to install charging

stations at the maintenance yard, but this is not so simple if you are charging 50 to 100

buses or more with high-voltage power. There would be significant costs associated

with installing this infrastructure in a yard crowded with parked buses. Once installed,

it would be very difficult to reconfigure parking and traffic patterns in the yard.  As the

staff report points out, it may be necessary to work with PG&E to insure there is

adequate power to serve a fleet of overnight charging stations.

Page 6 (78), Hydrogen Fueling Station Capital and Maintenance Cost

The staff report cites a cost of $12.3 million to build a hydrogen station and that

the current AC Transit stations can only fuel 12 buses each. This is incorrect. The cost

of the Seminary station, including the Bloom Energy stationary fuel cell, was $12

million, but the cost of the hydrogen-only facility, exclusive of the electrolyzer, was $5.6

million. A new station capable of fueling 25 or more buses with a cryogenic pumping

system can be built at a cost of between $3 million and $4 million. Each of AC Transit’s

existing stations is able to fuel up to 15 buses (25 kilograms per bus) during a

seven-hour fueling window, between 10 p.m. and 5 a.m. 
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Page 6 (78), $250,000 annual station maintenance fee

This is an all-inclusive cost. Future station technology will require less O&M

expense. It should be noted that operating a diesel fueling system is not maintenance

free. It can cost as much as $40,000 in annual maintenance fees, with the possibility of

an additional $50,000 to $75,000 in repair fees. These costs don’t include AC Transit

staff expenses associated with managing and maintaining the fueling system. In

addition, the underground diesel and gasoline storage tanks at both Emeryville and

Seminary Divisions are more than 25 years old. The cost of replacing tanks at each

location would be in excess of $1 million per station.

Page 7 (79), Manufacturer Availability

The staff report states that there are two “Buy America” compliant bus

manufacturers –  “New Flyer” and the “American Fuel Cell Bus.” The latter is not a

bus manufacturer. It refers to a “Buy America” compliant fuel cell bus, which uses a

multi-party consortium approach to the  prime contract. 

Page 7 (79), Stanford University and Foothill Transit Battery-Electric Bus Fleets

Both the Stanford and Foothill battery-electric fleets operate on flat terrain with

relatively light duty cycles. They do not encounter the heavy-duty transit drive cycles

that AC Transit buses must negotiate.

Page 9 (81), Advantages/Disadvantages

The staff report states, “. . . the staff time required to support this specialized

fleet can impact the primary mission of the agency to provide high quality and efficient

transit service to the East Bay service area.” AC Transit’s fuel cell bus fleet now has

more than one (1) million miles of service and has carried in excess of four (4) million

passengers. The General Manager spoke at the International Fuel Cell Bus Workshop

last month and noted that these buses are performing on par with the rest of AC

Transit’s fleet.

SLIDE PRESENTATION (Also refer to previous comments concerning the written

report.)

Page 84, slide #3 (top)

The cost of a new fuel cell bus offered by a major bus OEM would be closer to $1

million, not $1.8 million.

Page 84, slide #5 (bottom)

The cost of a hydrogen fueling station is not $12.3 million. A new station with

new technology would be between $3 million and $4 million.

Page 85, slides #6 and #7

Fuel cell buses have virtually the same propulsion and electric-drive systems as

battery buses, with the exception of the fuel cell power plant, which is the least

problematic component of the entire drive system. The fuel cell is proving to be very

durable and reliable, with the lead fuel cell now in excess of 19,000 hours. Maintenance
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costs for fuel cell buses over time are expected to be less than diesel buses for the same

reasons as battery-electric buses – they are both electric-drive vehicles with fewer

moving parts. 

Page 85, slide #7 (bottom)

“American Fuel Cell Bus” is not an OEM manufacturer. The prime contractor is

an integrator and manufacturer of hybrid-drive systems. This particular bus is

scheduled to go to Altoona later this year. New Flyer’s articulated fuel cell bus will also

be going to Altoona in 2015.

The BYD battery-electric bus went through extensive testing but experienced

significant structural problems and failures, as detailed in the report issued by FTA’s

Altoona Bus Testing and Research Center at Penn State University.  I have a copy of

that report if anyone wants to read it.

Page 86, slide #8 (top)

The report cites only a few active fuel cell demonstration projects worldwide,

with only 33 buses, but in fact, in addition to the fuel cell buses in the United States,

there are 48 fuel cell buses in service in Europe, with another six scheduled to enter

service in 2015 and 21 in 2016. There is also deployment of fuel cell buses in Japan,

with Toyota Hino, and Korea, with Hyundai.

Page 87, slides #10 and #11

The challenges identified for battery-electric buses exclude the difficulties of

siting charging stations in urban areas, the problem of scaling infrastructure to

support 100 or more buses, and the lack of extensive operating data evaluated by a

third-party evaluator. Additionally, large traction batteries in general have yet to

prove their durability under the stressful conditions of high-voltage charging and

numerous charging cycles.

Responses and counter views to the challenges listed under fuel cells in the

bottom slide are addressed under the general and specific comments 
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Item: 
 
Performance, cost, and durability targets for fuel cell transit buses are presented in Table 1.  These 
market-driven targets represent technical requirements needed to compete with alternative 
technologies.  They do not represent expectations for the status of the technology in future years. 
 
Table 1.  Performance, cost, and durability targets for fuel cell transit buses. 
 
  Units 2012 Status 2016 Target Ultimate Target 

Bus Lifetime years/miles 5/100,0001 12/500,000 12/500,000 
Power Plant Lifetime2,3 hours 12,000 18,000 25,000 

Bus Availability % 60 85 90 

Fuel Fills4 per day 1 1 (< 10 min) 1 (< 10 min) 
Bus Cost $ 2,000,000 1,000,0005 600,0005 
Power Plant Cost2 $ 700,000 450,0005 200,0005 
Hydrogen Storage Cost $ 100,000 75,000 50,000 
Road Call Frequency 
(Bus/Fuel Cell System) 

miles between road 
calls 2,500/10,000 3,500/15,000 4,000/20,000 

Operation Time 
hours per day/days 

per week 19/7 20/7 20/7 
Scheduled and 
Unscheduled 
Maintenance Cost6 $/mile 1.20 0.75 0.40 
Range miles 270 300 300 

Fuel Economy 
miles per gallon 
diesel equivalent 7 8 8 

                                                 
1 Status represents data from NREL fuel cell bus evaluations.  New buses are currently projected to have 8 year / 
300,000 mile lifetime. 
2 The power plant is defined as the fuel cell system and the battery system.  The fuel cell system includes supporting 
subsystems such as the air, fuel, coolant, and control subsystems.  Power electronics, electric drive, and hydrogen 
storage tanks are excluded. 
3 According to an appropriate duty cycle. 
4 Multiple sequential fuel fills should be possible without increase in fill time. 
5 Cost targets represent acquisition cost projected to a production volume of 400 systems per year. This production 
volume is assumed for analysis purposes only, and does not represent an anticipated level of sales.  
6 Excludes mid-life overhaul of power plant. 

                                                 
* The data, assumptions, and targets were reviewed by DOT (Christina Gikakis, Sean Ricketson, Gregory Rymarz) 
and NREL (Leslie Eudy). 
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Supporting Information: 
 
On May 9, 2011, the U.S. Departments of Energy (DOE) and Transportation (DOT) issued a joint 
request for information (RFI), DE-FOA-0000542 [1], soliciting comments from stakeholders and 
the research community on proposed technical targets for fuel cell transit buses.  The targets 
proposed in the RFI, as detailed in Table 2, were generated at a pre-RFI workshop organized by 
DOE and DOT on June 7, 2010 in Washington, D.C. [2], and were further revised through 
interactions with the research community prior to release of the RFI. 
 
Table 2.  Performance, durability, and cost targets for fuel cell transit buses proposed in the 2010 
RFI. 

  Units 
Current Status 

(Estimated) 
Commercialization 

Target 

Bus Lifetime years/hours TBD 12/36,000 
Power Plant Lifetime1 years/hours NA/8,000 6/18,000 

Bus Availability % 66 85 

Fuel Fills2 per day 1 1 (< 10 min) 
Bus Cost $ 2,300,000 1,000,000 
Power Plant Cost3 $ TBD TBD 
Road Call Frequency 
(All/Powerplant) 

miles between 
road calls 1,900/2,400 4,000/10,000 

Operation Time 
hours per day/days 

per week 19/7 20/7 

Operating Cost 
$/mile (includes 

fuel) TBD 1.16 
Range Miles >300 300 
Efficiency % TBD TBD 

                                                 
1 According to an appropriate duty cycle 
2 Time to fill is important (should be less than 10 min) 
3 Includes cost of fuel cell system and battery system.  Excludes power electronics. 

Stakeholders and researchers submitted recommendations to DOE in response to the RFI.  
Revisions to the proposed targets were made using information provided in the RFI responses, as 
well as information obtained in subsequent discussions with respondents, and through peer 
reviews provided by several stakeholders and independent experts.  The revisions are documented 
below.  In addition to revising the ultimate targets, interim targets were established for 2016.  
These targets are intended to represent values required for initial commercialization. 
 
Bus Lifetime 
RFI respondents indicated that the proposed 36,000 hour target was too low, and that a target 
expressed in terms of mileage would be more appropriate than a target expressed in hours.  
Therefore, the bus lifetime ultimate target was changed from 12 years / 36,000 hours to 12 years / 
500,000 miles.  The targeted 500,000 mile lifetime is roughly equivalent to 50,000 hours at typical 
average bus operating speeds.  The 12 year/500,000 mile lifetime target is based on DOT 
minimum service life specifications, which require transit authorities to operate heavy-duty transit 
buses for a minimum of 12 years or 500,000 miles.  Attainment of the minimum specified service 
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life by the 2016 time frame is required for initial competitiveness with alternative technologies.  
Therefore, the 2016 interim target is identical to the ultimate target.  The current status of 5 years 
and 100,000 miles represents data from the NREL fuel cell bus evaluations [3]. 
 
Power Plant Lifetime 
The definition of “power plant” was clarified to include all components of the fuel cell system, 
including air, fuel, coolant, and control subsystems, as well as the battery system, and to exclude 
power electronics and the electric drive system.  The inclusion of batteries in the power plant 
definition is required to provide a balanced comparison of systems with varying degrees of 
hybridization.   
 
While the on-road bus lifetime target was revised to be expressed in terms of mileage, the power 
plant lifetime remains defined in terms of hours; a metric in terms of hours was deemed more 
appropriate for laboratory testing of fuel cell bus power plants.  The power plant lifetime status 
was changed from 8,000 hours to 12,000 hours, based on RFI input and subsequent stakeholder 
input on demonstrated lifetime and warranties offered.  This may include a planned stack 
replacement and/or battery replacement that is part of the baseline cost of the power plant.  The 
power plant lifetime ultimate target was increased from 6 years / 18,000 hours to 25,000 hours, a 
change necessary to keep the power plant lifetime target equal to 50% of the bus lifetime target, 
with an interim target of 18,000 hours in 2016.  The number of years is not specified in the new 
metric, based on stakeholder input indicating that durability in hours is the relevant metric.  The 
50% relationship between the power plant lifetime and bus lifetime ultimate targets is based on the 
expectation that the power plant will be overhauled, and the fuel cell stack and/or battery pack 
replaced, at the midpoint of the bus lifetime.  This overhaul would be analogous to the mid-life 
overhaul typically performed on diesel bus engines. 
 
Bus Availability 
The bus availability status was decreased from the proposed value of 66% to 60%, based on data 
from the NREL fuel cell bus evaluations.  Problems with the fuel cell system account for only a 
small fraction of the unavailable days.  Approximately 90% of the unavailable days are attributed 
primarily to problems in other bus subsystems, including the battery pack, hybrid electric drive, 
and general bus maintenance.  The bus availability ultimate target was increased from 85% to 
90%, a value indicated by RFI responses to be achievable, and one that could provide a 
competitive advantage over conventional diesel ICE buses (availability around 85%).  An interim 
target of 85% in 2016 was established. 
 
Fuel Fills 
A fuel cell transit bus would be expected to refuel once per day.  Based on RFI input and 
subsequent discussion with stakeholders, the targeted time required for filling was maintained at 
less than 10 minutes.  While shorter filling times could improve the competitiveness of fuel cell 
buses, this marginal improvement in competitiveness is not expected to justify the R&D cost 
required to develop fast fill technology, and the expected increase in cost when using this 
technology. 
 
Bus Cost 
The bus cost status was decreased from $2.3M to $2M based on RFI input.  RFI respondents 
indicated that an appropriate bus cost target would be between $700K and $1M, but based on a 
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lifecycle cost analysis, a more aggressive target was selected.  At the targeted fuel economy level 
of 8 miles per gallon diesel equivalent (mpgde), and an assumed hydrogen cost of $4 per gge 
($4.55 per gde), a fuel cell bus would be expected to yield lifetime (over 12 years) fuel savings 
worth nearly $300K when compared with a conventional diesel bus operating at 4 mpg [4] and an 
assumed diesel cost of $4.50 per gallon [5].  Therefore, with the assumption that a fuel cell bus 
could be competitive at a cost approximately $300K higher than a conventional diesel bus, a cost 
target of $600K was selected.  However, achievement of even lower cost levels may be required to 
reach lifecycle cost parity with conventional diesel buses, given that fuel cell buses would have 
higher power plant overhaul costs.  The $600K target is deemed appropriate at present, as it would 
represent a 70% decrease from current cost status, but the target should be reexamined in future 
years to address expected changes in operating costs, maintenance costs, and energy prices.  
Recognizing that achievement of this target is not expected in the near term, an interim target of 
$1M in 2016 was established.  These targets are intended to be achieved at an annual production 
volume of 400 buses per year, which represents approximately 10% of the annual U.S. transit bus 
market of 4,000 buses per year [6].  This production volume is specified for analysis purposes 
only, and does not represent an anticipated level of sales. 
 
Power Plant Cost 
The current average power plant cost status has been determined to be approximately $700K, 
based on RFI responses and subsequent discussion with stakeholders.  For a typical fuel cell 
system of around 150 kW, this status equates to $4,700/kW. 
 
The power plant cost target of $200K was based on RFI input on appropriate cost apportionment 
for bus subsystems.  Based on assumptions of a total bus cost of $600K, a cost premium of 
approximately $300K for a fuel cell bus over a conventional diesel bus, and $50K in savings due 
to elimination of the diesel engine and associated diesel subsystems, the allowable cost of the 
remaining subsystems (the power plant, hydrogen storage system, and electric drive) would be 
approximately $600K - $300K + $50K = $350K.  Of this total, $200K has been apportioned to the 
power plant.   
 
Similar to the case of the total bus cost target, the power plant target is lower (by approximately 
$100K) than most suggestions from the RFI.  However, achievement of this aggressive target is 
desired to allow fuel cell buses to be economically competitive with diesel buses in the absence of 
tax credits and other favorable policy provisions.  Recognizing that significant R&D will be 
required to achieve the ultimate cost target, an interim target of $450K in 2016 was established. 
 
Hydrogen Storage Cost 
The targets were clarified to indicate that the hydrogen storage system is treated separately from 
the power plant.  Based on RFI input and subsequent peer review by stakeholders, an ultimate cost 
target of $50K and a 2016 interim target of $75K were established for the hydrogen storage 
system, with a current status of $100,000.  For a typical onboard capacity of around 40 kg, this 
status equates to $75/kWh. 
 
Road Call Frequency 
The road call frequency target for the power plant was redefined as a target for the fuel cell 
system, which was deemed a more relevant metric for fuel cell buses.  The status was updated 
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based on more recent data from the NREL fuel cell bus evaluations [3], and the target was 
adjusted as required due to the change from a power plant target to a fuel cell system target. 
 
Scheduled and Unscheduled Maintenance 
As defined in the RFI, “operating cost” includes the cost of fuel; however, the introduction of a 
fuel economy target makes the inclusion of fuel cost in the operating cost target superfluous.  
Therefore, “operating cost” has been replaced with “scheduled and unscheduled maintenance 
cost.”  The status according to the new definition is $1.20/mile, based on an average of data from 
the NREL fuel cell bus evaluations [3], while the interim and ultimate targets are $0.75/mile and 
$0.40/mile, respectively, based on RFI responses and subsequent peer review by stakeholders. 
 
Range 
RFI responses indicated that the proposed vehicle range target of 300 miles is appropriate.  The 
range status was decreased to 270 miles, based on data from the NREL fuel cell bus evaluations 
[3]. 
 
Efficiency / Fuel Economy 
Since the fuel cell bus targets are mostly system-level targets, a fuel economy target was 
determined to be more appropriate than the proposed efficiency target.  Based on RFI responses 
and data from the NREL fuel cell bus evaluations [3], fuel economy status was determined to be 7 
mpgde.  The new target, 8 mpgde, is slightly higher than targets suggested in the RFI responses, 
but this more aggressive target was determined to be appropriate, based on the already high status, 
and the need to decrease lifecycle cost. 
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