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1. Introduction

Demonstrations of fuel cell buses (FCB) are being conducted in transit applications all over the world.  These buses are currently in the early prototype stage of development, but have experienced significant progress during the last several years. The transit industry has become an excellent “test-bed” for developing and optimizing advanced transportation technologies.  Transit buses are one of the best early transportation applications for fuel cell technology because they operate in congested areas where pollution is already a problem, are centrally located and fueled, are highly visible, and are government subsidized. Much progress has been made, but more work is needed to prove reliability and durability.  
The National Renewable Energy Laboratory (NREL) conducts evaluations of fuel cell transit buses for the U.S. Department of Energy (DOE) and the Federal Transit Administration (FTA). The objectives of these evaluations are to validate fuel cells in a transit application to determine the status of the technology and assess the progress toward technology readiness.  
This paper provides an update of the progress and accomplishments of two transit agencies demonstrating fuel cell buses–AC Transit in Oakland, California, and SunLine Transit Agency in Thousand Palms, California.  
2. Evaluation Objectives
The objective of the DOE/ FTA evaluations is to provide comprehensive, unbiased evaluation results of fuel cell and hydrogen bus development and performance compared to conventional baseline vehicles. NREL collects data on the fuel cell buses and analyzes the performance compared to conventional baseline vehicles. Baseline vehicles are typically diesel buses or occasionally compressed natural gas (CNG) buses.  Results are published at regular intervals and help to accomplish the following:

· Measure the progress of fuel cell buses toward commercialization.  

· Provide credible and consistent data collection and analysis for comparison.

· Enable the federal government to understand the status and progress of the work and to continue funding necessary research and development. 

· Provide information on the technology to the transit industry that will aid in making purchasing decisions.

3. Fuel Cell Bus Technology Description
The prototype fuel cell buses included in this report are the result of collaboration between ISE Corporation, UTC Power, and Van Hool.  Table 1 provides specifications for the buses.  
Table 1. Fuel Cell Bus Specifications

	Vehicle System
	Description

	Bus chassis
	Van Hool A330 low floor (ISE integration)

	Model year
	2005/6

	Length/width/height
	40 ft/102 in/139 in

	GVWR/curb weight
	43,240 lb/36,000 lb

	Wheelbase
	228 in

	Passenger capacity
	30 seated or 26 seated and two wheelchairs; 15 standing

	Fuel Cell 
	UTC Power PureMotion 120 Fuel Cell Power System

	Electric motor
	Two electric drive motors: 170 kW total (continuous)

	Accessories
	Electrical

	Hybrid type
	Series, charge sustaining

	Energy storage
	Battery – 3 modules/216 cells, sodium/nickel chloride ZEBRA; 53 kWh capacity

	Fuel capacity
	50 kg hydrogen


The buses use the PureMotion
 120 Fuel Cell Power System manufactured by UTC Power in a hybrid electric drive system designed by ISE.  The energy storage in this hybrid system consists of three ZEBRA (sodium/nickel chloride, high temperature) batteries.  The hybrid system is a series configuration, meaning the fuel cell power system is not mechanically coupled to the drive axle.  In this system, the fuel cell power system and energy storage system work together to provide power to two electric drive motors, which are coupled to the driveline through a combining gearbox.  The hybrid system uses regenerative braking to capture the energy typically expended during braking and uses it to recharge the energy storage system.  
AC Transit contracted to build four of these buses for operation in California; three for the AC Transit fleet in Oakland and one for SunLine in Thousand Palms.  NREL has published several reports for these buses in service.  Selected results for both fleets follow.
4. Summary Results from AC Transit
The Alameda-Contra Costa Transit District (AC Transit) provides public transit service in San Francisco’s East Bay area including Oakland, California.  The AC Transit service area of 360 square miles includes 13 cities and adjacent unincorporated areas in Alameda and Contra Costa counties.  In March 2006, AC Transit kicked off the demonstration of three prototype FCBs.  One of the FCBs is pictured in Figure 1.  AC Transit’s fuel cell demonstration program, called the HyRoad, has a goal of demonstrating the viability of an emission-free transit system.  The HyRoad program includes operating fuel cell buses and passenger cars, on-site hydrogen production, fueling, and vehicle maintenance, and public education and safety training. 
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Figure 1. One of three FCBs in operation at AC Transit

NREL is working with AC Transit and its project partners to evaluate fuel cell bus technology in real-world service. To provide a baseline for comparison, six Van Hool diesel buses were selected from buses of that type operating at the East Oakland Division.  The diesel and fuel cell buses at AC Transit are the same bus model, but the diesel buses are slightly older.  The FCB is a little more than 8,000 lbs heavier than the diesel bus, and this has reduced the passenger capacity.  These six diesel buses are operated along side the fuel cell buses.  The evaluation period for the fuel cell and diesel baseline buses for this report includes 17 months of operation from April 2006 through August 2007. 
The fuel cell buses are considered to be a prototype technology that is in the process of being commercialized.  The analysis and comparison with standard diesel buses help provide a baseline for the progress of the fuel cell bus technology.  The intent of the NREL analysis is to determine the status of FCB implementation and document the improvements that have been made over time at AC Transit.  There is no intent to consider this implementation of fuel cell buses as commercial (or full revenue transit service).  This evaluation focuses on documenting progress and opportunities for improving the vehicles, infrastructure, and procedures.
Bus Use – The three fuel cell buses were put into service in March of 2006.  FCB use was generally limited to weekdays and service within one eight-hour shift until the end of June 2007.  Other limiting factors included maintenance issues, availability of trained drivers, and availability of hydrogen fuel.  The diesel buses were used in typical service up to seven days per week and 16-20 hours per day.  During the evaluation period the fuel cell buses accumulated 54,404 miles and 4,938 fuel cell power system hours (this indicates an average speed of 11.0 mph during the evaluation period).  The monthly average distance for the diesel buses was 2,720 miles each, compared to the FCBs that operated a monthly average of 1,067 miles each.  This indicates that the FCBs operated only 39% of the miles that the diesel buses did in the same period.  
Fuel Economy – Overall, the three FCBs averaged 6.17 miles per kg of hydrogen, which equates to 6.97 miles per diesel gallon equivalent.  ISE also reported that the FCBs had approximately 1,035 kg of hydrogen removed during the evaluation period so that the buses could be taken into the maintenance facility.  This amount of hydrogen removed and vented equates to 10% of the hydrogen dispensed into the fuel cell buses.  The diesel fuel consumption for the evaluation period is only available for January through August 2007.  For this eight-month period, the six diesel baseline buses averaged 4.03 mpg, which indicates the fuel economy for the FCBs is an overall 73% higher than that of the diesel buses.  
Figure 2 shows a two-month rolling average fuel economy in both miles per kg and miles per diesel gallon equivalent for the FCBs as well as the diesel buses in miles per gallon.  The chart shows a progression downward for the average fuel economy at the beginning of the period, primarily due to some initial problems with the fuel cell systems.  This issue is discussed further in Section 6.  After the first change-out of the fuel cell systems, the fuel economy started back up again, but the problems reappeared.  In the last four months of the evaluation period, the fuel cell fuel economy was back to the expected level.  For those last four months, the fuel cell fuel economy was generally two times higher than the diesel buses on an energy equivalent basis.
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Figure 2. Fuel economy for AC Transit buses

Availability and Reliability – During the evaluation period, the FCBs were available a total of 665 out of a possible 1,087 days.  This equates to an overall availability of 61%.  Figure 3 provides the reasons for a fuel cell bus being unavailable for service.  The primary causes for unavailability were problems with the fuel cell power system, AC Transit maintenance, and problems with the ZEBRA energy storage. 
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Figure 3. Reasons for unavailability for the AC Transit FCBs
The transit industry uses miles between roadcalls (MBRC) as an indication of reliability.  A roadcall (RC) or revenue vehicle system failure (as named in the National Transit Database) is defined as a failure of an in-service bus that causes the bus to be replaced on route or causes a significant delay in schedule.  If the problem with the bus can be repaired during a layover and the schedule is kept, this is not considered a RC.  The analysis provided here only includes RCs that were caused by “chargeable” failures.  Chargeable RCs include systems that can physically disable the bus from operating on route, such as interlocks (doors, air system), engines, or things that are deemed to be safety issues if bus operation continues.  They do not include RCs for things such as problems with radios or destination signs.
Table 2 shows the RCs and MBRCs for each study bus categorized by all RCs and propulsion-related-only RCs.  The diesel buses have much better MBRC rates for both categories.  This is indicative of the low usage and prototype status of the fuel cell buses.  
Table 2. Roadcalls and MBRC for the AC Transit buses 
	Bus Type
	Mileage
	All Roadcalls
	All MBRC
	Propulsion Roadcalls
	Propulsion MBRC

	FCB
	54,404
	39
	1,395
	33
	1,649

	Diesel
	277408
	62
	4,474
	26
	10,670


Hydrogen Fueling – AC Transit fuels the buses at a hydrogen station designed, built, and operated by Chevron Technology Ventures.  The station consists of two natural gas reformers, which are capable of producing 150 kg of hydrogen per day.  Total storage capacity at the site is 366 kg.  Two dispensers are used to fuel the FCBs as well as a fleet of light-duty fuel cell vehicles in demonstration.  Table 3 summarizes the data collected on FCB fueling during the evaluation period.
Table 3. Hydrogen fueling data summary

	Total hydrogen dispensed
	9,421 kg

	Average daily hydrogen use
	31.7 kg

	Number of bus fills
	418

	Average fill amount
	20.2 kg

	Average fueling rate
	1.5 kg/min

	Average time for a fill
	14 min


5. Summary Results from SunLine
SunLine Transit Agency provides public transit and community services to California’s Coachella Valley.  Headquartered in Thousand Palms, SunLine’s service area of over 1,100 square miles includes nine member cities and a portion of Riverside County.  SunLine began adopting clean fuel technologies, beginning with compressed natural gas (CNG) buses, in 1994.  Since then, the agency has tested many advanced technologies including buses that run on a blend of hydrogen and CNG, battery electric power, and fuel cells.  In late 2005, SunLine received its FCB from the AC Transit order – see Figure 4.  This is the third FCB SunLine has tested.  NREL is working with SunLine to evaluate this bus in comparison to conventional technology CNG buses in the same service.  
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Figure 4. SunLine's FCB
Bus Use – SunLine’s FCB was placed in service in January of 2006.   Total mileage accumulation for the evaluation period (January 2006 through June 2007) was 37,005 miles, and the fuel cell system accumulated 2,822 hours.  These numbers indicate an overall average operating speed of 13.1 mph, which is nearly the same as the overall SunLine operating speed of 13.2 mph.  The FCB averaged 2,056 miles per month, while the CNG buses averaged 4,418 miles per month.  Using the CNG buses as the baseline, the FCB had an average monthly mileage that was 47% that of the CNG buses.

Fuel Economy – Figure 5 shows average fuel economies for the fuel cell and CNG buses.  Fuel economies were calculated as a moving two-month average so that any significant fluctuations could be smoothed out and the cyclical pattern based on higher temperatures causing lower fuel economies and vice versa could be clearly shown.  For the CNG buses, the units are gasoline gallon equivalent (GGE); in the case of hydrogen, the unit used is kilograms (kg), which is essentially the energy equivalent of a gallon of gasoline.  Using the GGE fuel economy and the CNG buses as the baseline, the fuel cell bus had a fuel economy 2.5 times higher than the CNG buses. 
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Figure 5. Average fuel economy for the SunLine buses
Availability and Reliability – During the evaluation period, the FCB was available for 293 out of a possible 449 planned operation days.  This equates to a 65% availability rate.  SunLine’s CNG buses have an availability rate of 87%, which is slightly above the fleet goal of 85%.  Figure 6 shows the reasons for FCB unavailability.  The primary causes were problems with the fuel cell system and air conditioning, and lack of fuel.  
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Figure 6. Reasons for FCB unavailability at SunLine
Table 4 shows the RCs and MBRC for the buses in two categories: all RCs and propulsion-related-only RCs.  The CNG buses have had very few RCs.  The FCB has had several RCs and low vehicle usage, which is indicative of the prototype nature of the buses.  For the FCBs, 18 of the RCs were directly related to the ZEBRA batteries.  If these RCs were removed, the rates would be 2,847 MBRC for all roadcalls and 3,701 MBRC for propulsion only.

Table 4. Roadcalls and MBRC for the SunLine buses 

	Bus Type
	Mileage
	All Roadcalls
	All MBRC
	Propulsion Roadcalls
	Propulsion MBRC

	FCB
	37,005
	31
	1,194
	28
	1,322

	CNG
	265,107
	25
	10,604
	7
	37,872


Hydrogen Fueling – Fueling facilities at SunLine include private and public access for CNG, liquefied natural gas (LNG), compressed hydrogen, and a blend of hydrogen and CNG.  SunLine produces hydrogen on site using a natural gas reformer.  The HyRadix Adéo is a commercial product that uses a proprietary catalytic auto-thermal reforming technology.  The unit was installed at SunLine in August of 2006, and is capable of producing 9 kg of hydrogen per hour.  Table 5 summarizes the fueling data collected during the evaluation period at SunLine.  These data include fueling for an additional hydrogen fuel bus.
Table 5. Hydrogen fueling data summary

	Total hydrogen dispensed
	13,771 kg

	Average daily hydrogen use
	30.5 kg

	Number of bus fills
	726

	Average fill amount
	20.4 kg

	Average fueling rate
	0.97 kg/min

	Average time for a fill
	14 min


6. Summary of Achievements and Challenges
Demonstrations of FCBs in real-world service are essential for commercializing the technology. Controlled testing in a laboratory or on a test track cannot fully reveal the kinds of problems that might occur in the field. Therefore, the technology needs to be placed in the hands of users and tested in service. Manufacturers use these demonstrations to evaluate how the systems and components perform and verify the results from lab testing and modeling. For these demonstrations, the transit agency becomes an active partner in the development process. In this role, the agency aids the manufacturer as they further optimize and improve the systems. During the process, downtime for the test buses is expected, as manufacturers identify potential performance issues and continue to improve specific components as well as the overall system. These projects are critical for measuring progress and determining the next steps toward commercialization. 
The partners involved in these projects have made progress in moving the technology forward.  The following summarizes some of the achievements and challenges for these partners to date.

Achievements

· Bus operation – Fuel cell buses have been successfully operated in these two fleets for nearly two years, accumulating over 113,000 miles. 
· Hydrogen fueling – The fueling stations at each agency have dispensed more than 26,800 kg of hydrogen into the buses through December 2007 (includes fuel for four FCBs and one hydrogen hybrid internal combustion engine bus).
· Safety – Both agencies have operated hydrogen buses and infrastructure with no safety incidents. 
· Training – Both agencies have provided training to maintenance staff and bus operators, as well as local fire officials and first responders.  

· Public awareness – the buses and fuel cell technology have been introduced to the general public through many events and demonstrations.  

· Technology progress – Lessons learned with the buses and hydrogen infrastructure are being incorporated into the newest designs.

Challenges

· Funding – Current costs to purchase and operate this technology are still high.  These agencies have struggled to gain sufficient funds to continue the projects. 
· Energy storage – The ZEBRA batteries have had significant problems in this application.  The main challenges have been accommodating cell failures and optimizing the state of charge algorithm.  Because these batteries operate at 300°C, it has also been difficult to make sure that a spare battery is available and up to operating temperature for efficient battery replacement.

· Air conditioning – SunLine’s summer operation exposes buses to extreme heat conditions, with average high temperatures reaching the 110°F - 120°F range.  The system experienced early problems with failed evaporator and condenser motors.  Several changes and upgrades have resolved the problem.
· Fuel Cell Power System – UTC Power monitors the performance of the fuel cell power system remotely to analyze actual performance vs. predicted performance.  In June 2006, UTC Power observed that the cell stack assembly (CSA) performance was decaying at high current densities at rates that were beyond what was predicted.  An engineering investigation determined that contaminants were released from a material in the CSAs due to a supplier quality control problem with that material.  As part of UTC Power’s ongoing development, UTC Power has incorporated corrective action into the CSAs, thus eliminating this condition for all builds.  The company continues to use the experience and results generated from these projects to further refine and optimize the system.
7. Industry’s Needs for Continued Successful Implementation
The next stage in demonstrating new and advanced technologies such as these fuel cell and hydrogen-powered propulsion systems is to focus on optimization for cost-effective implementation in fleets. Specifically, the following issues need to be addressed:

· Cost—The number one priority for these technologies before they are fully deployed is to reduce the initial cost of purchasing the vehicles and infrastructure; this includes the cost to install infrastructure, deliver fuel, and operate and maintain vehicles and infrastructure alike.

· Performance and reliability—Significant work is required to ensure that these new technologies can operate in normal service; manufacturers  need to minimize the negative and maximize the positive differences between the new and the conventional technologies.

· Fleet personnel awareness and training—There is a need to focus on full implementation and integration within a fleet and fully train all relevant personnel.

· Durability—One of the few ways to control operations and maintenance costs is to address durability and to analyze the overall operation from a life-cycle-cost perspective.

· Continued data collection, analysis, and reporting—This activity must continue and must be widely available to be useful to policy makers and fleets.
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