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1. EXECUTIVE SUMMARY 
Today, fuel cell systems are getting much attention fiom the automotive industry as a future 

replacement for the internal combustion engine (ICE). Every US automobile manufacturer and 

most foreign firms have major programs underway to develop fuel cell engines for transportation. 

In 1983, the time this program was conceived, there was little interest in fuel cells for 

transportation applications and no established technology base to warrant development activity. 

This program was established to circumvent these limitations by fostering the development of fuel 

cell technology for transportation that would lead the way to commercial application. 

The objective of this program was to investigate the feasibility of using fuel cells for 

transportation applications and stimulate industry to consider fuel cells as an alternative to the 

ICE. The program progressed fiom feasibility demonstrations using laboratory hardware, to 

operation and demonstration of the world’s first heavy-duty fuel cell bus operating on liquid fuel. 

Three such vehicles (30-foot buses) were introduced beginning in 1994. The technical 

accomplishments of this program have certainly produced the stimulus for the growing interest in 

fuel cells by the automotive industry. 

Extensive development and operational testing of fuel cell systems as a vehicle power source has 

been accomplished under this program. The development activity investigated total systems 

configuration and effectiveness for vehicle operations. Operational testing included vehicle 

performance testing, road operations, and extensive dynamometer emissions testing. 

The experiences of this program are prerequisites for proceeding into commercially acceptable 

bus systems development. This effort led the way to the current Department of Transportation 

(DOT), Federal Transit Administration (FTA) program: “Development of a Domestically 

Produced Fuel Cell System for Transit Buses.” The FTA program is producing commercially 

viable, heavy duty 40-foot buses using both Phosphoric Acid Fuel Cells (PAFCs) and Proton 

Exchange Membrane Fuel Cells (PEMFCs) operating on liquid, non-petroleum fuels (methanol). 

This report details lessons learned, addresses operational problems encountered, and outlines 

requirements for future study and development. 

4 



II. INTRODUCTION 
In 1987, Georgetown University (GU) was awarded contract DE-AC08-87NV10649 by the 

United States Department of Energy (DOE) to provide Technical and Program Management 

assistance on a multi-phase fuel cell bus design and development program. As the program 

continued, the GU contract was expanded to include vehicle testing and engineering development 

tasks. As a result, GU has been able to transfer much of what was learned on the this fuel cell bus 

program to the DOT next-generation Fuel Cell Bus Commercialization Program. 

The ultimate environmental benefit for transportation fuel cells resides in the automotive 

application where the number of vehicles predominate. However, early in the establishment of 

this program, the transit bus application was selected as the entry for transportation he1 cells 

because: 

Transit buses have weightholume constraints amenable to today’s fuel cells 

Reduced emission transit buses could have immediate environmental benefits to inner cities 

Central fieling stations minimize fuel logistic issues 

Structured routes and maintenance will allow quantification of operational and cost issues 

Fuel Cell power should require no operational concessions with day-to-day transit bus routine 

Transit buses offer ideal opportunity to educate public of the technology 

This program was established to spur the development of fuel cell technology for transportation 

using the transit bus as a surrogate platform to lead the way to hture commercial automotive 

applications. 

A. Goals of the Fuel Cell Bus Program 
The goals of the Fuel Cell Bus Program are possibly more important now to the United States 

then they were at the beginning of the program. Reduced emissions, increased fuel efficiency, 

use of renewable fuels and a reduction in vehicle noise were all stated goals of the DOT Fuel 

Cell Bus Program. The key to meeting these goals is to develop a vehicle that will totally 

meet the customer’s (Transit Industry) requirements. If successhl, the Fuel Cell Bus Program 

5 



could become the cornerstone for the development of fuel cell powerplants for automobiles 

and other heavy-duty vehicles. 

B. Initial Fuel Cell Bus Concept 
The initial concept of a fuel cell bus was presented to DOT in 1983. Based on experience 

with design, fabrication and fielding of 404. battery powered buses for the Denver Mall, it 

was concluded that batteries alone were unable to supply enough energy for a full-sized transit 

bus to complete a typical mission. Therefore, a second source of power would be required to 

supply the average energy required by the vehicle. Research indicated that cleanest way to 

generate this energy would be with a fuel cell. This seemed feasible since a number of 

companies were fielding 40-200 kW stationary fuel cell powereplants running on reformed 

fuels (primarily natural gas) and Engelhard Corp. had developed a 5kW system for a forklift. 

The state-of-the-art fuel cell design in the mid-eighties dictated a 5OkW powerplant and 

batteries for additional power and load leveling. This fuel cellhattery system was the initial 

proposed baseline. 

C. Feasibility Study 
To determine if the fuel cell / battery bus concept was feasible, DOT funded Los Alamos 

National Laboratory to conduct a Feasibility Study. The results of that study (LA-10933), 

completed in 1985, indicated that the state of technology of fuel cells, reformers, batteries and 

power electronics had progressed enough that it was possible to package a system into a 

standard transit bus. Based on these positive results, in 1986 DOE joined DOT and embarked 

on a multi-year program which lead to the world’s f is t  liquid-fueled fuel cell powered road 

vehicles. 

D. The Fuel Cell Bus Program 
The joint DOE /DOT Program Plan for the Fuel Cell Bus Program detailed a four-phase effort 

beginning with a Proof-of Feasibility brassboard and ending with prototype bus testing. The 

four phases included: 
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PHASE I: Proof-of Feasibility - Trade-off analyses, development of performance 

specifkations, design, fabrication and testing of two hebat tery brassboard 

systems 

PHASE 11: Proof-of-Concept - Test-Bed Bus (TBB) design, fabrication, laboratory testing 

and vehicle integration 

PHASEIII: TBB Evaluation - Test track and route testing, data evaluation and emission 

testing 

PHASEIV: Prototype Buses - The program would transition to the DOT to f h d  the 

production of a small fleet of buses for in-service evaluation 

Two contractor teams participated in Phase 1. The team with the best performance was 

selected to continue into Phase 2. In addition, DOE awarded contracts in 1987 to GU and 

Argonne National Laboratory (ANL) to perform management and technical oversight during 

each Phase of the program. 

E. Georgetown University’s Task’s 
The GU contract (DE-ACO8-87NV10649) fiom DOE called for performing a number of tasks 

on the Fuel Cell Bus Program. The first was to be part of a Program Management Team 

(PMT). The PMT This team included representatives fiom DOE, DOT and ANL. 

determined overall Program goals, provided technical oversight and direction as needed, 

performed periodic technical and programmatic reviews, and assisted the Contractors as 

needed. 

In addition to the PMT activities, GU performed the following detailed Tasks: 

1 .I) Vehicle Design an Application Analysis - Technical Support 
GU provided technical support to DOE / FTA in the technical management of the 

Systems Design and Integration (SD&I) Contract. This support included definition of 

the transit mission requirements and simulation of typical missions, electric vehicle and 

component selection, evaluation of the performance and efficiency of the electric 

powertrain, and complete vehicle modeling. 
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1.2) Technology Transfer Assessment 
This involved the assessment of the state of development of the hardware being used by 

the transportation industry with an emphasis on transit operations, and plans for hture 

improvements. This required close contact via visits, correspondence and attendance at 

technical meeting and seminars with transit bus users and manufactures. GU’s mission 

was to keep potential users informed of the state of technology by visits, periodically 

presenting state-of-the-art technology and test results at seminars, and publishing 

papers. 

1.3) Coordination and Monitoring of SD&I Contract 
GU assisted DOE in preparing requirements documents and statements of work for the 

SD&I efforts, and reviewing proposals. GU also helped monitor program costs and 

schedules, reviewed documentation submitted by the selected SD&I contractor, 

coordinated program reviews, evaluated deliverables fiom the SD&I contractor, and 

prepared plans and procedures for consideration by DOE for the development of fbel 

cewattery bus system. 

1.4) Project Management & Reports 
GU provided project management to a team of contractor and Government professionals 

to accomplish the deliverable tasks. In addition GU provided cost and schedule control, 

weekly, monthly and quarterly reports. 

1.5) Subcontract Management & Coordination 
GU provided subcontract management and coordination for a number of subcontracts. 

These included subcontracts with thee  state universities: Florida, Alabama and West 

Virginia. Also major subcontracts with Energy Partners, Kane Lewis Productions, 

Greaney Design and various personal service agreements were successfblly managed. 

1.6) Fuel Cell Bus Test Program 
This task was added to the program in 1992 to facilitate operational testing and 

development of one of the TBBs at GU. This required the development and installation 

of a data acquisition system on the selected vehicle as well as emissions and efficiency 

testing on a chassis dynamometer. 
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111. PROGRAM HISTORY 

A. Phase I - Brassboards 
The technical plan and requirements for Phase I of the Fuel Cell Bus Program were based on 

the recommendations in the Los Alamos “DOT Fuel-Cell-Powered Bus Feasibility Study”. 

The Study concluded that the only fuel cell technology advanced enough to operate on a 

liquid fuel and be packaged into a transit bus was PAFC technology. Phase I would 

demonstrate PAFC technology readiness by funding the design, fabrication and testing of two 

25 kW brassboard PAFC systems. These systems would include the following: 

1. 

2. 

3. 

4. 

A fuel processor capable of efficiently converting methanol to a hydrogen rich gas, while 

maintaining an acceptably low level of CO (<1%). 

A PAFC stack with thermal control of approximately 30 kW (25 kW system net output). 

An automated control system capable of starting, idling, ramping output and shutting 

down the Fuel Cell Power System (FCPS). This automated control system would also 

monitor the FCPS and shut it down i f a  failure or out-of-range condition was detected. 

A DC to DC converter that allowed the FCPS to be connected to a load-bank and set of 

traction batteries. This simulated a hybrid vehicle drivetrain. 

As part of Phase I, additional studies were to be conducted to determine bus traction battery 

and propulsion system requirements, estimation of component life, vehicle life cycle analysis, 

and ability of proposed fuel cell vehicle to meet transit mission requirements. 

Two venders were selected to participate in Phase I of the Program: Engelhard Corporation 

of New Jersey (teamed with Fuji Electric in Japan) and Energy Research Corporation (ERC) 

of Connecticut. The primary difference between the two FCPSs was approach the venders 

took to stack cooling. EngelharMuji used a circulating dielectric oil to maintain stack 

temperature. A simple methanol burner was used to bring the oil up to temperature for start- 

up. Blowers and manifolds were used to maintain 

temperature and resistive heat was used for start-up. Both systems used low-temperature 

The ERC stack was air-cooled. 
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steam reformers and had simple DC to DC converters to match FC output voltage to battery 

voltage. 

At the end of Phase I, the PMT and a number of independent consultants reviewed both 

FCPSs for performance, size, weight, packaging, and applicability to transit service. The 

group recommended that the EngelhadFuji FC system be used in the 30-foot buses to be 

built in Phase II. Prior to the start of Phase XI, Engelhard Corporation licensed its technology 

to Fuji Electric and chose not to continue developing fuel cells. Fuji Electric thus became the 

FCPS vendor for that phase of the program. 

B. Phase !I - Bus Fabrication 
Phase II included the design, fabrication and initial testing of three 30-foot TBBs. A team of 

contractors with engineering development and prototype experience performed these tasks. 

The following contractors participated in the 30-foot &el cell bus development: 

H-Power Corp. (FEPC)- Prime Contractor responsible for program management, 

vehicle systems engineering, System Controller Subsystem 

(SCS), (Vehicle Computer) and initial bus testing. 

Bus Manufacturing Inc. @MI) - Bus chassis design, vehicle fabrication, hardware 

integration and document control. 

Fuel cell system design, fabrication, test and integration. 

DC to DC boost converter and low voltage power supply 

design, fabrication and testing. Motor procurement. 

Fuji Electric Co. - 
Soleq Corp. - 

Saminco Inc. - Motor controller. 

Booz Allan & Hamilton - 
Transportation Manufacturing 

Corp. (TMC> 

System support. 

40 - foot bus conceptual design study 

Each of the above team members were responsible for the design, fabrication and integration, 

at BMI, of their respective components. Although some design changes occurred between the 

first and second buses, the basic configuration of all three buses is identical. Due to the 
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expectation that operational testing would occur at GU, a more maneuverable, i.e. shorter, 

30-foot bus chassis was selected. GU performed a variety of computer simulations during this 

phase of the Program to determine baseline vehicle power requirements. The simulation’s key 

findings are summarized below: 

Peak motor input power to meet acceleration requirements- 

Peak system power required (motor, air conditioning, bus accessories)- 

Average power required over standard bus route - 

120 kW 

150 kW 

35 kW 

This large difference between the average and peak power allowed the use of a small (SOkW), 

slow-transient-response FCPS and a 100 kW battery. As a result, component packaging was 

simplified and technical risk was reduced. A detailed discussion of the TBB’s specifications 

can be found in the Final Report of DOE Contract DE-AC02-91CH10447 (Research and 

Development of a PAFC / Battery Power Source Integrated in a Test-Bed Bus). 

Phase 11 also included extensive performance testing of the first bus (TBB-l), at Aberdeen 

proving grounds, and limited acceptance testing of the remaining two buses. Testing 

confirmed that TBB-1 met all performance requirements except curb weight. It also 

highlighted a number of system and fuel cell design issues. Much of the effort GU would 

expend during Phase 111 related to the understanding and correction of these issues. This 

effort is detailed later in this report. 

C. Phase Ill - TBB Evaluation 
Phase Ill called for testing each of the three buses in “real-world” conditions at different 

locations Washington DC, Southern California and Chicago. This proved difficult, as 

technical support requirements were greater then initially expected and exceeded available 

funding. After its performance testing by the Prime Contractor, TBB-1 was sent to GU for 

limited engineering development and subsequently sent to ANL for demonstration service. 

Since funding was never made available for demonstration service for TBB-1, the bus was 

donated to the University of Florida’s Fuel Cell Testing Laboratory. TBB-2 completed three 
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test periods in Southern California; each separated by six-month “lay-ups” due to funding 

interruptions. TBB-3 was operated and is under test in the Washington, DC area by GU. 

In the short period of time TBB-1 was at GU, it was determined that the Original Equipment 

Manufacture (OEM) data acquisition system was inadequate for monitoring and trouble- 

shooting system-level interactions. GU, working with Fuji and the bus SCS developer, 

designed and fabricated a more complete data acquisition system. This was installed on TBB- 

3 and provided the insight to hl ly  measure and record vehicle system-level interactions. This 

data was used by GU to trouble-shoot TBB-3 and improve system interaction on the next- 

generation fuel cell buses. 

D. Phase IV- Prototype 30 foot Bus Fleet and Field Testing 
The initial Program Plan called for a small fleet of buses to be built and tested. A number of 

events occurred which required GU and the FTA to reevaluate this Phase of the program. 

First, DOE stopped hnding heavy-duty vehicle he1 cell development to focus on light-duty 

applications. Private industry was beginning to invest hundreds of millions of dollars in the 

PEM technology. Due to “Buy America” Federal Contract requirements, Fuji could not 

continue to participate in the program as a supplier for any follow-on FCPS. Finally, the 

transit industry and FTA wanted to focus on a larger 40-foot bus. The decision was made to 

terminate the program after Phase-III was completed. Further fuel cell bus development 

would be directed towards commercialization of the fie1 cell technology on a 40-foot bus 

platform under a new Grant between the FTA and GU. 

IV. GU ACTIVITIES 
Much of GU’s program activities under the DOE contract (Tasks 1.1, 1.2, 1.3 and 1.4) dealt with 

the day-to-day program management and technical oversight of the 30-foot bus program in Phase 

I and II. These Tasks were detailed in previous progress reports and were sharply curtailed in 

Phase III. The majority of GU’s effort in Phase III focused on emissions, efficiency and 

operational testing of TBB-3. This included the design, fabrication and testing of an additional 

on-board data acquisition system, reduction and interpretation of test data, and trouble-shooting 
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and repair of component failures on all three buses. As a result of this activity, GU determined 

that the Fuji FCPS control system cannot adequately control the he1 processor during day-to-day 

vehicle operation; manual intervention is mandatory. The regenerative braking system on the bus 

was interfering with the FCPS ability to supply the required energy for continuos bus operation. 

Also, the bus’s air-cooled power electronics tended to overheat in hot weather. During this same 

period GU continued to successfidly manage two major sub-contracts with the University of 

Florida for Hybrid model simulation work and with the West Virginia University for 

emissions testing. 

A. TBB-3 Data Acquisition System 
Soon after receiving TBB-1 from HPC, GU determined that the OEM data acquisition system 

was much too limited to monitor and trouble-shoot vehicle performance. As delivered, the 

System Controller Subsystem (SCS), (Vehicle Computer) only monitored and recorded the 

following fuel cell and bus parameters: 

0 FCPS Stack Voltage, Current and Output Power 

FCPS Fuel Flow and Operational State 

0 FCPS Fail Code 

0 Traction Battery Voltage, Current and State Of Charge (SOC) 

0 Traction Battery Temperature 

0 Chopper (DC to DC Converter) Current 

0 Bus Accessory Current 

0 Traction Motor Speed, Current and Voltage 

0 FCPS Ramp (icreasddecrease power) Command 

This data, particularly in the case of the FCPS is interface information. For example, the data 

acquisition system records the fuel flow into the FCPS and whether the FCPS is commanded 

to ramp up or down. It also monitors FCPS electrical outputs and the operational state of the 

FCPS. But the data collected provides no information on what is occurring inside the FCPS. 

During initial vehicle testing at HPC, numerous FCPS shutdowns occurred when the provided 

interface data looked normal. If Fuji personnel were present, they could access stored FCPS 
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data and provide some insight into the cause of the failure. This was a time consuming 

process with no simple way to correlate the FCPS data to the bus data. As a result, the root 

cause of most FCPS shutdowns were not well understood. 

Guys  approach to improve the data acquisition system was fourfold: 

1. Increase the number of performance parameters the FCPS sends to the SCS via the serial 

link. 

2. Add shunts to measure current flow to major components on the bus. 

3. Provide additional thermal couples to monitor power electronic component temperatures. 

4. Port all data to a laptop computer capable of running a standard data analysis program. 

The most challenging aspect of this approach was item 1. GU understood that Fuji would be 

sensitive about providing parameters that give insight into their FCPS control and operation. 

But aRer discussions with GU, Fuji understood the benefit of monitoring and recording FCPS 

performance along with bus parameters. To maintain adequate processing time, Fuji was only 

able to provide 16 additional parameters on the serial link to the SCS. GU and Fuji selected 

the following as the most important for tracking FCPS performance: 

0 Reformer Catalyst Temperatures (top, middle, bottom) 

0 Reformer Burner Temperatures (Middle & Side) 

Stack Temperature 

0 Stack Coolant Temperature (in, out) 

0 Start-up Burner Temperatures 

0 Pump Status (2,3,4 on or ofI) 

0 Stack, Reformer and Start-up Burner Blowers 

Methanol Heater Trim (on or off) 

Prior to this software change, GU received TBB-3 and returned TBB-1 to HPC for additional 

work. This allowed emissions and efficiency testing to be preformed on the newest and 
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“most” developed vehicle, TBB-3. Fuji then modified the TBB-3 control software to pass the 

additional data listed above to the FCPS. Since each bus control software is different, the 

modified TBB-3 software can not be installed on the other buses. The SCS software on TBB- 

3 was then modified to pass both the FCPS and battery data to the laptop via a RS232 

connection. 

Next, GU installed shunts and voltage dividers on the 12/24-volt circuits, the input to the fuel 

cell APU, and the input to the motor controller. Due to overheating of the FCPS control 

computer in early testing, GU installed a number of thermocouples to monitor electrical 

component temperatures. “Breakout boxes” were fabricated and installed to capture FCPS 

super-heater temperatures and the DC-to-DC converter control signal. These analog and 

thermocouple signals were wired to the on-board IOTech/DaqBook data acquisition system. 

The DaqBook system processed this data and provided it to the laptop via the parallel port. 

The final task was to select a data analysis program for the laptop and write a user interface. 

A number of programs were evaluated and National Instruments’ Labview was selected for 

this application. The user interface was developed and can be viewed in Figure 1. Labview 

also combines the data into one-hour packets and saves it as a text file that Microsoft Excel 

can read. This simplifies hture analysis of the data. 

B. TBB-3 Emissions & Efficiency Measurements 
GU contracted with WVU to perform emission and efficiency testing on TBB-3. WVU has 

two transportable heavy-duty-vehicle emission test laboratories. Each of these laboratories 

consist of an inertial dynamometer that connects to the wheel hubs of the driven axle, a heated 

dilution tunnel, equipment to sample and measure Carbon Monoxide (CO), Carbon Dioxide 

(COz,, Nitrogen Oxides (NO,,, Hydrocarbons (HC), and particulates, and a controller that is 

programmable for specific route cycles. WVU recommended that testing be performed in 

Morgantown, WV to minimize costs and allow access to campus labs and equipment. 
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Figure 1: Labview User Interface 

Emission tests were broken into three categories: 

1. Start-up and shutdown tests 

2. Steady-state tests 

3. Route tests 

The start-up tests measured total emissions generated by the burners bringing the FCPS up to 

operating temperature from ambient. Shutdown tests measured emissions during the 30- 

minute shutdown sequence. During steady-state tests, FCPS output was held constant at 

various power output levels while emissions were monitored. Three standardized and one 

custom route were used for the route cycle tests. In each of these tests, an operator would 

drive the bus over a given route following a speed profile displayed on a computer terminal 

placed in front of the bus. This technique produced consistent repeatable results with a 

variety of different drivers. M e r  the route was completed, emissions monitoring would 

continue until the batteries returned to their initial SOC. 
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During each test, CO, COz, NO,, HC, particulates, vehicle speed and wheel torque were 

measured by Wvu’s data acquisition system. This data was then combined with data from 

the bus data acquisition system to form a complete data set. A detailed discussion of the 

emission testing procedures and results is included in the WVU h a l  report titled: “Emission 

Testing of a Fuel Cell Powered Bus” included in Appendix 1 ,  Additional detailed analysis is 

provided in S A E  (Society of Automotive Engineers) Paper 980680 which GU and WVU 

published. A copy of this paper is included in Appendix 2. 

Test # 845 co COz NOx HC PM 

Total Grams 3 2 . 3 4  4 2 8 0  1 .37  58 .13  0 . 1 3  

Test Time 40 min 

Burner On Time 23.5 min 

1. 

CH30H 

3 9 . 2 0  

Emission Testing 
Start-up emissions were logistically the most dficult to measure. First, the FCPS had to 

be cold, i.e. reformer at ambient temperature and stack at 50’ C. This typically required 

that the FCPS remain off for at least 24 hours. Therefore, other than Monday mornings, a 

day of testing would have to be sacrificed to perform a start-up test. An additional 

concern was burner backfires caused by manifolding the three exhaust stacks on the bus 

together. To prevent backfires, emission measurements had to be performed on one stack 

at a time. Because Internal The results are summarized below in Tables 1 and 2. 

Test # 850 co CO2 NOx 

Total Grams 10.27 3361 0.84 

Test Time 40 min 

Burner On Time 18.5 mh 

Combustion (IC) engine buses have no start-up emission requirements, 

available start-up emission data to compare with the Fuel Cell bus. 

HC PM CH30H 

7.57 0.19 3.94 

17 

there is no 



Steady-state emission measurements were performed at idle, 50%, 75% and 100% load. 

The data collected at 100% load was incomplete and not included in Table 3 below. All 

emission measurements were taken from the reformer burner exhaust and measured in 

Test# 

grams per minute. 

Load I PowerkW I CO CO2 I NOx 

rable 3: Steady-State Emissions in g/min 

848 

Table 4 shows these steady-state values converted to grams per brake-horsepower-hour 

(ghhp-hr). This is the standard unit used by heavy-duty vehicle engine manufactures and 

allows emission comparison between the FCPS and existing diesel IC engines. 

75% 37.7 3.52 730 0.04 

Detroit Diesel Series 50 

Detroit Diesel Series 50 (CNG) 

I847 150% 124.5 12.22 I402 I 0.02 

0.09 4.70 0.10 0.04 

2.60 1.90 0.80 0.03 

0.07 0.01 

~ 

Engine I C 0  lNOx IHC IPM 

98 Federal Standards 1 15.50 1 5.00 1 1.30 10.05 
I I I 1 

Table 5: Typical Heavy-Duty Engine Emissions in ghhp-hr 

Comparing the results in Tables 4 and 5 indicate a sigdcant  reduction in NOx and lesser 

reduction in HC. The lack of a reduction in CO was puzzling. GU analyized the data and 

noted a particular trend (Figure 1). The CO content in the reformer exhaust was cycling. 
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By examining the FCPS data, GU was able to correlate the CO cycling with changes in air 

and fuel flow to the reformer burner. Discussion of this phenomenon and its effect on the 

system is presented later in this report. 

2. Route Emission Testing 
A successful route emission test required coordination of the GU and WVU data 

acquisition systems with the bus driver. If all three did not start at the Same time or if a 

computer “locked-up,” the test would have to be invalidated. The four-route cycles used 

are listed in Table 6. Three are standard Transit Industry cycles that allow test results to 

be compared to data from conventional buses. The fourth route is a simulation of a 

Georgetown University Transit System (GUTS) route. GU operates between six and 

twelve buses on a variety of routes in the northwest quadrant of Washington, DC. These 
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Figure 2: Reformer CO Emissions 

19 



buses transport students, facility and staff between campus facilities and the Washington 

Metro subway stations. The simulated GUTS route is based on the longest most energy- 

intensive route GUTS operates. All emission measurements were collected at the 

reformer exhaust and converted into grams per mile for comparison purposes. 

Route 

Central Business District 

(CBD) 
Arterial Route (ART) 

Transit Coach Duty Cycle 

(TCDC) 

Length Description 

2 Miles 14 x 0-20-0 mph cycles 

2 Miles 

14 Miles 

4 x 0-40-0 mph cycles 

A combination of CBD & ART cycles 

with a 55 mph cruise 

GUTS 

As with the steady-state emission tests, the CO levels were higher than expected during 

route cycles. The s i m c a n t  reduction in emissions occurred with NOx , and to a lesser 

extent HC and PM. See Tables 7 & 8. NOx emissions were cut by three orders of 

magnitude regardless of type of fuel used in the IC buses. This is attributable to the 

reformer's low operating temperature (25OOC). Heavy-duty diesel engine manufactures 

are also attempting to reduce NOx by reducing combustion temperatures. Unfortunately 

in diesel, this increases particulate emissions. These test results demonstrate that even a 

first-generation fuel cell system can nearly eliminate both NOx and PM. 

8.3 Miles Low speeds with grades and 72 segments 

~ 

Route #of  Average CO COz NOx HC 

Tests Power kW 
3 36.1 7.32 1874 0.01 0.20 CBD 

PM mpg 

0.00 2.2 

ART 

TCDC 

2 

1 

GUTS 

37.0 11.82 2211 0.03 0.79 0.06 1.8 

42.9 11.63 1770 0.00 1.31 0.01 2.3 

1 43 .O 11.46 . 2149 0.04 1.38 0.02 1.9 

Table 7: Fuel Cell Powered Bus Emissions in g/mile on Various Routes 
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HC 

0.13 

2.41 

15.8 

8.9 

37.5 

I I  
PM 

0.28 

1.15 

0.02 

0.63 

0.39 

Bus # of Fuel CO 

98 Flexible I 1 I Diesel I 14.3 I 49.5 

NOx 

96 New Flyer 

Tests 
I I 

8 Diesel I 4.9 30.1 

92 Flexible I 5 I Methanol 1 25.1 I 11.6 

96 New Flyer 

92 TMC 

I I I I 

rable 8: Typical IC Engine Bus Emissions in g/mile on CBD Route 

10 CNG 9.0 20.8 

5 Ethanol 37.1 13.4 

The WVU emissions equipment also measured the COZ content in the exhaust and 

calculated fbel used by the FCPS. With the recent concern over the C02 effect on global 

warming, any reduction in vehicular COz emissions is beneficial. When compared to IC 

buses, the he1 cell bus produced 10-20% less C02 emissions per 1000 lbs. of vehicle 

weight (see Table 9). A similar improvement was also observed in fbel mileage. 

p e l  

Methanol (Fuel Cell) 

Bus Test COz Corrected CO2 

Weight (lbs.) (glmi) (g/mi/lOOO lbs.) 

27,475 1876 68.3 

I p iese l  I 32,843 I 2611 I 79.5 

CNG 
Methanol 

35,091 2607 74.3 

3 1,779 2960 93.1 

Table 9: Fuel Cell Bus CO2 Emissions 

Occasionally during FCPS start-up or operation, GU noticed an aldehyde odor emanating 

fiom the exhaust. To measure the aldehyde content of the exhaust, WVU took samples 

and sent them out for analysis. They also measured the amount of methanol in the 

exhaust. As Table 10 shows the amount in gramdmile of formaldehyde (HCOH) and 

methanol in the exhaust is many times lower than the methanol fbeled IC buses used for 

comparison. The suspected reason for these aldehyde and methanol emissions is the poor 
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combustion taking place in the reformer burner. This will be discussed in detail later in 

this report. 

Methanol (Fuel Cell) 

Methanol (IC) 

Average CH3OH Average Aldehydes 

dmi (dm9 
0.41 0.03 

62.03 4.1 

Table 10: Fuel Cell Bus Aldehyde Emissions 

3. Vehicle Efficiency Testing 
Further analysis of the test results were conducted to determine vehicle subsystem 

efficiency. In addition to emissions, the WVU equipment measured hub torque and speed. 

This information, along with the bus’s on-board data acquisition system, provided an 

insight into each subsystem on the bus. By analyzing the results of a particular run, GU 

determined the energy flow fiom the FCPS, into and out of the traction battery, and to 

each subsystem. For example: methanol fuel flows into the FCPS and is converted into 

electrical power. This power, i.e. voltage and current, then flows into and out of the DC 

to DC converter. Fuel flow, FCPS current and voltage, and DC to DC converter output 

current and voltage, are all measured and recorded by the bus data acquisition system. See 

Diagram 1 for current and voltage measurement locations. These values are integrated 

over time and converted into kW-hrs to determine energy into and out of each subsystem. 

See Figure 3 for typical energy flow in kW-hrs. By dividing output energy by input, 

subsystem efficiency can be determined over a particular route. See Table 11 for 

efficiency summary. 
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- Measurement point 

Figure 3: Voltage and Current Measuring Points for Eficiency Testing 

C&OHm =18.98 

3.63 

Figure 4: Energy Flow in kW-hrs 
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Component 

FC System 

kW-hr (in) kW-hr (out) Efficiency (%) 

18.98 * 8.54 ** 45 

I Traction Motor I 5.60 I 3.63 **** I 65 

DC to DC Converter 

Motor Controller 

I Battery ***** I 4.72 I 3.75 I 79 

8.54 8.04 94 

5.95 5.60 *** 94 

NOTES: 

Power Consumed to Run FC & Bus Accessories = 1.12 kW 
* 
** Gross FC stack output 
* * * Includes armature and field power 

* * * * Regeneration turned off during test 

** * * * Battery returned to original state-of-charge 

Based on LHV of methanol consumed during test 

Table 11: TBB-3 Component Effrciency Breakdown 

The efficiency of the power electronics, FCPS and traction battery met expectations, but 

the bus DC drive motor had lower efficiency than expected. Depending on output, the 

FCPS net efficiency ranged between 40 and 45%. This agrees well with the original Fuji 

test results for FCPS #3 (See Figure 4). Both the DC to DC converter and the motor 

controller, the two largest power devices on the bus, operate at over 90% efficiency. As 
with the FCPS, these numbers agree with the manufacture’s test data. The 80% turn-a- 

round efficiency of the NiCd traction battery is also typical for the high currents to which 

they are subjected in the vehicle. To understand the reason for the low motor efficiency, 

GU contacted the motor vender and power electronics manufacture. After reviewing the 

test data, these vendors supported GU’s contention that the motor operates at lower then 

expected voltages. The motor armature was wound by the manufacturer for the nominal 

battery voltage, 216V. The data in Figure 5 shows motor armature voltages of 170V 
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which may account for the low efficiency during bus acceleration. At these low voltages, 

the motor draws 20% more current than at the design voltage of 216V. 

greater IR heating losses and lower motor efficiency. 
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Figure 5: TBB-3 Fuel Cell Efficiency 
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The emissiondefficiency testing provided a wealth of information about the interactions 

between bus subsystems and FCPS performance. The testing also demonstrates that the 

TBBs are cleaner and more efficient than standard buses. Further optimization to these 

buses would only improve the results. The results and conclusions from these tests have 

been applied to the next-generation fuel cell buses that GU is developing for the FTA. 

The major conclusions from emission and efficiency testing at WVU are: 

As compared to IC engines, a liquid-fueled FCS sigrdicantly reduces NOx, PM and 

HC emissions. 

CO emissions were higher then expected, but the cause is understood and the next- 

generation bus’s steady-state CO emissions are 2 to 3 orders of magnitude lower. 

The TBBs reformer burner design and control strategy are responsible for these 

emissions 

COZ emissions, system efficiency and fuel mileage were improved over IC buses. 

Poor motor efficiency was due to a mismatch between the design armature voltage and 

actual voltage under load. 

Overall system efficiency can be improved by minimize energy cycling through the 

traction battery. This is accomplished by increasing FCPS transient response and 

improving battery SOC control. 

Effort should be made to improve OEM on-board data acquisition for fbture vehicles.. 

C. Operational Findings 
In addition to emission testing, GU drove TBB-3 over 1000 miles and provided engineering 

support for TBB-1 & 2. This involvement with the three buses required that GU develop a 

thorough understanding of the operation of each subsystem on the bus. GU determined 

quickly that there were operating conditions that caused subsystems to operate outside of 

their original design envelope. This was typically caused by the interaction of different 

subsystems. For example, original testing on the motor indicated 85-90% efficiency at rated 

armature voltage. But in actual use, the traction battery voltage at fill motor load dropped 

below the armature design voltage resulting in a motor efficiency of only 65%. This section 

of the Final Report details some of these interactions and the development work required to 
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improve or correct the problematic interactions. The six areas highlighted are the reformer 

burner, FCPS fuel processing, fkel: premix vs. neat, electronic equipment overheating, the 

effect of regenerative braking on FCPS control and storage / start-up. 

1. Reformer Burner 
As discussed previously in this report, the CO emissions for the FCPS were higher then 

expected. When comparing emissions and FCPS data, it was noted that CO emissions 

changed whenever the reformer burner “trim” pump changed speed. See Chart 4. 

The reformer burner is designed to operate on three sources of fuel. During start-up, it 

burns liquid methanol. For normal operation, it is designed to burn a constantly changing 

volume of reformate tailgas (approximately 10-15% hydrogen), with an added small 

amount of vaporized methanol. This vaporized methanol is delivered by a “trim” pump 

and is vaporized prior to entering the burner. The methanol trim was not in the original 

Fuji system design. It appears to have been added to the first FCPS while it was under 

test in Japan and then fbrther modified after installation in TBB-1. The reformer burner 

itself in TBB-1 was also modified at least twice to improve its performance. The reformer 

burner and trim systems in TBB-2 and TBB-3 are similar and based on the final TBB-1 

design. 

The methanol trim system serves two finctions. First, it provides a constant low-flow of 

methanol to the burner. This acts as a “pilot light” to maintain a constant ignition source 

in the burner. Second, it increases to a much higher flow rate when the superheater 

temperature drops below a given setpoint temperature. In response to the high fbel flow, 

the reformer burner blower increases to full air flow. 
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This sequence of events is overlaid with CO emissions on Figure 6. The figure clearly 

shows a reduction of CO emissions every time the trim pump and reformer increase flow. 

This indicates an overly rich he1 to air mixture at low flows. This may be a result of a 

poor burner design or due to the many methanol “trim” setpoint adjustments made since 
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Figure 7: CO Emissions as a Function of Air and Fuel Flow 

the FCPS left the factory. Additionally, the increase in air flow to the burner is 

proportionally much greater than the increase in fuel flow. This results in a significant 

“leaning” of the mixture at high air and he1 flows. This leaning reduces CO by 75-80%. 

2. FCS Fuel Processing 
The fuel processor system in the TBBs is designed to convert a methanouwater mixture 

(premix) into a hydrogen-rich gas while maintaining a constant temperature in the 

reformer catalyst bed. If too little hydrogen is produced, the stack “starves” causing its 

voltage to drop, which shortens the life of the stack. This starvation can also result in 

reformer burner “flame-out”. Conversely, if too much hydrogen is produced, the reformer 
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catalyst may overheat and sinter. The Fuji-developed control system attempts to maintain 

the correct amount of hydrogen during all operating conditions by limiting the FCPS 

transient response rate to 200 wattdsec and adjusting premix fuel flow according to the 

load. This simple control approach worked on the test stand but was not responsive 

enough to operate for a full day on-board the vehicle. Depending on the set points, the 

reformer either overheated or starved the stack resulting in a burner flameout. This, along 

with the reformer burner problem detailed above, continue to be the biggest problems with 

all three of the FCPS. 

GU and Fuji worked together to improve, but could not correct, the reformer control 

problem. The TBB fuel processor consists of two variable-speed fuel pumps (pre-mix and 

neat), a vaporizer for the methanovwater mixture, a low-temperature shell and tube steam 

reformer, a multi-fuel reformer burner, and reformer blower. In addition to stack voltage 

and current, the FCPS control computer measures vaporizer fuel flow and superheater 

temperature. It also measures reformer burner and catalyst temperatures. Based on these 

inputs, the FCPS controller can adjust pre-mix fuel flow into the vaporizer, neat methanol 

"trim" into the reformer burner, and airflow into the burner. As delivered, the control 

laws adjusted pre-mix fuel flow based on stack current and catalyst temperature. The 

FCPS controller compensated for low catalyst temperature by adding a fixed amount of 

additional premix. It also adjusted the trim methanol flow into the burner inversely as a 

hnction of superheater temperature. 

When proper control of catalyst temperature was lost, GU and Fuji would tune the 

amount of additional trim fuel or premix added to the system, These adjustments to the 

controller setpoints maintained catalyst temperatures for a period of time until ambient or 

operating conditions changed SigNficantly. For example, a major change in outside 

temperature or FCPS operational profile would typically have a negative effect on 

reformer catalyst temperatures. This was noted on both TBB-2 and TBB-3. 
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To compensate for these changing operating conditions, GU added a switch that allows 

the operator to turn-on the reformer burner start fuel-pump whenever a boost in catalyst 

temperature is needed. This additional methanol boosts reformer temperature and 

eliminates both reformer burner flameouts and stack starvation due to low catalyst 

temperatures. Unfortunately, it requires a trained operator to constantly monitor the GU 

installed data acquisition system and add methanol at the appropriate time. Also, the 

operator is unable to reduce the temperature ifthe bed gets to hot. This function could be 

automated, but it is beyond the scope of this contract. 

3. Fuel - Premix vs. Neat 
The Fuji fuel processor is a low-temperature steam reformer. This type of reformer cracks 

a vaporized mixture of methanol and deionized water into hydrogen, COZ and CO. To 

maximize hydrogen production, the ratio of methanol to water is critical. Two approaches 

were evaluated for these buses: 

1. Carrying separate tanks on the vehicle, one containing neat methanol and the other DI 

water. The liquids would then be metered and mixed prior to vaporization. This 

would allow real-time changing of the &el-to-water ratio and would allow a simplified 

fueling infiastructure. The primary concern with this approach was freezing of the DI 

water during storage and heling in cold weather. Although heaters could be designed 

to reduce the risk of the water system fieezing, damage would be substantial if a 

heater failed. 

2. Off-board mixing of the methanol and water would eliminate the fieezing issue and 

simplifjl FCPS &el control, but require a si@cantly more complex fueling 

infiastmcture. Also a small on-board neat methanol tank and keling system would be 

required for the FCPS start burners. 

The engineering team in Phase 11 chose option two and fabricated the buses with two fuel 

systems, one for neat methanol and the other for premix. 
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To accommodate these buses, GU designed a semi-automated fuel mixing and bus fueling 

facility. Because of the corrosive nature of methanol, all piping, tanks and pumps were 

made of stainless steel. The methanol is delivered in dedicated 300-gallon tanks. The 

methanol can then be pumped directly into the bus neat tank or into a 500-gallon mix tank. 

A programmable controller controls the mixing of the fuel with water by weight. M e r  the 

operator inputs the desired size, in gallons, of the premix batch, the controller calculates 

the weight of the methanol and water required. The fueling station controller first pumps 

water and then methanol while monitoring the change in weight of the tank. Upon mix 

completion, GU personnel samples the fuel and measures the density of the mixture to 

confirm proper mix ratio. 

This fueling approach works well for a demonstration vehicle, but is too labor intensive 

for multiple vehicle operation. A larger capacity fuel storage and mixing system would 

reduce the labor involved, but cost and complexity would increase greatly. To avoid 

periodic manual density measurements, a sensor that automatically measures the mixture’s 

density must be found. An added dif5culty is the logistics of mixing premix at the site of a 

vehicle demonstration. For these reasons, GU choose to use separate methanol and DI 

water tanks on the next-generation 40 ft. buses. These buses recover water fiom the 

FCPS exhaust thereby requiring only a small water tank located in the fuel cell 

compartment. This compartment is heated to prevent the water from freezing. 

4. Electronic Equipment Overheating 
There are three principal power electronic devices on the fuel cell buses; the fuel cell DC- 
to-DC converter, the fuel cell Auxiliary Power Supply (APS), and the motor controller. 

Each device is approximately 90% efficient. The other 10% of the energy is converted 

into heat that must be removed. The manufactures of the APS, motor controllers and two 

of the three DC-to-DC converters chose air-cooling to perform this heat removal. 

Air-cooling simplifies the subsystems by not requiring coolant lines, pumps or heat 

exchangers. But air-cooling increases the size and weight of the hardware due to the poor 

heat transfer characteristics of air. Air cooling also requires a constant flow of fresh cool 

air while the units are operating. 
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Air-cooling worked well for the bus’s motor controllers for the following reasons: 

1.  The motors are mounted low in the rear of the bus with access to a stream of fresh air. 

2. The motors only generate significant heat when the bus is moving. 

3. A fan assists air movement over the cooling fins even when the bus is stopped. 

Air-cooling was much less successful for the APS and DC-to-DC converter. These units 

are mounted in the fuel cell compartment at the back of the bus. This compartment has 

little fresh airflow, no fans and a sigrzlficant level of heat being generated by the FCPS. 

During high ambient temperature operation, these factors conspire to overheat the FCPS 

controller, which is located in the same area. Even if the controller was moved, the 

temperature in that compartment would eventually overheat the power electronics. The 

DC to DC converter on TBB-2 is fiom a different manufacture and is liquid cooled. Heat 

is transferred to air outside of the electronics compartment on the roof of the bus. This 

design change allows sigrzlficantly longer operation in high ambient temperatures, nearly 

eliminating the overheating problem on TBB-2. 

GU and HPC added fans and tried to duct additional air into the electronics compartment 

with little success on TBB-1 and TBB-3. In their present state, these buses can operate 

for two to three hours in ambient temperatures above 90” F before the controllers 

approach shutdown temperatures. GU monitors FCPS controller temperature and stops 

bus operation before shutdown due to overheating occurs. To avoid similar problems, the 

power electronics on the new @foot buses are liquid-cooled by a single cooling loop. 

This approach provides the required cooling while minimizing system size and complexity. 

5. FCPS Control 
One advantage of electric vehicles is their ability to recover some of the vehicle’s kinetic 

energy during braking by using the traction motor as a generator. This “regenerated” 

power is used to charge the battery, thereby reducing the load on the fuel cell and 

increasing vehicle efficiency. Unfortunately, regenerative braking on the TBBs had some 

unforeseen effects on the vehicle and fuel cell control strategies. 
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The initial vehicle control strategy called for the fuel cell output to increase or decrease 

based on whether the calculated battery SOC was above or below the SOC set-point. A 

second control loop prevented battery over-voltage by "folding-back" (reducing) DC-to- 

DC converter output if battery voltage exceeded a preset level. This in turn cuts fuel cell 

output proportionally. During vehicle operation, regenerative braking resulted in traction 

battery over-voltage and converter fold-back at nearly every stop. The fiequency of this 

forced ramp-down, combined with the slow ramp-up rate of the FCPS, prevented the 

FCPS from maintaining battery SOC. The typical scenario is as follows: As the bus 

accelerates the demand for fuel cell power increases. The FCPS output power climbs until 

the bus slows down or brakes and FCPS power is folded back. It takes two to three 

minutes for the power to return to its previous level. During this time, the bus continues to 

operate discharging the batteries. In rapid fashion, the battery SOC is too low to continue 

normal bus operation. 

Since increasing the ramp-rate of the fuel cell was not possible, variable control of 

regeneration, based on battery voltage, was considered. The manufacture of the motor 

controller indicated that this may be possible, but would require new control circuitry and 

extensive operational testing. Since no fbnding was available for this work, motor 

regeneration was reduced to a minimal level. As a result, all emissions and efficiency 

testing was conducted without regeneration, which would have increased vehicle 

efficiency and lowered emissions. 

6. FCS Storage and Startup 
Storage and start-up of the Fuji FCPS has provided much insight into some of the hurdles 

that must be overcome to make fuel cell vehicles a commercial reality. Phosphoric Acid 

Fuel Cell (PAFC) systems have two storage requirements to assure long system life: 

1. Maintain a minimum stack temperature to prevent the electrolyte fiom fieezhg. 

2. Prevent oxygen fiom reaching and oxidizing the reformer catalyst. 
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Depending on the molarity (pH) of the stack's phosphoric acid electrolyte, its freezing 

point will be approximately 100" F. Ifthe stack is allowed to sink to this temperature, the 

acid will freeze causing a slight loss in stack voltage the next time the system is operated. 

Stack temperature is maintained in the Fuji system by 1500W strip heaters on the stack. 

This is available from any 110V outlet and has proven adequate down to 30°F for shipping 

and 15°F for storage. Temperatures below these may require additional heaters. Since 

the stack is cooled with thermal oil, the only pure water in the system is a small amount 

located in condensate traps near the stack. This water is prevented from freezing by its 

close proximity to the warm stack. This is a major advantage over PEM-based systems, 

which have significant amounts of water to manage and prevent from freezing. 

The 30-foot buses use C02 as purge-gas during shutdown and as a blanket during storage. 

During shutdown, C02 purges the reformer and stack of any residual reformate. M e r  

that, a trickle of C02 gas is used to prevent air from reentering the reformer and oxidizing 

the catalyst bed. Future system will be designed to purge with steam and seal the reformer 

to prevent air from entering. 

Since the bus is a hybrid, onboard battery storage is adequate for starting the system. If 

the traction battery is depleted, an off-board charger can be connected to provide the 

power required to start the fuel cell. As systems increase in size or become non-hybrids, 

the starting issue becomes a greater concern. 

The feedback GU has received fiom the Transit Industry regarding these start-up and 

storage issues are two fold. First, the operators prefer no purge gases. Transit operators 

are not equipped or interested in handling compressed purge gases on their buses. There 

is also the concern about the effect on the FCPS if purge gas is neglected. Will the system 

be damaged or require special procedures if the purge gas is left off the system? 

Transit properties are more open to providing llOV power for storage and start-up. In 

colder climates, most operators plug their buses into llOV power during the winter to 
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keep the vehicle’s oil warm. It would be reasonable to expect the same for fuel cell buses. 

Since this can not be guaranteed, the system must be designed to sustain minimal or no 

damage ifthe power is left offin sub-fieezing conditions. 

D. HYBRID Simulation Model 
To aid in the design and development of the fuel cell bus, GU developed the HYBRID 

simulation program. This program allows the user to spec@ vehicle, traction battery, traction 

motor, accessory and fuel cell parameters. This virtual vehicle is then operated over user 

specified routes to determine vehicle performance, fuel mileage, and system efficiency. 

The programming of this model took place over the course of 10 years and involved a number 

of consultants and the University of Florida. As a result, the individual code modules did not 

mesh together seamlessly creating some “program bugs”. Also, the original user interface was 

written in Fortran making it difficult for the casual computer user to become comfortable with 

the program. To address these concerns, GU contracted with the University of Florida to 

update the user interface and debug the HYBRID program. The University of Florida chose a 

user interface written in Visual Basic that allows anyone familiar with Personal Computers to 

use the program. They also “bounded” the input variables to prevent the user from inputting 

values that would result in invalid program output. Finally, the University of Florida 

programmers attempted to find as many program bugs as possible and rewrote the user 

manual. A copy of the user manual and program is included in Appendix 3. 

E. Videos and Brochures 
GU produced three short (5-15 minutes) educational videos about fuel cells and fuel cell 

buses. These included footage of the bus operating in the Washington, DC area; interviews 

with prominent governmental or transit people, and computer animation of bus or fuel cell 

operation. GU continues to distribute these videos to all interested parties. 

GU also printed a two-page full color brochure giving details on the bus, fuel cell technology 

and the Program, see Appendix 4. Since it was first printed, over 1000 copies of this 

brochure have been distributed. 
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F. Publications 
In addition to numerous presentations given each year at fuel cell, transit and engineering 

conferences, GU has published many papers including two detailing some of the test results 

from this program. The first was an Intersociety Energy Conversion Engineering Conference 

(IECEC) paper detailing the tuning of the reformer burner to prevent hydrogen starvation of 

the stack and subsequent burner flameout. The second was a Society of Automotive 

Engineers (SAE) paper presenting the emission test results. Both papers are included in this 

Report’s Appendices. 

V. BUSSTATUS 
As of this writing, the FTA retains Title on all three buses and allows GU to provide low-level 

technical support under its present grant. TBB-1 resides at the University of Florida’s Fuel Cell 

Laboratory. There they are upgrading it with a data acquisition system similar to the one used in 

TBB-3, using it as a student training aid on fuel cell technologies and operating it for 

demonstrations. 

Suspension repairs were completed on TBB-2 and the University of Maryland has expressed an 

interest in using the bus as a teaching tool at the College Park Campus. TBB-3 continues to 

operate at GU where information is used as input to hture designs. It is also used for 

demonstrating fuel cell technology. 

VLFUTURE PLANS 
All present he1 cell bus work at GU is being funded by a FTA Grant. The program plan calls for 

a total of eight 40-foot fuel cell powered buses to be produced operating on methanol. The first 

of these rolled-out in May of 1998 and is undergoing engineering test and development. This bus 

uses a 100kW PAFC system fiom International Fuel Cells (IFC) and lOOkW traction battery pack. 

The second vehicle is scheduled to rollout in the middle of 1999. This bus will feature a 100kW 

PEM system fiom dbb Fuel Cell Engines and a lOOkW traction battery. Future buses will be both 

hybrids and non-hybrids culminating in he1 cell systems based on the manufacture’s production 
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Explanation of Report 

This report contains two parts namely a body with explanation of test procedures, analysis of data and 
conclusions of the testing and an appendix containing all of the data gathered on TBB-3. The data 
presented in the body was data chosen jointly by GU and WVU for analysis. While the appendix 
presents all of the data gathered it must be understood that some of this data was from tests where the 
vehicle did not reach full state of charge, analyzers malfunctioned or driver errors occurred. This 
defective data is presented in order to provide a complete record of testing. 



Abstract 

The fuel cell program at Georgetown University has directed the commissioning. testing and 
operation of three hybrid fuel cell buses for transit operation. This paper describes the emissions testing 
of one of these buses on a heavy-duty chassis dynamometer at West Virginia University. The tested bus 
was driven by a 130kW DC motor/generator and utilized a 50kW phosphoric acid fuel cell as an energy 
source with batteries for supplemental power. A methanol/water mixture was converted by a steam 
reformer to a hydrogen rich gas mixture for use in a fuel cell stack. Emissions from the reformer, fuel 
cell stack and a startup burner were monitored for both transient and steady-state operation. It was 
concluded that the fuel cell bus offers an attractive approach to reducing emissions of particulate matter 
(PM), oxides of nitrogen (NO,) and hydrocarbons (HC) relative to conventional drivetrain transit buses 
operating on both diesel and alternative fuels. 

Introduction 

As part of its contract with the Department of Energy (DOE), Georgetown University (GU) measured 
Fuel Cell System (FCS) emissions on one of the three 30 fi. fuel cell powered buses funded by the 
Departments of Energy (DOE), and Transportation (DOT) and the South Coast Air Qualit!. Management 
District (SCAQMD). To accomplish this, GU contracted with West Virginia Uni1,ersity (WVU) 
Transportable Heavy Duty Vehicle Emissions Testing Laboratory in Morgantown, West Virginia. The 
WVU laboratory consists of a fully transportable chassis dynamometer, exhaust dilution tunnel and real- 
time emission measurement equipment. This laboratory has previously tested over 500 internal 
combustion engine powered transit buses running on diesel, natural gas, methanol. ethanol, and 
biodiesel hels. This background provides an extensive database for comparison with emissions from the 
fuel cell bus. 

The prototype or Test Bed Buses (TBBs) receive power from a 50 kW phosphoric acid fuel cell 
(PAFC) which provides all of the energy needs for transit operation. A battery storage sl’stern is used to 
supplement bus operation during acceleration and hill climbing and provides a reservoir for energy from 
regenerative braking. Part of the Fuel Cell Bus Program (FCBP) was designed to gather performance 
data under test track and in-service conditions. The third bus (TBB-3) constructed under the FCBP 
underwent the emissions testing described in this paper. 

Construction of the first bus of the program, TBB-I, was completed in 1994. The \.chicle is a fully 
functional 30 foot transit bus. Initial operational testing was performed on and around the Georgetowll 
University campus in Washington, DC where the bus was driven over a route normally followed by 
conventional University transit buses. 

The bus powertrain consists of a fuel cell, battery pack, and DC motor. The motor is connected to the 
drive axle using a conventional rear end and power to the wheels is controlled by the driver. Power for 
the DC motor is provided by either the fuel cell, batteries, or a combination of both. Since availability of 
power from either source is dependent upon past operation, control of the power mixture is complex. A 
computer operated control system monitors power demand. fuel cell status, and battery state of charge 
(SOC) to accomplish this task. 

The fuel cell generates electrical current through the electrochemical reaction of hydrogen fuel with 
oxygen available from ambient air. Hydrogen fuel was supplied by a reformer which produced hydrogen 
gas through a catalytic process from a methanol/water mixture. Besides hydrogen, carbon dioxide is 
produced as the primary byproduct of the catalytic reforming process. Emissions testing of a hybrid 



vehicle is rendered difficult since the fuel cell output does not directly follow the propulsion load on the 
bus since battery SOC was also considered in the fuel cell control strategy. In the case of the reformer on 
TBB-3, response time was not instantaneous and therefore fuel cell power output did not undergo rapid 
transients. A start up burner was required to raise the temperature of the fuel cell to its operating 
temperature and was occasionally required under light load. Figure 1 presents a outline of the fuel cell 
system used on TBB-3. 

50% load 
75% load 

Three sources of emissions, namely the reformer burner, fuel cell cathode and the start up burner 
exhausts were monitored during this testing. Reformer emission received the greatest attention. 
Emissions tests were conducted during fuel cell steady state and transient operation. In addition. 
emissions were monitored while the bus was operated over transient speed-time schedules. These speed- 
time schedules included the Central Business District (CBD) cycle, the arterial cycle and the 
Georgetown University Transit System (GUTS) cycle. Power was extracted from the bus rear wheels 
using hub adapters connected to the chassis dynamometer. Inertia was simulated by the dynamometer 
using flywheel sets while road load or torque demand was simulated using air-cooled eddy current 
power absorbers. Details of the laboratory operation can be found in "Design and Operation of a New 
Transportable Laboratory for Emissions Testing of Heavy Duty Trucks and Buses'' (1) .  Typically, the 
laboratory is used to monitor only one exhaust source at a time. In testing TBB-3, one exhaust stack was 
monitored using the dilution tunnel while integrated samples were taken from the others. For many of 
the test runs, raw exhaust levels of aldehydes, methanol and oxides of nitrogen were measured. 

(g/ahp-hr) I (g/ahp-hr) (g/ahp-hr) (glahp-hr) (ghhp-hr) 
0.131 3.98 723 0.0 1 0.013 
0.1 14 3.5 1 727 0.00 0.012 

Results 

Steady State Testing 

Steady state testing was performed on TBB-3 at load levels of 50 and 75%. During these tests power 
was drawn from the bus using a resistor load bank. Emissions from the reformer were monitored using 
the emissions laboratory dilution tunnel while those from the cathode and start up burner were sampled 
into tedlar sample bags. 

I I I I I I I 

Table 1 - Reformer emissions from steady state testing 

Table 1 a - Reformer emissions from idle testing 

Since the start-up burnder did not operate during the steady state testing, start up burner emissions 
were non-existent as expected. Reformer emissions, in mg/sec, are shown in Tables 1 and la. When the 
reformer is in idle mode, there is no net output from the system, but electricity is still generated to 
maintain the system at standby temperature. As a result, idle emissions are seen to be finite, with CO 
and COz levels at less than half of the values, in g/s, for 50% load. 



I50 
R5 0 
FTP 

(g/bhp- (dbhp- 

5.26 

0.092 

HC co co2 
(g/bhp- (ghhp- (g/bhp- 

hr) w w 
0.108 0.47 525 
0.100 0.45 582 
0.346 1.06 623 

Table 2 - Emissions from a Navistar T 444E3, 175 hp diesel engine. 

Test 870 

The emissions at 50 and 75% load, expressed in units of ghhp-hr, may be compared with emissions 
from a typical modern diesel engine under various operating conditions. The diesel engine was a 
Navistar T 444E, 175 hp, engine of 7.3 liter displacement, usually employed in light trucks, straight 
trucks and bus chassis. Table 2 shows that reformer emissions from the bus under steady state conditions 
are significantly lower in NOx and PM. 

Further emissions data from the reformer was gathered during an increasing transient load from 0 to 
100%. Emisisons levels of NOx, CO and HC were similar to those for the 50% load run shown in Table 
1. 

(g/mile) (glmile) (g/mile) (g/m i 1 e) (g/mi le) 
0.3 1 7.32 1966 0.02 <0.01 

Testing using the Central Business District Cycle (CBD) 

Test 872 
Test 877 
Test 88 1 
Average 

Emissions tests on the fuel cell bus using the CBD were performed primarily for comparison to 
results from typical buses tested by the WVU laboratory. The CBD test phase of the Transit Coach 
Driving Cycle (TCDC) cycle (Figure 2), described in Society of Automotive Engineering (SAE) 
publication 51376 (2), is designed to simulate general transit vehicle operation in a downtown business 
cycle. This cycle is currently the generally accepted emissions test cycle for heavy duty transit vehicles. 
The cycle consists of 14 identical segments each consisting of the following: a 10 second acceleration: 
18.5 second cruise at 20-mph; deceleration to a stop over 4.5 seconds; 7 seconds of idle prior to 
beginning the next segment. The entire cycle covers a distance of 2 miles over a time period of 575 
seconds. Plots of actual speed and hub torque for TBB-3 are shown in Figures 3 and 4 for the first third 
of the CBD cycle. Vehicle load during the CBD cycle is based solely on inertia and road load losses. 
Emissions results are given in g/mile in Table 3 while results in g/ahp-hr (grams per asle horsepower- 
hour) from CBD tests are shown in Table 4. Axle power was measured at the rear hubs of the bus drive 
wheels. The CBD tests in the case of TBB-3 were not concluded at the end of the 575 second driving 
cycle, but were continued until the battery SOC was raised to the same value as the commencement of 
the cycle. The CBD cycle is energy intensive, having frequent acceleration and braking: and typically 
consumed more power than the fuel cell output. However, on average, the fuel cell required only 105 
seconds of additional run time to restore SOC. 

0.2 1 7.75 1737 0.00 <0.01 
0.1 1 5.02 1909 0.01 <0.01 
0.28 9.19 1893 0.02 co.01 
0.23 7.32 1876 0.01 co.01 

Table 3 - CBD emissions results from TBB-3 in g/mile. 



Table 4 - CBD emissions results from TBB-3 in g/ahp-hr. 

Emissions from TBB-3 are found to be far lower than those encountered from both conventional and 
alternate fuel transit buses. Table 5 provides data comparing TBB-3 emissions with tailpipe emissions 
from a range of transit buses tested by the WVU transportable laboratory. Some of this transit bus data 
has already been published in (3) and (4). Table 5 shows that NOx was measured at a factor of 300 times 
lower than for Methanol internal combustion engine buses tested in Miami, Florida. and a factor of 750 - 
times lower than recent production diesel buses. Only natural gas fueled buses can compete with 
lack of PM from TBB-3 while levels of HC and CO lie amidst those for other technologies and fuels. 

Table 5 - Comparison of TBB-3 emissions with emissions levels from a range of 
buses tested by the WVU transportable laboratory (ref 5 ,  6, and 7). 

the 



Arterial Cycle Testing 

g/mile 

In a similar way to CBD operation, TBB-3 was exercised through the arterial 
coach cycle described in SAE 5-1376. Table 6 shows the levels of reformer 
recorded. 

co NOx HC PM 
8.67 0.04 0.58 0.07 

portion of the transit 
emissions that were 

g/mile 
g/ahp-hr 

co NOX HC PM 
10.31 0.04 0.30 0.02 
5 .'19 0.02 0.15 0.01 

I I I I g/ahp-hr j 3.69 I 0.02 1 0.25 1 0.03 

g/mile 
g/ahp-hr 

Table 6 - Emissions data from TBB-3 over the arterial phase of the TCDC. 

co NOX HC 
11.98 0.02 0.54 
4.82 0.0 1 0.22 

The bus was also operated through a combined CBD and arterial cycle, as described in SAE 1376 but 
excluding the commuter phase. This 10.15 mile test resulted in the emission levels shown in Table 7. 

Table 7 - Emissions data from TBB-3 over the combined CBD/arterial 
phases of the TCDC excluding the commuter phase. 

GUTS Cycle Testing 

The GUTS cycle was developed by GU and WVU using data from a GU transit bus route. The cycle 
was developed using a computer program employing markers on the route (such as traffic lights, speed 
limits, stop signs, and bus stops) with defined bus parameters (such as weight, acceleration and 
deceleration rates, and power). This test cycle, unlike typical road load cycles, does not use only speed 
to determine the torque applied to the vehicle rear axle. Using vehicle weight and road grade, the torque 
necessary to accelerate the vehicle at the demanded rate was calculated and applied during the test using 
the dynamometer. Figures 5 and 6 show the target speed and target torque for the TBB-3 bus over this 
cycle. The dynamometer software was configured for separate torque and speed control and the bus was 
driven through the cycle. Actual driving distance was 12.3 km (7.6 miles) and axle energy expended was 
14.18 kW-hr ( I  9 ahp-hr). Table 8 shows the regulated emissions from the GUTS cycle testing. 

Table 8 - Emissions from TBB-3 over the GUTS cycle (PM was not taken during this test) 

Alcohol and Aldehyde Emissions 

In addition to acquiring regulated emission data from the reformer stack, methanol levels were 
determined using impingers to capture a slipstream with subsequent gas chromatograph analysis of the 
sample. Aldehydes were found by capturing samples on cartridges that were extracted and analyzed out 
of house. The original regulated hydrocarbon emissions were reported simply as a flame ionization 
detector (FID) reading, with the FID calibrated on propane. Methanol enjoys a FID response factor that 



differs significantly from that of propane. while aldehydes do not provide a significant FID response. 
When the organic material emitted does not consist of petroleum-based hydrocarbon derivative, it is 
customary to calculate the organic material hydrocarbon equivalent (OMHCE). 

Table 9 provides the data on levels of methanol, formaldehyde and acetaldehyde and the computed 
OMHCE for the test runs discussed in this paper. It  is evident that methanol by mass dominates the 
emissions of organic material. For comparison, the aldehyde and alcohol emissions during CBD tests 
from three 1992 Flsible buses, powered with Detroit Diesel 6V92 methanol engines. have also been 
included in Table 9. OMHCE emissions from compression ignition buses have been known to vary 
significantly from bus to bus in field tests (refs a and b) as Table 9 shows, but TBB-3 was well below 
the levels of all three methanol internal combustion engine powered buses reported in the table. 

Table 9 - Alcohol and aldehyde emissions from reported tests on TBB-3 and 
from methanol fueled transit buses tested by the WVU transportable laboratory 

Conclusions 

A hybrid fuel cell bus, TBB-3, was subjected to emissions testing with the system under steady 
stated resistive load and transient bus operation. Reformer emissions of NOx were over two orders of 
magnitude lower than those for conventional and alternative fuel buses powered directly by internal 
combustion engines, while reformer emissions of PM were vanishingly low. Organic material or HC 
emissions were larger than only those from latest technology diesel buses while CO levels were within 
the range of emissions from conventional transit buses previously tested. Clearly the hybrid fuel cell 
technology offers a significant benefit in the abatement of PM and NOx inventory from urban transit 
sources. 
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Appendix A - Summary Emissions Results from Testing Performed on TBB-3 
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i Table A I :  Test Summary 
Test IC 

845 

846 
847 

848 

850 

851 
852 

853 

855 

856 
857 
858 

859 
860 
86 1 

862 

863 

864 

865 

866 

867 
868 

869 
870 
87 1 
872 
873 
874 
875 

.: 
I -  

1 

1 GU-TBB3-M-37KW-8 

GU-TBB3-M-TQ-B 

1 GU-TBB3-M-CS-A 

Reformer 

Reformer 

Reformer 

1 GU-TBB3-M-IDLE-A 
1 GU-TBB3-M-50KW-B 

1 GU-TBB3-M-1 5KW-A 

1 GU-TBB3-M-CS-A 

1 GU-TBB3-M-CBD-B 
1 GU-TBB3-M-CBD-B 
1 GU-TBB3-M-TRANS- 

R 

10:20:13 1066.6 6.26 15.94 Power 
Check 

15:00:52 1229.9 NA NA Shut 
Down 

11:05:50 574.8 2.57 2 88 Coast 

GU-TBB3-M-ART-B 
GU-TBB3-M-ART-B 

1 

1 

1 

1 
1 

1 
1 
1 
1 
1 
1 
1 
2 
1 

GU-TBB3-M-SD-B 

GU-TBB3-M-CD-B 

GU-TBB3-M-CD-B 

GU-TBB3-M-ART-B 
GU-TBB3-M-TRANS- 
B 
GU-TBB3-M-TCDC-B 
GU-TBB3-M-CBD-B 
GU-TBB3-M-CBD-B 
GU-TBB3-M-CBD-B 
GU-TBB3-M-TCDC-B 
GU-TBB3-M-TCDC-B 
GU-TBB3-M-ART-B 
GU-TBB3-M-ART-B 
GU-TBB3-M-SD-B 

Reformer 
Down 

13:38:13 900.1 3.51 5.31 Coast 

Reformer 
Reformer 

10:20:26 826.4 1.98 4.65 Arterial 
10:59:00 2299.8 NA NA Shut 

Down 







Table A3: Emissions Test Results (gramslmile) 



ITable A4: Emissions Test Results in (gramslBhp-Hr) I 



1 1 1.828 I 0.273 I 0.016 I 1.630 I 0.512 I 0.076 I 0.005 I 0.457 1 0.241 I 0.036 1 0 0 0 2 1 . 2 1 5  1 



1- 
4.037 

2.420 
0.387 
0.041 
0.010 
0.042 
0.100 
1.849 
0.037 
0.195 
1.177 
1.181 
0.206 
0.677 
0.496 
0.345 

~~ 

I I 1 888 I 1 I 3.567 

0.058 
0.021 
0.011 
0.005 
0.003 
0.009 
0.035 
0.004 
0.000 
0.023 
0.029 
0.013 
0.019 
0.021 
0.022 

10.641 
7.126 
0.648 
0.048 
0.179 
0.136 
12.639 
0.303 
1.134 
6.642 

1.595 
I I .92a 

1.928 
2.381 
1.797 

NA I NA I NA I NA 1 NA 
0.377 I 0.021 I 0.001 I 0.089 I 0.202 

0.089 I 0.002 I 0.390 1 
0.083 I 0.004 
0.009 I 0.002 

NA I NA 
0.011 I 0.001 

NA I NA 

1.526- 
0.139 

NA 
0.048 

NA 
0.661 
0.074 
0.234 
0.339 

NA 

The WVU Gas Chromatography Laboratory analyzed the alcohol samples. 
Atmospheric Analysis and Consulting Inc. analyzed the aldehyde samples. 



;Table A6: Raw Emissions (Cartridges) 



Table A7: Raw Emissions (DNPH Solutions) I 
Test 1 HCHO PPM 1 CH,CHOPPM I C,H,OPPM I Exhaustport I 

/ble A8: Raw Emissions (Bubblers) I 

_ -  
I 

888 I 3.9303 Cathode 
I I'AII concentrations are without background corrected. 







Appendix B - Short Reports 

consumed and brief comments for each test in a compact format on one page. 
Each short report shows the test information, exhaust port sampled, fuel 

Symbols used in Short Report Emissions data result table: 

a. A value was measured and identified as an apparent outlier, and 
therefore is not reported and not used to compute other parameters or 
the average values. 

b. The residual hydrocarbons (RHC) were calculated from the difference 
between the methanol (CH,OH) and the FID-HC concentrations. For 
100% alcohol fuels, the value of RHC is small and due to experimental 
variations, it may be either positive or negative but can best be 
assumed to be zero. 

c. A value cannot be calculated because the parameters required for 
calculation are not available. 

d. Values are below detectable limits. In some cases the calculated 
values, when corrected for background, may have been negative. 



W v 

1 ) .  

DNPH Solutions 
CartridgeIBubbler 

- -\ 

Test Number: 845 
Test Date: 0 3 I2 019 7 
Test Start Time: 09:39:35 
Test Length: 2399.8 seconds 
Exhaust Port: Reformer 
Test Cycle: Start up test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 1.053 gallons 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) Methanol (CH3OH) - 
0.49894 0.00470 0.00408 NIA 
0.01086 0.002 1 1 0.0052 1 NIA 

Emissions from the Reformer Exhaust Port: 

Raw Regulated Emissions from the Cathode Exhaust Port (PPM Volume): 

Comments: 
This was a start up Test. The external bubbler cart ivas hooked up to aldehyde sampling lines. The dilute exhaust 
sampled from the reformer (stack B). 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantom WV 26506-6101 
(304) 293-31 I I ,  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



W 

.\A -1 , Formald. (HCHO) Acetald. (CH3CHO) Acetone (CIHsCHO) 
DNPH Solutions 0.1 1306 0.0 1344 0.00748 

Cartridge/Bubbler N/A NIA N/A 

Test Number: 846 
Test Date: 03/20/97 
Test Start Time: 10:47:39 
Test Length: 1799.9 seconds 
Exhaust Port: Reformer 
Test Cycle: Idle test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.939 gallons 

Methanol (CHsOH) 
N/A 
NIA 

Emissions from the Reformer Exhaust Port: 

Raw Repulated Emissions from the Cathode Exhaust Port (PPM Volume): 

Comments: 
This was an idle Test. There was no aldehyde cartridge in the external bubbler bench. The dilute exhaust was sampled 
from the reformer (stack B). 

Mechanical and Aerospace Engineering Department West Virginia University e P. 0. Box 6101 Morgantom WV 26506-6101 
(304) 293-31 I I.  Lab Tel: (304) 293-8737 e FAX: (304) 293-6689, Lab FAX: (304) 293-8738 



W V 

DNPH Solutions 
Cartridge/B u b b I er 

Test Number: 847 
Test Date: 03/20/97 
Test Start Time: 13:19:00 
Test Length: 1799.8 seconds 
Exhaust Port: Reformer 
Test Cycle: 50% load 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 1.620 gallons 

Forrnald. (HCHO) Acetald. (CH3CHO) Acetone (C2H,CH0) Methanol (CHsOH) 
0.06968 0.0 1523 0.00883 NIA 

N/A NIA NIA NIA 

0 Emissions from the Reformer Exhaust Port: 

Raw Regulated Emissions from the Cathode Exhaust Port (PPM Volume): 

Comments: 2q-G 
This was a 50% Load (25 kW). There was no aldehyde cartridge in the external bubbler bench. The dilute exhaust was 
sampled from the reformer (stack B). The load was applied using a load bank (resistors) and the wheels were not 
turning. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantom W v  26506-6101 
(304) 293-3 I I I .  Lab Tcl: (304) 293-8737 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 



W V 

Total Grams 
Grams/mile 

GramsIBhpHr 
Gramslsecond 

Test Number: 848 
Test Date: 03/20/97 
Test Start Time: 14:22:03 
Test Length: 1793.9 seconds 
Exhaust Port: Reformer 
Test Cycle: 75% load 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 2.492 gallons 

co CO2 NO, RawNO, FIDHC PM CH30H HCHO CHJCHOOMHCE 
49.12 I O  173.78 0.0 1 0.55 1.59 0.17 -0.04 0.03 0.00 0.70 
N/A N/A NIA NIA NIA NIA N/A N/A N/A N/A 
N/A N/A N/A N/A NIA N/A N/A N/A NIA N/A 

2.74E-2 I 5.67EO 5.80E-6 3.06E-4 8.88E-4 9.48E-5 d 1.65E-5 9.88E-7 3.90E-4 

DNPH Solutions 
Cartridge/Bubbler 

Forrnald. (HCHO) Acetald. (CH3CHO) Acetone (C2HSCHO) Methanol (CH30H) 
0.09366 0.01079 0.00682 NIA 

N/A NIA N/A N/A 

N/A 

0 Comments: 
This was a 75% Load (37.5 kW) test. There was no aldehyde cartridge on the external bubbler bench. The dilute 
exhaust was sampled from the reformer (stack B). The load was applied using a load bank (resistors) and the wheels 
were not turning. 

N/A I NIA I N/A 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantown W v  26506-6101 
(304) 293-3 I I I ,  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



Test Number: 850 
Test Date: 0312 1/97 
Test Start Time: 10: 15:49 
Test Length: 2403.0 seconds 
Exhaust Port: Burner 
Test Cycle: Start up tesr 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.821 gallons 

Total Grams 
Gramslmile 

co C o t  NO, Raw NO, FIDHC I PM CH30H I HCHO ICHKHO OMHCE 
10.27 3360.64 , 0.84 0.28 7.57 I 0.19 3.94 1 0.03 I 0.00 3.64 1 
NIA , NIA N/A N/A I N/A i NIA NIA i NIA I N/A N/A 1 

GramsIBhpHr I N/A I NIA 1 NIA I N/A NIA-1-  N/A 1 N/A I N/A 1 N/A I N/A 
Gramdsecond 1 4.27E-3 I 1.40EO I 3.48E-4 I 1.15E-4 1 3.15E-3 I 7.91E-5 1 1.64E-3 I 1.19E-5 1 d I 1.51E-3 

DNPH Solutions 
CartridgeIBubbler 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2HSCHO) Methanol (CH30H) 
0.00492 NIA NIA N/A 

N/A NIA N/A N/A 

Raw Repdated Emissions from the Cathode Exhaust Port fPPM Volume): 

N/A N/A NIA N/A 

Comments: 
This was a Startup test. The dilute exhaust was sampled from the warm-up burner (stack A). The bus backfired during 
startup (around 36 - 37 minutes). This has happened before. The backfire was believed to be caused by a dirty air filter. 
New air filter was installed after startup. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304)  293-31 I I .  Lab Tel: (304) 293-8737 0 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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co C o t  NO, [RawNO, FIDHC PM CH30H HCHO ICHKHOOMHCE 
Total Grams d 32.58 0.01 ' 0.03 d 0.09 0.29 0.00 1 0.00 
Gramslmile N/A NIA N/A N/A NIA N/A N/A N/A N/A 

GramsJBhpHr N/A N/A , N/A NIA N/A N/A N/A N/A NIA 

Test Number: 85 1 
Test Date: 03/21/97 
Test Start Time: 11:29:18 
Test Length: 1800.7 seconds 
Exhaust Port: Burner 
Test Cycle: Idle test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.008 gallons 

d 
N/A 
NIA 

Grarns/second d 1.81E-2 I 6.65E-6 1.83E-5 d 5.08E-5 1.61E-4 d -2.52E-7 I d 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (C,H&HO) 
DNPH Solutions 0.01314 0.00269 0.00679 

Camidge/Bubbler N/A NIA N/A 

Comments: 
This was an Idle. The dilute exhaust was sampled from the warm-up burner (stack A). 

Methanol (CH30H) 
N/A 
N/A 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgmtown WV 26506-6101 
(304) 293-31 I I ,  Lab Tel: (304) 293-8737 e FAX: (304) 293-6689. Lab FAX: (304) 293-8738 

7 eo 1 cot I ,NO, t HC . ' 
N/A N/A NIA N/A 
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Grarnslmile NIA 
Grams/BhpHr N/A 
Gramslsecond 8.77E-2 

Test Number: 852 
Test Date: 0312 1/97 
Test Stan Time: 14:06:55 
Test Length: 479.5 seconds 
Exhaust Port: Reformer 
Test Cycle: 100% load 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.93 1 gallons 

N/A NIA N/A NIA N/A NIA N/A NIA N/A 
NIA N/A N/A NIA N/A NIA NIA NIA NIA 

7.85EO 3.55E-4 6.50E-4 1.35E-2 3.84E-5 5.24E-2 3.17E-5 3.24E-6 1.05E-2 

Emissions from the Reformer Exhaust Port: 

DNPH Solutions 
CartridgeIBubbler 

.. d 

I co I C 0 2  I NO, (Raw NOJ FIDHC I PM I CH30H I HCHO ICH3CHOIOMHCE 
Total Grams 1 42.05 I 3764.34 I 0.17 I 0.31 I 6.48 I 0.02 1 25.12 I 0.02 1 0.00 1 5.01 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) Methanol (CH30€€) 
1.43115 0.0201 8 0.44384 N/A 

NIA NIA N/A N/A 

Raw Regulated Emissions from the Cathode Exhaust Port (PPM Volume): 

0 Comments: 
This was a 100% Load (50.6 kW) test. The dilute exhaust was sampled from the reformer (stack B). The fuel cell could 
not hold the load and went into emergency shutdown (the reformer stack overheated). The test was stopped after 8 
minutes. 

Mechanical and Aerospacc Eiiginecring Department West Virginia University P. 0. Box 6101 Morgantown wv 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 e FAX: (304) 293-6689, Lab FAX: (304) 293-8738 



Test Number: 853 
Test Date: 0312 1 I97 
Test Start Time: 15:33:06 
Test Length: 1799.9 seconds 
Exhaust Port: Burner 
Test Cycle: 25% load 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.024 gallons 

DNPH Solutions 
Cartridge/Bubbler 

0 Emissions from the Warm Up Burner Exhaust Port: 

Forrnald. (HCHO) Acetald. (CH3CHO) Acetone (C2H&HO) Methanol (CHJOH) 
N/A N/A N/A N/A 
N/A NIA N/A NIA 

N/A 

e Raw Reaulated Emissions from the Cathode Exhaust Port fPPM Volume): 

N/A N/A N/A 

Comments: 
This was a 25% Load (16 kW) test. The dilute exhaust was sampled from the warm up burner (stack A). 

Mechanical and Aerospace Enginccring Dcpartmenr West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-31 I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 
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Test Number: 855 
Test Date: 03/24/97 
Test Start Time: I 1 :47:48 
Test Length: 2760.0 seconds 
Exhaust Port: Burner 
Test Cycle: Start up test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.963 gallons 

DNPH Solutions i 0.3 I894 0.00584 

Emissions from the Warm Up Burner Exhaust Port: 

0.00487 I NIA 

Raw Emissions from the Cathode Exhaust Port (PPM Vohmek 

N/A NIA NIA N/A 

Raw Regulated Emissions from the Cathode Exhaust Port (PPM Volume): 

0 Comments: 
This was a Startup test. The dilute exhaust was sampled from the warm-up burner (stack A). The startup burner lit and 
then shut down because the flame temperature was too low (at approximately 2 minutes). The start up burner relit at 
approximately 7 minutes and 30 seconds. The start up burner backfired again. 

Mechanical and Aerospace Engineering Department West Virginia University 0 P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I 1  I .  Lab Tel: (304) 293-8737 . FAX: (304) 293-6689. Lab FAX: (304) 203-8738 
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co C o t  1 NO, IRawNO, FIDHC PM ICH,OH HCHO CH,CHOOMHCE 
Total Grams 13.20 3470.63 I 0.04 i 0.06 0.52 0.10 1 1.02 0.05 0.00 
Grams/mile 6.97 1832.04 i 0.02 I 0.03 0.28 0.05 I 0.54 0.03 0.00 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
B h p-Hr: 
Fuel Consumed: 

0.34 
0.18 

856 
03\24/97 

GramslBhpHr 1 3.15 
Grarnslsecond I 2.3OE-2 

574.8 seconds 
Reformer 
CBD 
1.89 miles 
4.19 
0.849 gallons 

I , 
828.35, 1 0.01 1 0.01 I 0.12 1 0.02 0.24 0.01 I 0.00 I 0.08 
6.04EO I 6.45E-5 I 1.05E-4 1 9.07E-4 I 1.69E-4 1.77E-3 8.33E-5 1 7.93E-6 1 5.87E-4 

Emissions from the Reformer Exhaust Port: 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) .. 
DNPH Solutions NIA NIA NIA 

CartridgelBubbler 0.0161 9 0.00662 0.0 184 1 

Methanol (CH30H) 
NIA 
NIA 

. .  :. ;*-CO CO2 I -NO, I HC 
Raw R e d a t e d  Emissions from tlte Cathode Exhaust Port fPPM Volume): 

NIA NIA NIA NIA 

0 Comments: 
This was a CBD test (practice cycle with data). The dilute exhaust was sampled from the reformer (stack B). The 
differentials were cold (85 degrees F) and no preliminary warm-up were run. This test was done to keep the bus from 
shutting down. 

Mechanical and Aerospace Engineering Dsparlment West Virginia University e P. 0. Box 6101 MorgmtoHn WV 26506-6101 
(304) 293-31 I I ,  Lab Tel. (304) 293-8737 e FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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DNPH Solutions 
Cartridge/Bubbler 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) Methanol (CHJOH) 
NIA NIA NIA NIA 

0.02 104 0.00882 0.0 1757 NIA 

857 
03124197 

NIA 

574.8 seconds 
Reformer 
CBD 
1.88 miles 
4.00 
0.692 gallons 

NIA NIA NIA 

Emissions from the Reformer Exhaust Port: 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) Methanol (CHsOH) ’ 

DNPH Solutions N/A N/A N/A N/A 
CartridgeIBubbler N/A N/A N/A NIA 

Test Number: 858 
Test Date: 03/25/97 
Test Start Time: 10:52:06 
Test Length: 1800.9 seconds 
Exhaust Port: Reformer 
Test Cycle: Transit test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 1.57 1 gallons 

6.7 I 1558 ! 0.062 

Emissions from the Reformer Exhaust Port: 

17.3 

Comments: 
This was a Transient Test (ramp the fuel cell between 0 and 100%). The dilute exhaust was sampled from the reformer 
(stack B). The raw exhaust was collected in a sample bag from the cathode. The fuel cell only made 40 kW at full 
power. It is supposed to make 50 kW. The temperature in the reformer burner dropped too low and the bus shut down 
between tests. 

Mechanical and Acrospace Engincrring Depanment West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



w 

I Formald. (HCHO) 
DNPH Solutions I N/A 

Camidge/Bubbler 1 NIA 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Disrance: 
Bhp-Hr: 
Fuel Consumed: 

Acetald. (CH3CHO) Acetone (C2H&HO) Methanol (CH30H) 
NIA N f  A N/A 
NIA NIA NIA 

859 
03/25/97 
14:02:35 
294.7 seconds 
Reformer 
ART 
1.63 miles 
3.67 
0.308 gallons 

11.4 

0 Emissions from the Reformer Exhaust Port: 

1663 0.289 16.5 

Comments: 
This was a Arterial cycle tesr. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was 
collected in a sample bag from the cathode (stack C). The bus would not make the acceleration ramps. The top speed 
was only 32 mph. 

Mechanical and Aerospace Engineering Departmen1 West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-31 I I, Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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DNPH Solutions 
CartridgeIBubbler 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
B h p- Hr: 
Fuel Consumed: 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (CIH5CHO) Methanol (CHIOH) 
NIA N/A NIA NIA 
NIA NIA N f  A NtA 

860 
03125197 
14:38:49 
5 18.4 seconds 
Reformer 
ART 
1.75 miles 
4.42 
0.742 gallons 

NJA 

0 Emissions from the Reformer ExJtaust Port: 

NIA NIA NIA 

Comments: 
This was a Arterial cycle test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was not 
collected in a sample bag from the cathode (stack C). The data sampling was continued after the driving cycle was over 
because the reformer was still charging the batteries. 

Mechanical and Aerospace Enginceriiig Depmnien[ West Virginia University P. 0. Box 6101 Morgantom W V  26506-6101 
(304) 293-31 I I .  Lab IcI: (304) 293-8737 0 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 



Test Number: 86 1 
Test Date: 03/25/97 
Test Start Time: 15: 15:33 
Test Length: 1588.6 seconds 
Exhaust Port: Reformer 
Test Cycle: Shut down test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.258 gallons 

, .Y I 

DNPH Solutions 
Cartridge/Bubbler 

0 Emissions from the Reformer Exhaust Port: 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) Methanol (CH30H) 
NIA NIA NIA N/A 
N/A N/A NIA NIA 

57.2 16718 0.137 153.3 

0 Comments: 
This was a Shutdown test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). 

Mechanical arid Aerospace Eiigineering Department West Virginia University P. 0. Box 6101 Morgantow WV 26506-6101 
(304) 2Y3-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

I Formaid. (HCHO) Acetald. (CH,CHO) Acetone (C2HSCHO) 
DNPH Solutions I N/A NIA N/A 

Cartridge/Bubbler I NIA NIA N/A 

8 62 
03/26/97 

Methanol (CH3OH) 
NIA 
NIA 

597.7 seconds 
Reformer 
Speed check test 
3.36 miles 
3.34 
1.536 gallons 

N/A 

Comments: 
This was a Speed check, the dynamometer speed reading was compared with that of the busses speedometer and the 
tachostrobe. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantobn WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 0 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Gramdmile NIA 
GramslBhpHr N/A 
Grarns/second NIA 

Test Number: 863 
Test Date: 03126197 
Test Start Time: 
Test Length: 1066.6 seconds 
Exhaust Port: Reformer 
Test Cycle: 
Driving Distance: 6.26 miles 
Bhp-Hr: 15.94 
Fuel Consumed: 

Road loadhorse power check 

, i 

NIA NIA NIA ’ NIA NIA NIA NIA NIA NIA 
NIA N/A NIA NIA NIA N/A NIA NIA NIA 
N/A NIA NIA NIA j NIA NIA N/A NIA N/A 

0 Emissions from the Reformer Exhaust Port: 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA NIA NIA 

CartridgeIBubbler N/A NIA NIA 

., < 

I eo I CO2 I NO, /Raw NO,I FIDHC I PM I CH30H I HCHO ICHKHOIOMHCE 
TotalGrarns I N/A i N/A I NIA I NIA 1 NIA I NIA 1 NIA I NIA I N/A I N/A 

Methanol (CHJOH) 
NIA 
NIA 

’ co co2 I ‘NO, I ’  HC 
NIA 

0 Comments: 
This was a Road LoadHorsepower check. The power absorber load was varied manually and the speed was held 
constant to check the horsepower of the bus. 

NIA NIA N/A 

Mechanical and Aerospace Enginccring Departrnenl Wrst Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetaid. (CH,CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA NIA NIA 

Cartridge/Bubbler N/A N/A NIA 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance : 
Bh p- H r: 
Fuel Consumed: 0.459 gallons 

Methanol (CHJOH) 
NIA 
NIA 

864 
03/26/97 
15:00:52 
1229.9 seconds 
Reformer 
Shut down test 

40.8 4056 0.032 70.1 

0 Comments: 
This was a Shut down test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Enginceriiig Depanment West Virginia University P. 0. Box 6101 Morganrow WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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DNPH Solutions 
CartridgdBubb ler 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Formald. (HCHO) 1 Acetald. (CH3CMO) Acetone (C&@HO) Methanol (CH30H) 
NIA NIA N/A NIA 
NIA NIA NIA NIA 

865 
03/27/97 
1 1 :OM0 
514.8 seconds 
Reformer 
Coast down test 
2.57 miles 
2.88 

NIA 

Emissions from the Reformer Exhausr Port: 

NIA I NIA NIA 

Comments: 
This was a 40 rnph coast down. Two coast downs were performed during this test. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2HSCHO) 
DNPH Solutions N/A NIA NIA 

CartridgeIBubbler NIA NIA N/A 

Test Number: 866 
Test Date: 03/27/97 
Test Start Time: 
Test Length: 900.1 seconds 
Exhaust Port: Re former 
Test Cycle: Coast down test 
Driving Distance: 3.51 miles 

Fuel Consumed: 
Bhp-Hr: 5.3 1 

Methanol (CH30H) 
NIA 
NIA 

co I coz NO, I -  *HC 
NIA NIA NIA 

Comments: 
This was a maximum acceleration and coast down test. The maximum speeds for the coast downs were 55 and 50 mph 
respectively. The vehicle was left in drive during second coast down. 

NIA I 

Mechanical and Aerospace Engineering Dspanrnent West Virginia University P. 0. Box 6101 Morgantown W V  26506-6101 
(304) 293-31 I I ,  Lab le11 (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

867 
03f27f91 
14:08:49 
3 1 1.8 seconds 
Reformer 
ART 
2.04 miles 
4.83 
0.5 16 gallons 

Raw Emissions from the Cathode Exhaust Port (PPM Volume): 
4 -  Formald. (HCHO) Acetald. (CH,CHO) Acetone (CzH&HO) Methanol (CHJOH) 
DNPH Solutions N / A  NIA NIA NIA 

CartridgeIBubbler N I A  NIA N/A N/A 

Raw Regirlated Emissions from the Cathode Exhaust Port (PPM Volume): 

0 Comments: 
This was an arterial cycle test with a continuation of data taking during the recharging of batteries. The dilute exhaust 
was sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). A 
baby bag of cathode exhaust was sent to WVU Gas Chromatography Laboratory. Test was short and bag from stack C 
did not f i l l .  The brakes over heated. 

Mechanical and Aerospace Engincerillg Department West Virginia University P. 0. Box 6101 Morgantow WV 26506-6101 
(304) 293-31 I I .  Lllb Tcl: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) I Acetald. (CH,CHO) Acetone (C2HSCHO) 
NIA NIA 
N/A N/A 

DNPH Solutions NIA I 
Cartridge/Bubbler NIA 

Test Number: 868 
Test Date: 0 3 3  1/97 
Test Start Time: 10:26:30 
Test Length: 1800.1 seconds 
Exhaust Port: Reformer 
Test Cycle: Transit test 
Driving Distance: 
B h p-H r: 
Fuel Consumed: 1.86 1 gallons 

Methanol (CH30H) 
N/A 
N/A 

Emissions from the Reformer Exhaust Port: 

10.8 I539 I 0.098 16.6 

Comments: 
This was a transient test (0 to 100% load). The dilute exhaust was sampled from the reformer (stack B). The raw 
exhaust was collected in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Enginccriiig Dcpartmelll West Virginia University P. 0. Box 6101 MorgantoHn WV 26506-6101 
(304) 293-31 1 I .  Lab 'l'cl: (304) 293-8737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetald. (CH3CHO) Acetone (CIH5CHO) 
DNPH Solutions N/A NIA NIA 

Cartridge/Bubbler N/A NIA N/A 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (CHJOH) 
NIA 
N/A 

869 
0313 1197 
13:54:43 
2955.2 seconds 
Reformer 
TCDC 
10.23 miles 
20.12 
3.978 gallons 

co I cot 

Emissions from the Reformer Exharrst Port: 

NO, I HC 
3.5 I 1817 I 0.054 11.0 

Comments: 
This was a TCDC test without the Commuter phase. The dilute exhaust was sampled from the reformer (stack B). The 
raw exhaust was collected in a sample bag from the cathode (stack C). The computer locked up during the test but the 
data was saved. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgmntown WV 26506-6101 
(304)293-31 I I ,  LabTcl: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) 1 Acetald. (CH,CHO) Acetone (ClH5CHO) 
DNPH Solutions N/A ! N/A N/A 

CartridgeIBubbler NIA N/A N/A 

Test Number : 
Test Date: 
Tesr Stan Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (CH3OH) 
N/A 
N/A 

870 
04!0 1/97 
10:35:43 
7 18.7 seconds 
Reformer 
CBD 
2.03 miles 
3.95 
0.975 gallons 

co I co2 

Emissions the Reformer Exhartst Port: 

NO, I HC 
17.0 3059 1 -0.0 17 19.9 

Comments: 
This was a CBD cycle test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). The external NOx analyzer was not on. The bus computer locked up. 

Mechanical and Aerospace Engineering Department West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab Tel: (305) 293-8737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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L 
Gramslmile 8.40 1844.65 

Gramshecond 2.75E-2 6.05EO 
GramdBhpHr 4.32 949.50 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhausr Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

I 

0.01 1 0.02 1 , 0.27 0.00 0.28 I 0.02 0.00 0.15 

2.67E-5 1 5.61E-5 I 8.87E-4 1.23E-5 9.03E-4 I 6.35E-5 7.02E-6 4.93E-4 
0.00 1 0.01 I 0.14 0.00 0.14 1 0.0 1 0.00 0.08 

871 
0 4 0  1/97 
1 l:10:24 
6 1 1.8 seconds 
Reformer 
CBD 
2.01 miles 
3.90 
0.906 gallons 

DNPH Solutions 
CartridgeIBu bb ler 

0 Emissions the Reformer Eiltaust Port: 

Formald. (HCHO) Acetald. (CH,CHO) I Acetone (C2HSCHO) Methanol (CH30H) 
N/A NIA j N/A N/A 
N/A N/A N/A NIA 

" 

1 co I C o t  I NO, (Raw NO,] FIDHC I PM I CH3OH I HCHO ICH3CHOIOMHCE 
Total Grams I 16.85 I 3701.48 I 0.02 I 0.03 I 0.54 1 0.01 1 0.55 1 0.04 I 0.00 I 0.30 

11.5 I81 1 I -0 054 11.7 

0 Comments: 
This was a CBD cycle test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). The driver missed the first ramp. 

Mechanical and Aerospace Engineering Dcpanmctll Wcsl  Virginia University P. 0. Box 6101 Morgantovm W V  26506-6101 
(304) 293-3 I I I. Lab '1'c.l: (304) 292-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



W V 

To,?-. ' Y e ,  * 1 - . Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA NIA NIA 

CartridgeIBubbler NIA NIA NIA 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (CHsOR) 
NIA 
NIA 

872 
0410 I 197 
142 1 :  15 
672.3 seconds 
Reformer 
CBD 
2.03 miles 
3.89 
0.864 gallons 

0 Emissions from the Reformer Esliaust Port: 

Raw Regulated Emissions from the Cathode Exhaust Port (PPM Volume): 

0 Comments: 
This was a CBD cycle test with a continuation of data taking during the recharging ofthe batteries. The dilute exhaust 
was sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). 
The raw exhaust sample bag did not f i l l .  

Mechanical and Aerospace Engineering Uepartmeii[ West Virginia Univcrsity P. 0. Box 6101 0 Morgantown WV 26506-6101 
(304) 293-3 I I I .  Lab TeI: (304) 293-8737 0 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 
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Test Number: 873 
Test Date: 04/02/97 
Test Start Time: 09:s 1 :5 1 
Test Length: 1138.3 seconds 
Exhaust Port: Reformer 
Test Cycle: TCDC 
Driving Distance. 3.57 miles 

Fuel Consumed: 1.380 gallons 
Bhp-Hr: 7.59 

r .  Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H~CHO) Methanol (CH3OH) 
DNPH Solutions NIA N/ A NIA N/A 

Cartridge/Bubbler NIA NIA NIA N/A 

Emissions from the Reformer Esliartst Port: 

co I COZ I NO* I HC 
21.3 3556 0.005 17.5 

Comments: 
This was a TCDC test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected in a 
sample bag from the cathode (stack C). The fuel cell on the bus was operating manually. The bus went into emergency 
shutdown because the fuel cell could not maintain voltage. 

Mechanical and Aerospace Enginwritif Ikpafliiictii Wesi Virginia University P. 0. Box 6101 Morgmtown WV 26506-6101 
b (304) 293-31 I I .  Lilt> '1.~1: (304) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA NIA NIA 

Cartridge/Bubbler NIA NIA N/A 

Test Number: 874 
Test Date: 04/02/97 
Test Start Time: 10:58:30 
Test Length: 43 18.2 seconds 
Exhaust Porr: Reformer 
Test Cycle: TCDC 
Driving Distance: 13.81 miles 
Bhp-Hr: 27.32 
Fuel Consumed: 6.439 gallons 

Methanol (CHsOH) 
N/A 
N/A 

co 1 co, NO, I .HC 

e Comments: 
This was a TCDC test with continuation of data taktng during the recharging of the batteries. The dilute exhaust was 
sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). The 
Power absorbers were used to assist in braking. The vehicle's top speed was 54 mph. 

13.9 3219 d 

Mechanical and Aerospace Engineering Ikpannlent West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-31 11. Lab l ~ l  (304) 293-9737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

DNPH Solutions 1 NIA ! NIA NIA 

875-1 
04/04/9 7 
09:44:32 
942.2 seconds 
Reformer 
ART 
1.95 miles 
4.67 
1.173 gallons 

NIA 

0 Emissions from the Reformer Extinitst Port: 

Camidge/Bubbler 0.10577 i 0.01351 
8 

0 Raw Emissions from the C(tttiode Estinust Port (PPIM Volume): 

0.04979 6.765 

co coz NO, 1 MC 

Comments: 
The arterial cycle with a continuation of data taking during the recharging of batteries. The dilute exhaust was 
sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack 
C). Power Absorbers assisted in braking. The raw exhaust gas sample was not turned on. 

Mechanical and Aerospace Engineering Ucpaniiicnk West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304)293-31 I I .  Lab'l'el. (304) 293-X737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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I co COz I NO, ]Raw NO,] FIDHC PM CH30H HCHO ICHjCHO 
Total Grams I 17.14 4684 : 0.075 ' 0.03 I 1.15 0.13 1.48 0.04 I 0.01 
Grams/mile 8.67 2369 0.04 0.0 1 0.58 0.07 0.75 0.02 0.0 1 

GramsIBhpHr 3.69 IO08 0.02 0.0 1 0.25 0.03 0.32 0.0 1 0.00 
Gramslsecond 2.07E-2 5.67E0 9.07E-5 3.13E-5 1.39E-3 1.62E-4 1.79E-3 5.02E-5 1 .33E3-5 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

OMI-ICE 
0.65 
0.33 
0.14 

7.84E-4 

875-2 
04/04/97 
10:20:26 
826.4 seconds 
Reformer 
ART 
I .98 miles 
4.65 
I. 145 gallons 

I DNPH Solutions I N/A N/A NIA NIB I 

Raw Emissions from the CutIiode Esltaust Port (PPM Volume): 

13.5 2865 ! d 18.5 

e Comments: 
This was an arterial cycle test with a continuation of  data taking during the recharging of batteries. The dilute exhaust 
was sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). 

Mechanical and Acrospacc Engincerin! I)cpiirlt~1ct~~ WSSI Virginia University P. 0. Box 6101 Morgantom W V  26506-6101 
(304) 293-31 I I .  Lab I SI  (304) ?');-X737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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co cot NO, /Raw NO, FIDHC PM CH30H HCHO CH3CHO 
Total Grams 14.90 4507.57 0.08 d d 0.17 2.16 0.0 1 0.00 
Gramslmile N/A NIA N/A i NIA N/A N/A N/A N/A N/A 

Grams/BhpHr I N/A N/A NIA 1 N/A N/A N/A N/A N/A N/A 
Gramsisecond I 6.48E-3 1.96EO I 3.28E-5 I d d 7.39E-5 9.40E-4 4.22E-6 2.00E-6 

7 

OMHCE 
0.05 
N/A 
N/A 

2.09E-5 

W V 

Formald. (HCHO) 1 Acetald. (CH3CHO) Acetone (C2H&HO) 
DNPH Solutions N/A N/A N/A 

Carnidee/Bubbler 0.00696 i 0.00237 0.00700 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 

Fuel Consumed: 1.10 1 gallons 
Bhp-Hr: 

Methanol (CHJOH) 
N/A 

3.171 

876 
04!04/97 
10:59:00 
2299.8 seconds 
Reformer 
Shut down test 

co I co2 ,NO, I HC 
27.3 2106 0.013 21.8 

Comments: 
This was a Shutdown test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Engineeriiig Ikpartmeiil W C ~ I  Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304)293-311 I ,  L;I\VI'CI. (303)293-8137 0 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formold. (HCHO) I Acetald. (CH,CHO) Acetone (C2H&HO) 
DNPH Solutions N/A I N/A N/A 

CartridgeiBu bbler 0.0 I870 0.00294 0.02304 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (CH30H) 
N/A 

4.564 

877 
04/04/97 
13:36:45 
6 18.7 seconds 
Reformer 
CBD 
7.02 miles 
2.77 
0.94 1 gallons 

co I COZ ... 

0 Emissions front the Refornrer Exltarist Port: 

NO, I HC 
10.1 1918 0.027 18.1 

e Comments: 
This was a CBD cycle test with a continuation of data taking during the recharging of the batteries. The dilute exhaust 
was sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Engineering I)cpartrnen[ Wcst Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-31 1 I .  Lab ' 1 . ~ 1  (304) 293-8737 0 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



W V 

DNPH Solutions 
Cartridge/Bubbler 

Test Number: 
Test Date: 
Test Start Time: 
Test Length : 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 0.563 gallons 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2HSCHO) Methanol (CH30H) ' 

0.008 16 0.00152 0.00882 3.136 I 
NIA NIA NIA NIA 

878 
04/04/97 
14:10:07 
I 199.8 seconds 
Reformer 
Shut down test 

co I co2 

0 Emissions from the Refornter Exhairst Port: 

NO, I .HC 
41.4 3337 0.053 28.6 

0 Comments: 
This was a Shutdown test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was collected 
in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Engineering Ikpannirn[ Wesr Virginia University P. 0. Box 6101 Morgantom WV 26506-6101 
(304) 293-31 I I .  Lab'l'el. (304) 293-S737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



W V 

Formald. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) 
DNPH Solutions N!A N/A NIA 

CartridgeIBubbler 0.0 I806 0.00282 0.00331 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (cH3oH) 
N/A 
7.093 

879 
04~01l91 
I O 2  1 :45 
3006.2 seconds 
Reformer 
GUTS 
7.85 miles 
19.1 1 
4.334 gallons 

. co COZ NO, I HC 
12.3 3586 0.203 

Comments: 
This was a GUTS route test with a continuation of data taking during the recharging of batteries. The dilute exhaust was 
sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). The 
bus was not making speed on some ramps (stalling). A universal joint was cracked between the power absorber and 
flywheels on side #2. 

4.6 

Mechanical atid Acrospace Eiiginccrtiic Iki).irtmenl \\'w Virginia University P 0. Box 6101 Morgantown wv 26506-6101 
(304)293-311 I .  Lab I c I  (304)293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



Test %umber: 
Test Dare: 
Test Start Time: 
Test Lenyth: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Coiisumed: 

co I CO2 I NO, \Raw NO, FIDHC PM CH3OH HCHO 
Total Grams 18.79 I 3869.86 I 0.04 I 0.10 0.58 N / A  0.40 0.04 0.00 

Grams/BhpHr 4.61 948.80 1 0.01 I 0.02 0.14 NIA 0.10 0.0 1 0.00 
Gramsisecond 2.64E-2 5.45EO I 5.37E-5 I I.JOE-4 8.14E-4 NIA 5.62E-4 5.26E-5 5.17E-6 

Grams/mile 9.19 i 1897.54 j 0.07 ~ 0.05 0.28 NIA 0.20 0.02 0.00 

88 1 
04/08/97 
09:55:38 
7 10.6 seconds 
Re former 
CBD 
2.04 miles 
4.08 
0.948 gallons 

C H 3 C H O O m C E  
0.30 
0.15 
0.07 

4.26E-4 

Emissions from the Refortiirr Exltnirst Port: 

- 
Formald. (HCHO) I Acetald. (CH3CHO) Acetone (C2HSCHO) 

DNPH Solutions N,'A NJA NIA 
Cartridge/Bubbler 0.0 I753 0.00256 0.01036 I 

Methanol (CH3OI-I) 
NJA 
1.386 

co I COL NO, I , -HC 

Comments: 
This was a CBD cycle test with a continuation of data taking during the recharging of batteries. The dilute exhaust was 
sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Enginwring I)cpannisn[ U c s t  Virginia University P. 0. Box 6101 Morgantown WV26506-6101 
(304) 293-31 I I .  Lah'I'el 1301) 293-8737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formnld. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA NIA NIA 

CartridgeIBubbler 0.01017 ! NIA 0.00584 

Wes  t 17 i r 41 3 PI i ;I U PI ivc r si 4s 

Methanol (CH30I-I) 
NIA 
3.017 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

co I coz 

882 
O-li08197 
I O :  I 1 :20 
787.2 seconds 
Reformer 
ART 
2.04 miles 
4.85 
1.030 gallons 

NO, I . HC 

0 Emissions from tlie Refornier Eslinust Port: 

16.8 2080 I 0.02 1 12.2 

Comments: 
This was an arterial cycle with a continuation of data taking during the recharging of batteries. The dilute exhaust was 
sampled from the reformer (stack B). The raw exhaust was collected in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Engineeriiis Ikpinii1eii[ \io[ Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304)293-31 I I. Lab'Icl (301) 293-8737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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Formald. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) Methanol (CHsOH) 
DNPH Solutions NIA NIA N/A NIA 

Cartrid~e/Bubbler 0.0 1690 0.00283 0.00462 4.182 

Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust I'ort: 
Test Cycle: 
Driving Distance: 

Fuel Consumed: 
Bhp-HI.1 

' 

853 
04/08/97 
I2:45: 12 
3789.8 seconds 
Reformer 
GUTS 
S.32 miles 
19.61 
4.382 gallons 

co 

Emissions from the Reformer Exliriust Port: 

cot NO, I 'HC 
9.2 2423 I 0.038 14.3 

Comments: 
This was a GUTS route test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was 
collected in a sample bag from the cathode (stack C). 

Mechanical and Aerospace Enginccriilg Ikpannisiit \VCSI Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304)293-3111, Lab'lcl (301)203-X737 FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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DNPH Solutions 
Cartridge/Bubbler 

Test Sumber: 881 

Test Start Time: 133620 
Test Length: 277 1.5 seconds 
Exhaust Port: Reformer 
Test C ~ c l r :  Shut down test 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 2.767 gallons 

Test Date: 04i08l97 

Formald. (HCHO) Acetald. (CH,CHO) Acetone (CzH,CHO) Methanol (CHJOH) 
N!A NIA N/A N/A 

0.00733 0.0013 1 0.00348 5.817 

0 Emissions the Reformer Exhairst Port: 

> a. co I CO? NO, I HC .- -:*....: I 

27.1 

0 Comments: 
This was a transient cycle/shutdo\vn test. The dilute eshaust was sampled from the reformer (stack B). The raw exhaust 
was collected in a sample bag froin the cathode (stack C). 

4483 0.025 33.9 

Mechanical and Aerospace Engiiiccriti: I)q);if l t l lcnl L i ’ c b t  Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
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Test &umber: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test C? cle: 
Driving Distance: 

Fuel Coiisurned: 
Bhp-Hr: 

DNPH Solutions 
CartridgeIBubbler 

885 
04:09197 
OS:40:3 1 
2076.2 seconds 
Reformer 
TCDC 
3.72 miles 
S . S j  
1.879 gallons 

Formaltl. (HCHO) Acetald. (CH,CHO) Acetone (C2H5CHO) Methanol (CH30H) 
NiA NIA NIA NIA 

0.u I YO0 0.00 1 17 0.0042 1 5.576 

0 Emissions from tire Reformer Esliriiist Port: 

18.6 2SG3 0.056 21.5 

0 Comments: 
This was a TCDC test with a continuation of data taking during the recharging of batteries. The dilute exhaust was 
sampled from the reformer (stack B ). The ra\r exhaust was collected in a sample bag from the cathode (stack C). The 
bus shut down because of a voltage problem. \!‘e decided to take data during the emergency shutdown. 

Mechanical ;ind Aerospace Engiiiccriiig 1 Jili.ifliiiciil \VCII Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
(304) 293-31 1 1 .  l . ; lh  I‘cI 1 ;IJ-!) 2 0 3 4 7 3 7  FAX: (304) 293-6689. Lab FAX: (304) 293-8738 



W V 

Formalcl. (HCHO) I Acetald. (CH,CHO) Acetone (C2H5CHO) 
DNPH Solutions NIA I N/A N/A 

Cartridge/Bubbler O.UO984 0.00 1 12 0.00237 

Test N u in be r : 
Test Dare: 
Test Stan l'ime: 
Test Length: 
Exhaust 1k11-t: 
Test Cycle: 
Driving Distance: 
Bhp-Hr: 
Fuel Consumed: 

Methanol (CHJOH) 
NIA 
3.487 

886 
OJiO9/97 
10:11:20 
27 I 1.7 seconds 
Reformer 
GUTS 
7.79 miles 
17.80 
3.495 gallons 

co I co2 I NO, 1. 

0 Emissions from the Reforiiwr Eslrniist Port: 

HC 

0 Comments: 
This was a New GUTS route cycle test. The dilute exhaust was sampled from the reformer (stack 9). The raw exhaust 
was collected in a sample bag from the cathode (stack C). Gases weren't on for the first 5 minutes. We were having 
problems with the bus reformer and had to keep the output low. consequently the batteries were losing charge. The bus 
is not keeping with the cycle. 

Mcchanical and Aerospace Enginwriiig Dcpar t~ i~c i~ t  Wcst Virginia University P. 0. Box 6101 Morgantohn WV 26506-6101 
(304) 293-31 I I .  Lab 1'L.I: (304) 293-8737 FAX: (304) 293-6689, Lab FAX: (304) 293-8738 



Test Number: 
Test Date: 
Test Start Time: 
Test Length: 
Exhaust Port: 
Test Cycle: 
Driving Distance: 

Fuel Consumed: 
Bhp-HI-1 

I FormAd. (HCHO) Acetald. (CH3CHO) Acetone (C2H5CHO) Methanol (CHsOH) - 
DNPH Solutions N/A NIA NIA NIA 

Cartridge/Bubbler I 0.00 I39 0.00 1 14 0.00402 3.397 

887 
04/09/97 
I2:3 1 :44 
320 1.4 seconds 
Reformer 
GUTS 
7.66 miles 
19.01 
4.301 gallons 

- 
co I CO2 I NO, I HC - 
10.9 2105 0.001 10.7 

Comments: 
This was a GUTS route test. The dilute exhaust was sampled from the reformer (stack B). The raw exhaust was 
collected in a sample bag from tlie cathode (stack C). The cart data is in doubt, a fitting came loose during the test and 
flow rates used to compute aldehydes. acetone and alcohol are in question are in question. 

Mechanic;il and Aerospace Eiipincc~~i~i; IkixiflnIcnI W e s ~  Virginia University P. 0. Box 6101 Morgmtown WV 26506-6101 
(304) 293-31 I I .  L ~ I I )  I c I  (304)  293-X737 . FAX: (304) 293-6689. Lab FAX: (304) 293-8738 
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...- Form;ild. (HCHO) Acetald. (CH,CHO) Acetone (C2HsCHO) 
DNPH Solutions NIA NIA NJA 

Cart rid ze/Bu b b I er 0.0 1235 0.00276 NJA 

Test Number: 
Test Date: 
Test Srait Time: 
Test Length: 
Exhaubt Port: 
Test C) cle: 
Driving Distance: 

Fuel C'oiisumed: 
Bhp-tlr: 

Methanol (CHaOH) 
NJA 

3.930 

888 
04/09/97 
13:48:07 
4 178.1 seconds 
Reformer 
TCDC 
10.15 miles 
20.17 
4.664 gallons 

12.5 

Emissions form the Refortiler Exlinirst Port: 

' 399  d 11.1 

Comments: 
This was a TCDC cycle test skipping the commute; route. The dilute exhaust was sampled from the reformer (stack B). 
The raw exhaust was collected in ;I sample bag from the cathode (stack C). 

Mechanical and Aerospace Engiiiccriii: I)cp;in!llci11 West Virginia University P. 0. Box 6101 Morgantown WV 26506-6101 
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Emissions Testing of a Hybrid Fuel Cell Bus 

Copyright 0 1998 Society of Automotive Engineers, Inc 

ABSTRACT 

The fuel cell bus program at Georgetown University (GU) has 
directed the operational development and testing of three 
hybrid fuel cell powered buses for transit operation. These are 
the world’s first liquid-fueled, fuel cell powered road vehicles. 
This paper describes the emissions testing of one of these 
buses on a heavy duty chassis dynamometer at West Virginia 
University (WVU). The tested bus was driven by a 120 kW 
DC motor and utilized a 50 k W  phosphoric acid fuel cell 
(PAFC) as an energy source with a 100 kW battery for 
supplemental power. A methanohrater fuel mixture was 
converted by a steam reformer to a hydrogen rich gas mixture 
for use in a fuel cell stack. Emissions from the reformer, fuel 
cell stack and startup burner were monitored for both transient 
and steady-state operation. I t  was concluded that this first- 
generation fuel cell bus offers an attractive approach to 
reducing emissions of particulate matter (PM). oxides of 
nitrogen (NO,). hydrocarbons (HC) and carbon dioxide (C02)  
relative to conventional drivetrain transit buses operating on 
both diesel and alternative fuels. Carbon monoxide (CO) 
emissions wcte similar to existing alternative fuel buses, and 
funher analysts revealed the cause of this unexpected result 
iras linked to the flow of methanol into the reformer burner. 
Alternative operating strategies are being incorporated into the 
next  generation fuel cell buses resulting in greatly reduced 
carbon monoxide emissions. 

INTRODUCTION 

As part of its contract with the Department of Energy, GU 
measured Fuel Cell System (FCS) emissions on one of the 
three 30 ft. fuel cell powered buses funded by the Department 
of Energy, Department of Transportation. and the South Coast 
Air  Quality Management District. For these measurements GU 
contracted with the West Virginia University Transportable 
Heavy Duty Vehicle Emissions Testing Laboratory in 
Morgantown, West Virginia. The WVU laboratory consists of 
a fully transportable chassis dynamometer, exhaust dilution 
tunnel, and real-time emission measurement equipment. This 
laboratory has previously tested over 500 internal combustion 
engine powered transit buses running on diesel. natural gas. 

Robert R. Wimmer and James Fletcher 
Fuel Cell Program, Georgetown University 

Nigel N. Clark, David L. McKain, and Donald W. Lyons 
Mechanical a n d  Aerospace Engineering 

West Virginia University 

methanol, ethanol. and biodiesel fuels. This background 
provides an extensive database for Comparison with emissions 
from the fuel cell bus. 

The prototype, or Test Bed Bus (TBB), receives power from a 
50 k W  PAFC which provides all of the energy for transit 
operation. A 100 kW battery storage system is used to 
supplement bus operation during acceleration and hill 
climbing and provides a reservoir for energy from 
regenerative braking. Part of the Fuel Cell Bus Program was 
designed to gather performance data under test track and in-  
service conditions. The third bus (TBB-3) underwent the 
emissions testing described in this paper. 

Construction of the first bus (TBB- I )  was completed in 1994 
with TBB-2 & 3 following in 1995. Initial operational testing 
was performed on two of the three buses on and around the 
GU campus in Washington, DC. The buses were driven over 
routes normally followed by conventional Georgetown 
University transit buses. 

The bus powertrain consists of a fuel cell. battery pack. and 
DC motor. The motor is directly connected to the drive axle 
using a conventional rear end; power delivered to the wheels 
is controlled by the driver. Power for the DC motor is 
provided by either the fuel cell, batteries. or a combination of 
both. Since availability of power from either source is 
dependent upon past operation. control of the power mixture 
is complex. A computer operated control system monitors 
power demand, fuel cell status, and battery state of charge 
(SOC) to accomplish this task. A power system diagram is 
shown in Figure I .  

The fuel cell generates electrical current through the 
electrochemical reaction of hydrogen fuel with oxygen 
available from ambient air (Figure 2 ) .  An on-board reformer. 
converts the methanol-steam mixture to a hydrogen rich gas. 
Approximately 80% of the hydrogen is consumed in the fuel 
cell stack. The remaining 20% is burned in the reformer 
burner to provide energy for the endothermic reforming 
reaction. In addition to the hydrogen, a varying amount of. 
neat methanol is injected into the reformer burner to maintaiii 
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the burner flame and "trim" the temperature in the reformer's 
catalyst bed. Besides hydrogen. carbon dioside is produced as 
the primary byproduct of the catalytic reforming process. 
Figure 3 presents a outline of the fuel cell system used on 
TBB->. 

Idle 
50% load 

Emissions testing of a fuel celVbattery hybrid vehicle is 
different than a vehicle with one power source since the fuel 
cell output does not directly follow the propulsion load on the 
bus. This is due to the slow transient response of the fuel 
processing system on the first-generation fuel cell buses. As a 
result, fuel cell power output changes at a rate of 0.2 kW/sec 
requiring the batteries to supply electrical power for the 
majority of the load transients. 

(nigk) (ing/>) ( n i g h )  (nigk)  (mg/s) 
0.19 7 2 7  2135 0 0 s  0.13 
0 67 20.22 3671 0 05 0.03 

There are three sources of bus emissions: the reformer burner, 
fuel cell cathode exhaust and the start-up burner. Since the 
reformer burner is in  operation whenever the fuel cell 
generates power, this emission stream was continuously 
monitored throughout the tests. The fuel cell cathode exhausts 
ambient air depleted of oxygen during the fuel cell 
electrochemical reaction. All measured emissions from this 
source simply reflected the ambient background levels: thus 
the fuel cell cathode exhaust did not influence the final result. 
The start-up burner is utilized to boost the stack temperature 
during start-up and extended periods of low power operation. 
This burner did not operate during any test cycles, and 
therefore this exhaust did not affect the emission results. For 
these reasons, the test results primarily measure reformer 
burner emissions. 

Emissions tests were conducted during fuel cell steady-state 
and transient operation. In addition. emissions were monitored 
while the bus was operated over the following three transit 
industry standard cycles: Central Business District (CBD), 
Arterial Cycle, and Transit Coach Duty Cycle (TCDC). A 
fourth cycle, the Georgetown University Transit System 
(GUTS) cycle was specifically prepared for emissions testing. 
Power was extracted from the bus rear wheels using hub 
adapters connected to the chassis dynamometer. Inertia was 
simulated by the dynamometer using flywheel sets while road 
load or torque demand was simulated using air-cooled eddy 
current power absorbers. Details o f  the laboratory operation 
can be found in Reference 1. Typically. the laboratory is used 
to monitor only one exhaust source at a time. In testing TBB- 
3. one exhaust stack was monitored using the dilution tunnel 
while integrated samples were taken from the other two. For 
many of the test runs, raw exhaust levels of aldehydes. 
methanol and oxides of nitrogen were also measured. 

RESULTS 

A total of 44 individual emission tests was completed. 
Difficulties in coordinating the two data acquisition systems, 
emissions measurement equipment, the FCS and a bus 
operator resulted in a number of incomplete tests. Only data 
from complete tests are reported in this paper. 

STEADY STATE TESTING 

Steady state testing was performed on TBB-3 at idle and load 
levels of 50% (35 kW) and 75% (37.5 kW).  During these 
tests. polver was drawn from the bus using a resistor load 
bank. Emissions from the reformer were monitored using the  
emissions laboratory dilution tunnel while those from t he  
cathode and start-up burner were sampled into tedlar sample 
bags. During all tests. emissions from the start-up burner and 
cathode were at ambient background levels. 

power output level. 

co. 
50% 0.07 2.27 402 0 07 0 013 
load 
75% 0. I I 3.52 0.04 0.0 I 2  
load 

Table 1 b - Reformer emissions in g/bhp-hr at 50% and 75% 
power output levels. 

Reformer emissions, in mg/sec, are shoivn in Table I a. When 
the reformer is in idle mode, there is no net output from the 
system, but the stack still generates electricity. The electrical 
power is dissipated through resistive heaters within the FCS to 
maintain the system at standby temperature. The CO and HC 
levels are less than half of the values. in g's. for 50% power 
output level. 

I I I I 
engine speed) I 
R50 (joyo Iq a i  1 0.100 1 0.45 I 5 8 2  1 4.66 
rated engine 
Speed) 

Table 3 - Emissions from a Navistar T 444E. 175 hp diesel 
engine. 

The emissions at 50 and 75% load (Table Ib), may be 
compared with emissions from a typical modem diesel engine 
under various operating conditions. Table 2 shows that NO, 
from the diesel is significantly greater than that of the fuel cell 
bus. while CO emissions are lower than  forTBB-3. The 
reason for the high FCS CO emissions is detailed later in t h i s  
paper. (The diesel engine was a Navistar T 444E. I75 hp. 
engine of 7.3 liter displacement, usually employed d i n  light 
trucks. straight trucks and school bus chassis). 
Further emissions data from the reformer were gathered tor 
transient power output levels ranging from 0 to 10Oo/o output 
over a 30 minute period. That data showed no increase i n  
emission levels over the steady state data. This is due, i n  part. 
to the slow transient response rate (0.2 kWisec) ofthe FCS. 
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TESTING USING THE CENTRAL BUSINESS DISTRICT 
CYCLE (CBD) 

Buses HC co 
Tested (g/mile) (gimile) 

4.9 1996 New 8 0.13 

Emissions tests on the fuel cell bus using the CBD test cycle 
were performed for comparison to results from typical transit 
buses previously tested by the WVU laboratory. The CBD test 
phase of the TCDC cycle (Figure 41, described in Society of 
Automotive Engineering (SAE) publication J I376 (2). is 
designed to simulate general transit vehicle operation in a 
downtown business cycle. This cycle is currently the generally 
accepted emissions test cycle for heavy duty transit vehicles. 
The cycle consists of 14 identical segments each consisting of 
the following: a I O  second acceleration from rest to 20 mph; 
18.5 second cruise at 20-mph; deceleration to a stop over 4.5 
seconds; followed by 7 seconds of  idle prior to beginning the 
next segment. The entire cycle covers a distance of 2 miles 
over a time period of 575 seconds. Plots of actual speed and 
h u b  torque for TBB-3 are shown in Figures 5 and 6 for the 
CBD cycle. Vehicle load during the CBD cycle was based 
solely on inertia and road load losses. Emissions results are 
given in g/mile i n  Table 3 and g/ahp-hr ( p a m s  per axle 
horsepower-hour) in Table 4. Axle power was measured at the 
rear hubs of the bus drive wheels. 

NO, PM 
(ghi le )  @,/mile) 

30.1 0.38 

The CBD tests in the case of TBB-3 were not concluded at the 
end of the 575 second driving cycle. but emissions data 
gathering continued until  the battery SOC was raised to the 
same value as the commencement of the cycle. The CBD 
cycle is energy intensive. having frequent acceleration and 
braking. and typically consumed more power than the fuel cell 
output. The slow transient response rate of  the FCS combined 
with different initial FCS power output levels resulted in 
different losses in the battery SOC over the standard 575 
seconds. However, on average, the fuel cell required only IO5 
seconds of additional run time to restore SOC. Figure 7 
graphically displays emissions. battery SOC. bus speed and 
furl cell output power. 

Table 4 - Reformer em tssions from CBD route in g/ahp-hr 
r?l 

Emissions from TBB-3 are lower, often times considerably 
lobccr, than those encountered from both conventional and 

Ethanol 
1992 Flxible 37.5 25.  I  0.39 
Methanol 
Fuel Cell 0.23 

Table 5 - Comparison of TBB-3 emissions with the average 
emissions from buses tested by WVU (ref. 5. 6. and 7) on the 
CBD route 

The lack of a significant reduction in CO and HC emissions 
was unexpected. Examination of the stead) state test data 
revealed a significant fluctuation in CO and HC emissions. 
This fluctuation was traced to variations in neat methanol and 
air flow in  the reformer burner during operation of the FCS 
(Figure 8). To prevent reformer burner flame-outs and 
maintain adequate catalyst temperatures, G U  increased the 
minimum methanol flow to the burner prior to emission 
testing. Due to GU’s limited understanding of the FCS 
control software, a corresponding increase in air flow was not 
possible. The data shows an increase in CO emissions 
whenever the pump is operated at low output which indicates 
that the additional methanol is not completel>, combusting in  
the burner. GU intends to increase reformer burner airflow at 
these low methanol flow rates in hopes of reducing CO 
emissions. The next generation fuel cell powered bus will not 
require methanol injection and as a result should have 
sisnificantly lower CO and HC emissions. 

ARTERIAL CYCLE TESTING 

TBB-3 was also exercised through the arterial portion of the 
transit coach cycle described in S A €  5-1376. Table 6 sho\vs 
the levels of reformer emissions that were recorded. 
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giniile 
yahp-hr 

of the TCDC. 

t i c  co NO, PM 
0.58 8.67 0.04 0.07 
0.25 3.69 0.02 0.03 

The bus was also operated through a combined CBD and 
arterial cycle, as described in S A E  1376 but excluding the 
commuter phase. This 10.15 mile test resulted in the emission 
levels shown in Table 7. 

simile 
s/ah!J-hr 

HC co NOS PM 
0.30 10.3 1 0.04 0.02 
0.15 5. I9 0.02 0.0 I I C  . I 1 

Table 7 - Emissions data from TBB-3 over the combined 
CBD/anerial phases of  the TCDC excluding the commuter 
phase. L 

Arterial 1 0.748 I 0.03-1 0.006 1 0.338 
TCDC I 0.351 I 0.034 0.002 I 0.177 

GUTS CYCLE TESTING 
. -- - 

1 GUTS 
1992 Flxible 
Bus 921 I 
1992 Flxible 
Bus 92 I5 
1993 Flxible 
Bus 92 12 

The GUTS cycle was developed by G U  and WVU using data 
from a G U  transit bus route. The cycle was developed using a 
computer program employing markers on the route (such as 
traffic lights, speed limits, stop signs, and bus stops) with 
defined bus parameters (such as weight, acceleration and 
deceleration rates, and power). This test cycle. unlike typical 
road load cycles, uses more than only speed to determine the 
torque applied to the vehicle rear axle. Using vehicle weight 
and road grade, the torque necessary to accelerate the vehicle 
at the demanded rate is calculated and applied during the test 
using t h e  dynamometer. Figures 9 and I O  show the target 
speed and torque for TBB-3 over this cycle. The dynamometer 
software was configured for separate torque and speed control 
while the bus was driven through the cycle. Actual driving 
distance was 12.3 km (7.6 miles) and asle energ) expended 
was 14.18 kW-hr (19 ahp-hr). Table 8 shows the regulated 
emissions from the GUTS cycle testing. 

I 

0.527 0.065 0.003 0.31 I 
39. I5 3.68 0.02 13.43 

9.73 3.89 0.02 3.83 

137.21 4.78 0.02 49.36 

g/mile 
g/ah p-h r 

was not taken during this test) 

HC co NO, 
0.54 11.98 0.02 
0.22 4.82 0.0 1 

ALCOHOL AND ALDEHYDE EMISSIONS 
CNG 
Methanol Hydrocarbon (HC) emissions reported by the W V U  laboratory 

were measured using a flame ionization detector (FID) 
calibrated on propane. Since the response of the FID to 
methanol and aldehydes was significantly different than its 
response to propane. methanol levels were derermined using 
impingers to capture a slipstream sample with subsequent gas 
chromatography analysis and aldehydes were measured using 
sample cartridges that were analyzed by an outside laboratory. 
l'hcse measurements were then combined and reported as the 
organic material hydrocarbon equivalent (OMHCE). 
Table 9 provides the data on levels of methanol. formaldehyde 

I 

35.091 3-607 74.3 
3 1.779 2960 93, I 

and acetaldehyde and the computed OMHCE for the test runs 
discussed in this paper. I t  is evident tha t  methanol by inass 
dominates the emissions of organic material. For comparison. 
the aldehyde and alcohol emissions during CBD tests from 
three 1992 Flxible buses, powered with Detroit Diesel 6V93 
methanol engines, have also been included in Table 9. 
OMHCE emissions from compression-ignition buses have 
been known to vary significantly from bus to bus in field tests 
as Table 9 shows, but TBB-3 was well below the levels of all 
three methanol internal combustion engine powered buses 
reported in the table. 

I 

~~ I 1 CBD (Test 851) I 0.195 1 0.018 I 0.002 I 0.148 

CO, EMISSIONS 

Although not a regulated emission, there is increasing interest 
in reducing CO, output from vehicles. I t  was expected that 
the fuel cell powered bus would emit lo\ver C 0 2  emissions 
than ICE buses due to using a low carbon fuel. CH.,OH. and 
having higher efficiency. Table I O  compares fuel cell bus 
CO, emissions to ICE buses. The "Corrected CO?" coluiiin 
equalizes emissions for the different bus \veights. T h e  darn 
indicates the fuel cell bus produces approsimafely 10% less 
C02 than a CNG fueled bus and 30% less than  a methanol ICE 
bus on a weight corrected basis. 

I I BusTest Weight I C 0 2  1 Corrected CO: 1 I (g/mi.) I (g/mi./l000 Ib.) Ub.) 
Fuel Cell 1 27.475 I 1876 I 68.3 

Table I O  - Vehicle CO: Emissions 

CONCLUSIONS 

A hybrid Iuel cellibattery bus. TBB-3. was sub.jected l o  
emissions testing with the FCS under steady state resistive 
load and transient bus operation. Reformer emissions of NO, 
were two orders of  magnitude lower than those for. 
coriveiifionnl and alternative fuel ICE buses. whilc. I'M 
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emissions were barely measurable. TBB-3 HC emissions were 
lower than all but the latest technology diesel buses while CO 
levels were within the range of emissions from conventional 
transit buses previously tested. The CO and HC emissions 
were higher than expected, but the reasons are now being 
corrected in the next-generation FCS. The fuel cell power 
plant also demonstrated a IO-30% reduction in CO, emissions 
over ICE buses. Clearly this first-generation liquid-fueled fuel 
cell powered bus demonstrated significant improvements in 
PM, NO, and C 0 2  emissions over ICE buses. These positive 
results should encourage further development of both light 
and heavy duty fuel cell power plants. 
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Figure 1 - Fuel Cellh3attex-y Bus Power Distribution .Schematic 
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Figure 2- Fuel Cell Stack Diagram 
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Figure 3- Fuel Cell System Functional Diagram 
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Figure 5- TBB-3 Speed Over CBD Test Cycle 

Time (s) 

.-. . . _-- - . .-. - . . . . .._ .. . . . -. . _ _  _ _  - - - . . .. - - - 

Figure 6- Hub Torque From TBB-3 While Testing Over CBD Cycle 
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Figure 8- Emissions Increase Due to Reformer CH,OH “Trim” Pump Turn-On 
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Development Of HYBRID-VB1, 

A Visual Basic Version Of HYBRID 

Vehicle Performance Simulation Code 

Executive Summary 

From the time that the digital computer began its explosive growth for complex and 

repetitive computations in the 1950’s to the phenomenal growth of personal computers in 

the go’s, FORTRAN was the mainstay language for scientific computer programs. 

FORTRAN programs were very effective and were greatly responsible for many of the 

impressive scientific achievements of the past several decades. However, few people 

would likely describe FORTRAN programs as “user-friendly”. 

Effective formulation of FORTRAN programs required both science and art and, when 

the debugging was included, it could be extremely time-consuming. The programs were, 

in general, “hard-wired”, thus requiring the same level of science, art and time to make 

changes or additions as it did to formulate the original programs. Also, when changes 

were made, over periods of time and especially by different people, the results were 

“layered” programs with many potential pitfalls for would-be users. In addition, large 

and cumbersome input files were generally required. 

Indeed, even under the best of circumstances, it would be considered difficult to become 

a proficient user of a FORTRAN program written by others. There was also little real- 

time interactive capability and little capability for instant visualization of results. 
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Consequently, in spite of the enormous contributions associated with FORTRAN 

programs, there were major shortcomings for occasional users, the users who wanted 

interactive capabilities, or the users who wanted to make substantial changes to the 

programs . 

The computer program referred to as HYBRID was a FORTRAN program that shared 

some of these shortcomings. HYBRID was originally developed through Georgetown 

University as part of the DOEDOT sponsored Fuel CelllBattery Power 30 ft. Bus 

Program. 

HYBRID was developed as a simulation program to predict the performance of the 30 ft. 

fuel cell bus over a specified driving cycle, with specified power train components. 

Thus, models for major components were based on projected bus hardware and were not 

modular, in the sense that they could not easily be modified or changed. In addition, 

there was no capability for producing on-screen graphs or for making the interactive 

changes. As a result of this type of formulation, HYBRID, therefore, had little flexibility 

and was also difficult for new users to master, thus restricting its usefulness. 

Subsequently, the University of Florida was contracted to convert HYBRJD to a more 

visual and interactive format, and to make it more modular in structure. For this purpose, 

a version of Visual Basic was selected. Since the FORTRAN version of HYBRJD was 

already operational, and in use by several organizations, there was never an intent to 

change any of the existing simulation models. However, it was desired to introduce 
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additional models such as for permanent magnet electric motors and fast-response 

phosphoric acid fuel cell system. It was also desired to provide the flexibility to 

introduce new or better models as they became available. 

In addition to the conversion and re-structuring of HYBRID, a decision was made to 

incorporate a University of Florida synthesis program referred to as Fuel Cell System 

Design (FCSD) into the HYBRID options. FCSD is a design-oriented program that 

allows a user to choose from a variety of default models or to input custom models for 

major components and logic. FCSD is still under development, but the preliminary 

version incorporated with HYBRID is operational, albeit with some limitations. 

The resulting visual, interactive form of HYBRID that incorporates FCSD is both user 

friendly and highly interactive. It has excellent on-screen graphics capabilities as well as 

easy commands for printing or plotting. The new version, referred to as HYBRID-VB I,  

is delivered as an executable file, thus obviating the requirement for the user to possess a 

copy of Visual Basic. There are additional files that are required to operate the 

executable file, and these are also delivered along with an overall data input. The files 

will operate on virtually any modern PC with at least 486 based technology and at least 8 

megabytes of memory. 

In an attempt to make it easier for new users to become familiar with HYBRID-VB1, the 

attached report is in the form of a user’s manual and includes four sections dealing with 

different aspects of understanding and using the program: 



1. A brief description of the mathematical models integral to the program. 

For the most part, these are the original HYBRID models incorporated into the 

Visual Basic format. There are also some new models introduced to provide 

additional flexibility. 

2. A narration of the actual operation of the program. This section provides 

details of input, logic and data manipulation. This section is especially intended 

to help new users getting started with HYBRID-VB 1. 

3. 

necessary to retain most of the logic and models of the original HYBRID (and 

some of the accompanying “layers”), there are resulting limitations. For the most 

A description and discussion of limitations of the program. Since it was 

part, these limitations have to do with the possibilities of creating program stops 

through inputs that result in overflows or physically impossible configurations. 

4. Brief descriptions of input variables as well as default values and default 

units. This section is designed to familiarize the user with the “built-in” models 

and corresponding capabilities as well as the appropriate means of incorporating 

new user-selected inputs. 

It is believed that the attached program, HYBRID-VB1, represents a significant 

improvement in user friendliness, flexibility and interactive capabilities as compared to 
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the original HYBRID. There are some limitations on inputs and operations which could 

have been eliminated by formulating an entirely new program. However, it was specified 

that the resulting program should be compatible with the version of the original HYBRID 

(provided as a baseline) and, in addition, the time and funding available were far short of 

the requirements for an “all new” program. Even so, it is felt that these limitations will 

not appreciably affect the utility of the program. 

The format of the attached final report is basically that of a “users manual”. It was felt 

that since the primary purpose of the HyBRID-vBl will be for upgrading current users 

of HYBRID, or for new users, the orientation of the report should be to maximize the 

utility for these groups. 
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INTRODUCTION 

HYBRID is a hybrid bus simulation program, based on performance characteristics of a fuel 

cellhattery hybrid electric vehicle. The original version was developed by Georgetown 

University under the Department of Energy’s Fuel CelIBattery Powered 30 ft. Bus Program. 

HYBRID was designed to be used for performance and trade-off studies involving major 

components and subsystems of the vehicle. The computer language originally utilized was 

FORTRAN and was formulated by several people at different times. Although HYBRID 

reasonably modeled the performance parameters and assisted in the design of the 30 ft. fuel 

cellhattery hybrid transit bus developed at Georgetown University, the program proved difficult 

to use, had little graphics capability and was not modular in design. Georgetown University, as 

a result, experienced a desire to make the program more user friendly while retaining the basic 

models and logic. The University of Florida was subsequently contracted to develop a Visual 

Basic version of HYBRID. 

The motivation was that by utilizing the Visual Basic language, the interface between user and 

the program could be made through data input forms directly on the screen. This approach 

would allow the user maximum flexibility as well as ease of operation. The user would also be 

able to access the results of the simulation, including graphing capabilities, without exiting the 

program. So as to retain the original HYBRID compatibility, much of the computer logic 

remained the same, but was modified to make the programs as modular as possible. The 

modular approach allows changing of components, such as the motor, to be very simple. 
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Models for a permanent magnet motor and a fast responding phosphoric acid fuel cell system are 

examples of modules incorporated into the new program. In addition to new component 

models, the Fuel Cell System Design (FCSD) code developed at the University of Florida was 

also incorporated into HYBRID. FCSD allows the user to “design” a fuel cell system based on 

either inputs from the user or through a selection of default values. Even though FCSD is still 

under development, it has sufficiently evolved to be included with the new Visual Basic form of 

HYBRID, HYBRID-VB 1. Since much of the new program utilizes existing HYBRID models, a 

portion of this document (Mathematical Modeling) is taken from the original Operations Manual 

provided by Georgetown University. 

The report is presented in four sections. The first section is a brief description of the 

mathematical modeling of the overall HYBRID code. The second section is a narration of the 

program operation of the Visual Basic version of HYBRID, which details data input, program 

flow, and data analysis capabilities. The third section is a brief description of the limitations of 

the program and details avoiding possible user problems. The fourth section gives a brief 

description of each input variable along with default values and units. 

HYRID-VB1 is delivered as an executable file which does not require a copy of Visual Basic to 

operate. There are additional files required to operate the executable file, and these files are also 

delivered. In addition, an overall data input is delivered. The minimum computer requirements 

are a typical IBM-compatible 486-based computer with at least 8 megabytes of memory. 
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Since the primary motivation is for upgrading the capabilities of existing the HYBRID users and 

for productive utilization by new users, the balance of this report is presented in the form of a 

users manual. 
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Section 1: MATHEMATICAL MODELING 

Vehicle 

The vehicle model is essentially an expression for the tractive effort required for a given vehicle 

acceleration with explicit dependence on all vehicle and road parameters. In the simplest form 

this expression is a statement of Newton's 2nd law: 

FT = FRL -t- XMASS (4 x A 

(1) 

where 

FT = Tractive Force 

FRL, = Road Load 

J = Gear Position 

XMASS(J) = Effective Vehicle Mass ( a fbnction of gear position) 

A = Vehicle Acceleration 

V 2  x ( W C + W L ) + p x C D A x -  
2 

(2) 

The total vehicle weight, W, is the sum of the vehicle curb weight, WC, and the vehicle payload, 

WPL. The rolling resistance is the product of the coefficient of rolling resistance, f, and the total 

vehicle weight. The grade resistance is - x W with G as the road slope or gradient in percent. 
G 

100 

The air resistance is one-half the product of the air density at standard sea level conditions, Rho 

(p), the drag coefficient times the vehicle frontal area, CDA, and the vehicle velocity squared. 

The effective mass of the vehicle as a function of the gear selected is written as: 
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1 1 Xk?ASS(J) = - x (WC + W L  + - x [IOMEGA + RD2 x IDL + (RD x RT(J) )2  x MI) 
g R2 

where 

W=WC+wPL 

IOMEGA = Rotational inertia of wheels, tires, brake drums, etc. 

RD = Final drive ratio 

IDL = Rotational inertia of drive shaft, pinion, etc. 

RT(J) = Transmission ratio 

IM = Rotational inertia of motor armature, transmission, etc. 

R = Rolling radius 

g = Acceleration of gravity 

Drive and Transmission 

The equations relating the motor output speed and torque to the drive output speed and torque 

recognize the former as the input to the transmission with the transmission output equal to the 

drive input, a linear system. 

The drive output speed, NDO, is related to the vehicle velocity, V, and the rolling radius, R, by 

the expression: 

NDO = - x fps2rpnt (9 
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where fps2rpm is the conversion from feet per second to rpm, The drive output torque, TDO, is 

the product of the tractive force, FT, and the rolling radius, R: 

TDO=FT x R 

The transmission output speed, NTO, is linearly related to the drive output speed thru the 

constant final drive ratio, RD, 

NTO = RDXNDO 

The expression for the transmission output torque, TTO, equal to the drive input torque, 

accounts for the fixed torque loss measured at the input, TDF, and viscous torque losses. 

TTO = CUD x - TDo + TDF + CDV x NTO RD 

(7) 

The last term, the product of the viscous torque loss coefficient measured at input, CDV, and 

the transmission output torque, together with the fixed torque loss term, is the "spin loss". CUD 

is a constant which is related to the differential torque efficiency, UD by: 

1 

CUD = 2- TDO 2 0  
UD 

=UD TDOCO 

(8) 

The motor output speeds NMO, and torque TMO, inputs to the transmission, are expressed: 

NMO = RT(J) XNTO 
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AMo + C T V ( J ) x N M O  XI40 = CUT x - +TTF(J )x  
M O + 1  W J )  

(10) 

where RT(J) is the transmission ratio as a fbnction of the gear J and TTF(J), CTV(J) are defined 

analogously to TDF and CDV, with: 

1 CUT = - 
U T ( J )  TT020 

=UT(J) TTO<O 

(11) 

Motor/Generator/Con troller 

The motor model assumes a separately excited DC motor operating in either the armature 

chopping mode or field weakening mode. The former is characterized by the motor output 

speed, NMO, being less than or equal to the motor base speed, NMB. The base speed is linearly 

related to the battery voltage output, Vl3, by the expression: 

where NMBO is the motor base speed at the nominal power source voltage, VBO 

In the armature chopping mode (NMO 5 NNl3) the equations for the motor armature current, 

IA, and armature voltage, VA, have to be solved iteratively to allow the armature current and 

voltage, and battery output voltage to converge to values consistent with the motor output 

7 



speed and torque. The armature current is expressed in terms of the motor output speed, NMO, 

and motor output torque, TMO, by: 

where 

KV = Windage loss constant (watt/rpm2) 

K = Conversion factor from ft. lb x rpm to watt 

KT = Motor torque constant (lb-ft/amp) 

The armature power loss, PLY in terms of the armature current: 

PL = IA2 x RA + D R  x l A  + KV x N 2 M d  

where 

RA = Armature circuit resistance (ohm) 

VBR = Brush drop (volt) 

and finally, the armature voltage VA, is given by: 

(PA40 + PL) VA = 
IA 

where 

PMO = Motor output power (watt) 
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The field power loss, PFL, depends on the battery output voltage: 

vB2 PFL = - 
RF 

where 

RF = the hot field resistance. 

In the field weakening mode, the computations for the armature current are carried out with 

slight modification to the above chopping mode. For this case the armature current is 

expressed: 

(PA40 + PL) IA = 
vB 

with the armature power loss being given as above. Note the armature voltage is set equal to 

the battery voltage. The field power loss is, PFL: 

PFL = IFP RF 

with the field current, IFF, modeled as a hnction of the ratio of the motor output speed to base 

speed. 

The above equations are written in the output to input direction. If the output conditions yield a 

value of the armature current greater than the motor armature current limit, IMAX, then IA is 

set equal to lMAX and motor output torque and ultimately the rest of the drive-train torques are 

corrected. 
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The generator model follows from the above. The expression for IA applies, the armature 

voltage is set equal to the battery voltage, with the armature power loss and field power loss 

determined as in the motor case. If the output conditions yield a value for IA above the 

regenerative current limit, or a value for VJ3 which is above the gassing point, it is necessary to 

adjust the generator output to the maximum torque it is capable of absorbing, correct the drive 

train torques, and take out the difference between the available drive axle decelerating torque 

and torque required for the vehicle deceleration in friction braking. Above base speed the 

regenerative current limit is set equal to the minimum of armature current limit in the regen 

mode and the nominal regenerative current limit. Below base speed the procedure is the same 

except the nominal regenerative current limit is multiplied by the ratio of the motor speed to the 

base speed so the "linear" decrease of available power absorption with speed is taken into 

account. 

Battery 

The output voltage, V?3, under battery discharge conditions, is given by: 

YB = PBlO(S) - IBI X RBI(S) 

where WlO(S) is the open circuit voltage, IBl is the current, and R€31(S) the internal 

resistance. Both the open circuit voltage and resistance are functions of the battery state of 

charge, S. Under charge conditions the internal resistance is expressed by an alternate fimction, 

RBlP(S). 
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The open circuit voltage, is assumed to be a linear fhction of the state of charge, S: 

rnIO(S) = vo + VI x s 
(20) 

VO and V1 are battery voltage constants. (Note that the units for the inputs VO and VI of 

Appendix C are volt/cell, conversion to volt is done internally to the program by multiplying 

these inputs by the number of cells). 

From the basic battery power equation: 

x IBI = PBI 

substituting the expression above for VB, a relationship for the battery current, IB1, is: 

D 1 0  - &43102 - 4 x RB1 x PBI 
2xRB1 

IB1= 

(22) 

in terms of the power demand, PB1, the internal resistance, -1, and the open circuit voltage. 

The battery state of charge, S, is related to the integral of the current over time and the battery 

capacity, C. The state of charge is given by: 

IBl(t)dt 
c s=so-J 

0 
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where SO is the initial state of charge, and T is the total time. Recognizing that the integral is 

equal to the product of the average current, BAR, and the total time, the expression for S can 

also be written as: 

SO-IBARxT 
C 

S =  

The program automatically terminates a run in the event that the state of charge reaches 0.01 or 

less and prints an inadequate power message. 

The hybrid program incorporates two models for the battery capacity, an exponential model and 

a linear model, The exponential model is found to be consistent with data on the tubular lead 

acid battery. Data on other battery types such as sodium-sulhr and nickel-cadmium exhibit 

linear characteristics. 

The exponential model for the battery capacity, C, is: 

IBAR IBAR 
IBMAX 

(25) 

where CO is the capacity at the constant current, IO, alpha (a) is an exponent which is 

determined from a log-log plot of capacity vs. discharge current or discharge time vs. discharge 

current, BAR, is the average current, IBMAX the maximum value of the current over time T, 

and BO and B1 are constants for correcting constant current discharge data to variable current. 
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The linear battery capacity model is: 

c = c o x ( B o + * ~ x ( ~ ) )  

In this case the exponent a is set to zero. Again, the constants BO and B1 are constants 

determined from the experimental data. 

The internal resistance, RB 1, is modeled as a cubic fbnction of the state of charge: 

RBI(S) = RO x(RI+R2xS+R3xS'+X4xS') 

with 

RFAcTR xNCELL 
R o = [  co j 

and NCELL is the number of cells. Thus five constants (RFACTR, F3, R2, R3, and R4) are 

required inputs. 

The internal resistance in charge is assumed to be an exponential of the state of charge: 

RBlP(S) = RO x R l x  exp (0. 2303 xS) 

(29) 

Fuel Cell and Reformer' 

The phosphoric acid fuel cell system, for the case of analysis has been broken into two parts: the 

reformer subsystem and the fuel cell subsystem. The reformer subsystem includes the 

components required to reform the fuel mix, specifically the reformer, vaporizer heat exchanger 

13 



(hx-Ol) ,  pumps, blowers and the fuel cell tail gas. The fuel cell sub-system comprises the fuel 

cell stack the coolant loop, the step up chopper, start up chopper, start up burner and blower 

and also the fuel cell blower. 

The steady state system has been modeled using the data available from the brass-board test of a 

25 kW system and the available data has been scaled up for the 50 kW system. The fuel ratio is 

the ratio of the number of moles of water to that of methanol has been taken as 1.47. The 

modeling of the vaporizer heat exchanger hx-01 in the steady state case has been based on an 

energy balance as the flow rates of the coolant and the fuel mix are known and also the 

approximate inlet and outlet temperatures are known. In the reformer the fuel mix is 

superheated and steam reformed. The heat for this endothermic reaction is supplied by the fuel 

cell tail gas which is basically the reformate not consumed by the fuel cell. Also there exists a 

possibility of adding liquid methanol into- the reformer burner based on the necessity. The 

efficiency of the reformer has been considered to be 90%. 

The value of the equilibrium constant has been found as a function of temperature from the 

JANAF tables. Also assuming that Dalton’s law is valid and all gases behave ideally, the 

composition and quantity of the reformate can be solved for a given flow of the fuel mix using 

four equations. The following method was used to determine the composition of the reformate 

leaving the reformer. Assuming that 99% of the methanol is steam reformed, the assumed 

equation for the reforming process based on one mole of methanol is: 

CH30H+ I.47H2O+ 0.01CH30H + aCO + bC02 + cH2 + dH20 
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The composition of the reformate (a,b,c, and d) is calculated using three mass balance equations: 

For Carbon: 1 =0.01 + a + b  

(3 1) 

For Oxygen: 1 + 1.47=0.01 + a + ( 2  x b ) + d  

For Hydrogen: 4 + 2.94 = 0.04 + (2x c) + (2 x d) 

(32) 

(33) 

and the equation for the chemical equilibrium constant, K,, for the equilibrium chemical 

equation: 

c H ~  +be02 69 dH20 + CICO 

The equation for Kp is given by: 

Kp = log-' (loglo H20 + log1,CO - loglo HZ - loglo COS 

(35) 

- ( a x 4  
( b  c> 

-- 

(36) 

The value of the equilibrium constant has been found using the loglo values from the JANAF 

tables. Therefore the assumed equilibrium composition (a,b,c, and d) of the reformate can be 

found from the equations 3 1, 32, 33 and 34. 
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The heat required in the reformer is to superheat and steam reform the fuel mix and also 

accounts for the losses from the reformer. The heat required to superheat the fuel mix is 

calculated from: 

Q = (mass flow rate of methanol xavg. spec@ heat of methanol i- massflow rate of water x 

mg. spec@ heat of water) x temp. difference 

The steam reforming process has been modeled as an isothermal combustion process. The heat 

required is the change in enthalpies for the reforming equation and is given by the equation: 

Q, = C (Mx(EOF+C,  xTref -537))- C(MX(EOF+C,(T,, -537))) 
PROD REAC 

(3 7) 

where: 

Q r  = heat required to steam reform the fuel mix (Btu/hr) 

M = molar flow rate (IbmoVhr) 

EOF = enthalpy of formation at 537.0 "R (BtuAbmol) 

C, = average specific heat (Btu/lbmol x "R)) 

Trcf = temperature of the reforming process ("R) 

PROD = products of the reforming reaction: H2, H20, CO, C02, CH30H 

REAC = reactants of the reforming reaction: CH3OH, H20 

The heat loss by convection is modeled as free convection from the top and vertical sides of the 

reformer. The flue gas which provides for all heat is modeled as a process involving 100% 

combustion of the unused reformate from the fuel cell. Also the flow rate of air to the reformer 

burner is adjusted so as to maintain a particular adiabatic combustion temperature. The heat is 
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convectively transferred from the flue gas to the inner walls of the reformer and then conducted 

through the catalyst bed. This heat transfer is modeled as an energy balance model because the 

detail reformer design is not yet known. The wall is modeled using a lumped analysis and the 

convective heat transfer is modeled considering the wall to have a constant surface temperature. 

Further, the temperature profile of the catalyst bed in the direction of conduction is considered 

linear. Due to the absence of data on the thermal contact resistance of the pellets in the catalyst 

bed, it had been assumed that the temperature difference between the wall and the inner catalyst 

bed is approximately 200 "C for the design power output. This assumption is made to determine 

the conduction and contact resistance. All the above assumptions enable the computer program 

to calculate the heat transfer coefficient for the given data points. In order to determine the 

coefficient at all other states, a curve was fitted between the heat transfer coefficient at the given 

data points and the flow ratio of the reformer burner fuel gas. In this way the catalyst bed 

temperature was calculated. The catalyst bed temperature is maintained at the lower limit of 

969 "R by increasing the fuel mix or the liquid methanol into the reformer burner when the 

temperature drops down. By bleeding the he1 cell tail gas the upper limit temperature of 1100 

"R is maintained. 

The fuel cell modeling is based on experimentally obtained polarization curve. The relation 

between the cell voltage and current density for the fuel cell was found by fitting a curve to the 

available data points. This curve is valid only for a particular stack operating temperature. 

However, the change in the voltage for different temperatures has been taken into consideration 

by using the trends of temperature effect on voltage from a technical paper. Another important 

factor in the fuel cell modeling is the percentage of hydrogen consumed by the cell. Data 
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available on this is a hydrogen gas utilization curve which has been plotted between the fuel cell 

stack current and the hydrogen used for 25% and 100% power output at 190 "C. In order to 

account for different stack temperatures the following equation has been used: 

FC, = FCfi + FCt,, 

(38) 

where: 

FCt = the maximum consumption of hydrogen gas by the fuel cell stack at the 

operating temperature. 

FCfi = the maximum consumption of hydrogen gas by the fuel cell stack at 190°C. 

FCtemp = the effect of stack temperature on maximum consumption. 

The heat transfer within the fuel cell has been modeled to determine the center of stack 

temperature. The temperature of all the cells in the stack is assumed to be at the center of stack 

temperature. The theoretical maximum voltage of the cell was calculated by considering the 

maximum heat generated as 27,583 watts and at 480 amps. The heat generated within the stack 

for various stack voltages was found using the equation: 

= (1.2525 -stack voltage) x cell number x current 

(3 9) 

The heat generated within the fuel cell is removed from the stack by the incoming air, by the 

coolant and also by radiation and convection losses. The heat required to raise the temperature 

of air has been modeled by using an energy balance equation by: 

0, = flow rate x average specific heat x temperature difference 
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The convection losses ( Q z )  from the sides and the top have been modeled exactly the same way 

as had been done previously for the reformer. The surface temperatures in these cases have 

been assumed as 10 "C less than the center of stack temperature. Most of the heat at higher 

power output is removed by the coolant, PG-1 mineral oil. This has been modeled by 

considering the coolant flow to be hl ly  developed and turbulent. The equation used for the heat 

transfer from the cell to the coolant is: 

4 6  = mass flow rate x average specific heat x (mean outlet temp. - mean inlet temp.) 

(41) 

The mean inlet temperature is the temperature of coolant leaving the heat exchanger hx-03. The 

mean outlet temperature is found by assuming a constant surface temperature. From the test 

data, it was determined that the approximate temperature of the cooling channel surface is equal 

to  2/3 the temperature difference between the stack and the inlet temperatures. 

By adjusting the center of stack temperature Temp(30), the values of 0 2 ,  03 and 06 are 

controlled. Therefore the strategy involved in the modeling has been to first calculate the heat 

generated, Qdp, and then adjusting Temp(3O) such that: 

Qg/p = 02 +Q3 +Q6 

(42) 

The coolant after passing through the cell goes through the heat exchanger hx-01 where the heat 

is transferred to the incoming fuel mix. This has been modeled and has been described before. 

Then the coolant passes through hx-03 where heat is either added to or taken away from the 

coolant in order to control the temperature of the stack. The heat transfer within the hx-03 has 

to be modeled. For the steady sate, a simple model is used to determine the approximate 
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constant flow rate of methanol into the burner. For this purpose the outlet temperature of the 

coolant is assumed to  be a constant and the required heat transfer (Qhu43) within the hx-03 is 

found. If Qk-03 is greater than zero, heat is added to the coolant by adding liquid methanol and 

air to the start-up burner. The combustion products, referred to as burner flue gas, transfers 

heat to  the coolant. In the steady state modeling the flow rate of air is proportional to the flow 

rate of methanol and therefore the adiabatic combustion temperature, ACT,,b, is a constant. The 

heat transferred (Qsub-fg) is calculated by assuming a certain % of the temperature difference, 

ACT,,b - Tin as the temperature drop for the burner flue gas through the heat exchanger. By 

equating the Q h - 0 3  and Qsub-fg, the mass flow rate of the flue gas was found out and consequently 

the flow rate of liquid methanol into the start up burner was found iteratively. For this model 

the adiabatic temperature was considered to be 1100 "R. If Qhu43 is less than zero, heat (Qa;r) is 

removed from the coolant to achieve the required outlet temperature by blowing air through the 

exchanger. The modeling of this has been done similar to the case when Q k - 0 3  is greater than 

zero and the flow rate of air is adjusted until Qair = Qhu+3. 

The chopper in the fuel cell system controls the voltage generated by the fuel cell to make it 

compatible to  the battery voltage. Consequently there is a reduction in the power output based 

on the efficiency of the chopper. This has been modeled by fitting a curve between the chopper 

efficiency and the current output from the fuel cell. The parasitic power requirements of the 50 

kW system has been based on the data supplied for the 25 kW system. It has been assumed that 

for the 50 kW system the power requirement is proportional to the square of the flow rates. 
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The program assumes that the fuel cell is at minimum power at the beginning of a run. The 

magnitude of the maximum change in fuel cell output is controlled by the fuel cell response time, 

the program input parameter TAU. For positive changes in power within the time interval of 

integration this maximum is: 

DELT 
(TFCP(2) - TFCP(1)) x 

(43) 

where TFCP(2) and TFCP( 1) are the fuel cell design power output and minimum power output 

respectively, DELT is the time interval for integration, and TAU is the fuel cell response time. 

For negative changes in power the maximum is assumed to be four times that given above. 
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Power 

The total power required from the power source, battery and fuel cell, is the power input at the 

motor/generator necessary to produce the desired vehicle acceleration, accounting for all system 

losses. 

The algorithm for the power split between battery and fuel cell considers the fuel cell as the 

primary source, that is, up to the fuel cell design power output limit the demand is met by the 

fuel cell. If the total power required of the dual source is less than the fuel cell is capable of 

producing, excess fuel cell power capacity is used to charge the battery, subject to the battery 

charging limit. When the total power required exceeds fuel cell capacity, the battery provides 

additional power within the discharge limit. 

Power demands that exceed the total power that can be provided by the battery and fuel cell 

require additional computations in order to establish all system variables. Instead of proceeding 

backwards, from the road to the power source, calculations start forward from the power source 

to the motodgenerator, transmission, and drive. 

Note: 

1. This analysis deals with the liquid-cooled fuel cell system. The air-cooled system has also been modeled. 

22 



Section 2: PROGRAM OPERATION 

Introduction 

The Visual Basic HYBRID program is a Windows-based program. The program is started in 

typical Windows fashion, such as double-clicking on the file within the file manager or explorer 

window. The first screen produced is an information screen, detailing version number and other 

details. Click the start button to continue with HYBRID or the exit button to leave the program. 

The next screen is the main program screen. From this screen all input, control, and output 

information can be accessed. The screen consists of the following three areas: the menu bar at 

the top, the input buttons below the menu bar to access the data windows, and the output and 

control buttons in the bottom right corner. The program operation is controlled through these 

three areas. 

The first step in the program operation is to enter the appropriate vehicle and route information. 

This is accomplished in one of the following two ways: open existing data files or entering 

values directly to the form. Existing data files can be accessed through the File pull-down 

menus. The files can be either an overall file (all vehicle components) or can be individual files 

for the vehicle, battery, route, etc. The process to load the various files is discussed in detail 

later in this chapter. The next step is to initiate the calculation portion in which the program 

utilizes the various inputs to model the performance of the vehicle over the defined route. The 

step is started through the Calculation command button on the lower control button. The final 

step is to analyze the vehicle performance. The output section of the program allows the user to 

view individual vehicle parameters (such as speed, power, etc.), route segment summaries, and 
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loop summaries. The program also contains a plotting routine which allows the user the ability 

to manipulate the output data into graph form without leaving the HYBRID program. 

Examples of typical input forms are shown in figures at the end of this section in pages 38 to 40. 

Menu Bar 

The menu bar consists of two Windows’ style pull down menus. The file menu has typical file 

control attributes. The window menu allows access to the various input and output data 

windows. 

The file pull down menu consists of typical file operations such as New, Open, etc. These file 

operations relate to a comprehensive input data file that includes the vehicle, motor, battery, and 

fuel cell data. This menu allows for all vehicle related data input data to be stored and retrieved 

in one location. Overall data files can be created simply by utilizing the Save or Save As 

operations typical to Windows-based programs. In addition, the file menu incorporates an Exit 

command that will close the program. 

The Window pull down menu gives direct access to many of the input forms, ass we11 as the 

summary listing and diagram sketch. If any of the choices are grayed out, these choices are 

currently not available or required based on current input data. An example of this would be that 

reformer input data is not required for a fuel cell system operating on hydrogen &el. The data 

windows can also be accessed through the input buttons below the menu bar. 
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Included with the menu bar is a information line. The first section of the information line is the 

string descriptor based on where the mouse points. If the mouse is placed over any control 

command on the screen, a short text description is available to inform the user on the purpose of 

the command. The next two sections are the current date and time. 

Data Input Forms 

Below the information line is the data form command bar. There are the following six choices 

for openins forms for data entry: Vehicle, Motor, Battery, Fuel Cell, Route, and FCSD. By 

clicking on any of the choices, the respective data input form is accessed. Data is entered into 

the form in typical Windows fashion by clicking on the appropriate box and using the keyboard 

to enter the value. Pressing the enter key moves the form focus to the next input variable. 

Each data input form has a file pull-down menu similar to the overall file menu discussed earlier 

The file menu consists of typical file operations such as New, Open, Save, etc. These file 

operations allow the user to manipulate files that are related to the individual data input forms. 

The user has the choice of using data files in either an overall arrangement or in separate files 

such as one file for motor data, one file for vehicle data, etc. The file menu also contains a Close 

option, which closes the input form but does not exit the program. Any data entered on the form 

is still valid after the form has been closed, but any unsaved data will be lost if the program is 

exited. Files for data entry forms (Vehicle, Motor, Battery, and Fuel Cell) contain the extension 

.rte while the route files have the extension .de. 
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At the bottom of many of the data input forms is a group of command buttons. Many of the 

forms consist of more than one page, and the various pages of the form may be accessed 

through the Next Page and Previous Page command buttons. A third button is the Close 

command button which has the same fimction as the Close option in the file pull-down menu. 

Each input data point has a description string. The data point also has a units descriptor where 

applicable. A more detailed description of each data point is available in the Appendix of this 

report. 

Vehicle Data Input Form 

The vehicle data input form is accessed by clicking on the Vehicle Data button on the command 

bar or through the Window pull-down menu on the menu bar. The three page is utilized for 

entering data relating to the vehicle structure, accessories, and drive train. On the first two pages 

of the form, the data is entered in typical fashion of clicking on the appropriate box, using the 

keyboard to enter the value, and hitting the returdenter key. On the third page, the Number of 

Gears choice is accomplished by clicking on a Windows’ style scroll bar. As the number of gears 

changes, the number of data points relating to the shifting and performance of the transmission 

changes. Two columns of data are viewable on the screen, and more columns can be accessed by 

the horizontal scroll bar located below the data columns, If three gears are selected, three 

columns of relevant data points are available. Any data columns that are grayed out are not 

available for data entry. For example, if one gear is selected, only the first data column is 

available and all other columns are grayed out. 
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Motor Data Input Form 

Opening the motor data input form (either by clicking on the Motor Data command button or 

through the file pull-down menu) produces a small form consisting of a choice between two 

motor models. The DOE Bus Motor model consists of input parameters for a separately excited, 

direct current motor. The Kaman Motor model list the input for a simple model for a alternating 

current, permanent magnet motor. The choice of motor models is accomplished by clicking on 

the respective choice. The command bar consists of the Input command and the Close 

command. Clicking the Input command opens the appropriate form for data entry. Clicking the 

Close button closes the motor choice form. It should be noted that choosing a motor model does 

not enter any data concerning the motor, but rather chooses which type of motor is used. Data 

entry concerning the specifics about the motor is accomplished by clicking the Input button. 

The form for entering the DOE Bus Motor is a straight-forward two page form with a typical 

arrangement of data entry. The form consists of a file pull-down similar to the vehicle input 

form, and data is entered by clicking the appropriate box, using the keyboard to enter data, and 

hitting the returdenter key. 

The Kaman Motors form list the input parameters for a simple model of an AC, permanent 

magnet motor. This form allows the user to choose between three pre-defined motor choices as 

well as a user defined choice. If a pre-defined choice is made, the input data values for motor 

constant, drag torque offset, and drag torque slope are defined by the program. If the user select 

motor option is chosen, the user must define these values. For hrther information concerning 

these inputs, see the Appendix of this report. The data values outside of the motor selection box 
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must be entered by the user regardless of motor choice. This form also utilizes a file pull-down 

menu as described earlier. 

Battery Data Input Form 

The battery data input form (accessed as similar to the others) is a two page form used primarily 

foe entering battery data. A portion of this form is also used to enter the control architecture for 

power management on the vehicle. The two choices are the following: Basic model and Fuel 

Cell Leading model. Both of these architectures are described in the following paragraphs. Data 

is entered in the typical Windows fashion and a file pull-down menu is also employed. 

The Basic model is representative of the control architecture for the three existing 30 foot 

DOEDOT Georgetown University fuel celbattery hybrid vehicles. In this architecture, the 

output of the fuel cell is determined by the battery state variables. In simple terms, if the battery 

state of charge (SOC) is below the minimum SOC, the fuel cell power is increased. If the battery 

SOC is above the maximum SOC, the he1 cell power output is reduced, and if the SOC is 

between minimum and maximum the he1 cell power output remains the same. The result is that 

the he1 cell power output is independent of the vehicle power requirements. This type of 

architecture is employed with slow responding fuel cell systems and/or systems that have 

sufficient battery power to nearly meet the instantaneous vehicle requirements. One consequence 

of the Basic model is that the vehicle must contain batteries (number of cells > 0), and the 

capacity of the battery pack must be sufficient enough to allow completion of the route 

requirements. If a fuel cell is the only power source available on the vehicle, the Fuel Cell 

Leading model must be employed. 
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The Fuel Cell Leading model employs a control architecture that requires the fuel cell to follow 

the vehicle power requirements. The power output from the fuel cell attempts to greater than or 

equal to the vehicle power requirements, although this is not always possible. If the battery SOC 

is above a minimal value, the fuel cell power output attempts to match the vehicle power 

requirement. If the battery SOC low the fuel cell power output is greater than the vehicle power 

requirements to allow for charging of the batteries. During conditions of high vehicle power 

consumption (such as acceleration) or when rapid changes in power occur (air conditioning 

turning on), the fuel cell may not meet the power requirements and power is drawn from the 

batteries. The goal of this architecture is to reduce or minimize the current flow in or out of the 

batteries. This architecture requires a fast responding fuel cell (on the order of seconds) and a 

fuel cell maximum power output considerably above the average vehicle power requirement. 

If the Fuel Cell Leading model is chosen, a choice must be made whether to have a battery 

DCDC converter. If a battery converter is chosen, the Dc link voltage is held constant (an input 

item). The efficiency of the DcDC converter must also be defined. There are concerns with 

trying to implement two DCDC converters (fuel cell and battery) on the same link, but they are 

not addressed in this model. In addition, the program does not take full advantage of having a 

constant link voltage (higher motor efficiencies for example) unless the user specifies 

improvements with various input items. If the No Battery Converter option is chosen, the 

battery voltage and therefore the DC link voltage swings between the minimum battery voltage 

(input item) and the gassing voltage. 
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If the Fuel Cell leading model is chosen, the program can operate as a fuel cell only powered 

vehicle (no batteries). This is accomplished by setting the Number of Cells in the battery data 

input form to zero. 
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Fuel Cell Data Input Form 

The user has the option of entering fuel cell data in one of three different models. Two design 

specific models are the slow responding PAFC design and the fast responding PAFC design. The 

third choice is the Fuel Cell System Design (FCSD) code which allows the user the ability to 

design a complete fuel cell system. The FCSD model is described in detail later in this chapter. 

Clicking the Fuel Cell Data button opens a small form with a choice between the fast responding 

PAFC and the slow responding PAFC models. As with the motor selection, choosing a model 

and clicking on the Input button opens the appropriate data input form. The close button hides 

the fuel cell selection form. 

If the fast responding PAFC model is chosen, a simple data entry form is opened. The fast 

responding PAFC model is a simple model to mimic the behavior of the PAFC system designed 

for use in a 40 foot transit bus. A description of the input items is available in the Appendix. 

The slow responding PAFC model is a more comprehensive model that closely represents the 

performance characteristics of the 50 kW, phosphoric acid, methanol-fueled he1 cell system 

currently in use in three DOEDOT Georgetown 30 foot transit buses. The top half of the form 

consists of typical data entry values. The lower half of the form consists of three choices the user 

must complete. The stack fuel consumption relates to the percentage of the hydrogen flowing 

through the stack anode that is consumed. The user has a choice between a curve generated 

from test data or to input an average value (80% is typical). A similar choice is made with the 

fuel cell DC/DC converter. The user can select either curves based on test data or input an 

average value, The third choice is whether the program operates in steady-state mode or quasi- 
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transient mode. In steady-state mode, each time step is independent and the parameters are 

calculated based on steady-state performance. The quasi-transient model utilizes a series of time 

steps to mimic transient behavior. If the response time is slow (25% to 100% power output in 

more than 240 seconds), then either model is reasonable. If the response time is less than 240 

seconds (120 seconds is the minimum for this type of fuel cell system), the quasi-transient model 

should be utilized. 

Route Form 

The four above described data entry forms create the description of the vehicle. The final data 

form details the route structure. Clicking on the Route Data command button opens the form to 

enter the route data. The form consists primarily of a table in which to enter various route 

characteristics. The file pull-down menu is similar to before but also includes Copy and Print 

options. An additional pull-down menu is the Edit menu that allows the user to insert or delete 

route segments. The route title is for information only. 

Any number of segments can be utilized to define a route. The first segment should consist of 

defining the beginning elevation, and the program works best if the speed is set to zero. The 

segment label is for information only. Distance is the length of the segment; elevation is the final 

elevation of the segment; velocity is the desired velocity for the segment; acceleration is the 

desired acceleration and deceleration is the desired deceleration for the segment; dwell is the 

time the bus waits at zero speed at the end of the segment. If dwell is set greater than zero, the 

vehicle decelerates to a stop at the end of the segment. If dwell is zero, the vehicle enters the 

next segment with the velocity achieved at the end of the previous segment. At the bottom of 



the form there is a scroll bar that determines the number of loops through the segments that the 

program will calcuIate. 

Changes to  the data within the route table only occur if the Enter key is struck. Once the format 

of the route file is understood, it is possible to edit these files with a text editor. It should be 

noted that the editor must be a true text editor otherwise the file will not load due to additional 

characters placed by the editor. Route files are distinguishable from data files by the extension, 

.rte for route files and .dat for data files. 

Fuel Cell Design 

Clicking this button accesses a second control bar associated with the fuel cell design program 

known as FCSD. Within this program, a fie1 cell system can be designed by identifying stack 

type, fuel and oxidant, reformer type, etc. This program is still under development, but is 

sufficiently developed to include within the HYBRID program. The input forms operate similar 

to the above forms and thus will not be described in detail. 

One point that must be made clear is how HYBRID determines which of the fuel cell programs 

to use. When the program is first loaded, the default is to utilize one of the existing models that 

is shown in the Fuel Cell Model form. To access the FCSD code, the FCSD button on the upper 

command bar is clicked thereby showing a second control bar. When the FCSD button is 

clicked, the program utilizes the code associated with the fuel cell design program. To utilize 

one of the fuel cell models, the user must click on the user must click on the Fuel Cell Data 



button on the control bar. To simplify any confusion, whichever code is active will appear in 

blue lettering on the control bar, and the inactive code lettering will appear black. 

Lower Control Bar 

Once the vehicle data and route data has been loaded or entered, the following four control 

buttons of the Lower Command Bar come into importance: Summary, Output, Calculate, and 

Exit. 

Clicking the Summary command button opens a form detailing the list of the values for the input 

parameters. The data files chosen for each form are also listed. Any parameters that are 

undefined are identified as well as any parameters that are not applicable. The bottom of the 

form consists of four control buttons. The Print command allows the user to print the summary 

through the Windows Print Manager. The Copy command copies the summary to the Windows 

Clipboard. The Update command refreshes the Summary listing. Finally, the Close command 

hides or closes the form. 

The Output command button opens the output data form which consists of two tables and five 

command buttons. The table labeled Segment Output lists a variety of performance parameters 

in time steps defined in the Calculate form. The user can move through the table utilizing the 

vertical and horizontal scroll bars as well as the arrow bars located on the keyboard. The second 

table is labeled the Segment and Loop Summary. For each segment of the route, critical inputs 

and the overall performance parameters are presented. The overall performance parameters for 

each of the loop segments are also presented. 



The five control buttons allow the user to manipulate the output data. The Copy button copies 

any highlighted data within the Segment table to the Windows clipboard. The table data is 

accessed similar to a spreadsheet and the data is highlighted by clicking and framing the table 

cells in the typical Windows fashion. Currently, the Print and Print to Fit buttons are not 

operational. It is expected that these buttons will be available in the near future. To print the 

table data, the data should be copied to the clipboard and loaded into a text editor, spreadsheet, 

etc. 

The Plot button allows the user to produce plots of the data without leaving the HYBRID 

program. Clicking the Plot command button opens the HYBRID quick graph form. The form 

entails six pull-down menus. The file menu includes the following: Copy to copy the plot to the 

Windows clipboard; Print to print the plot .through the Windows print manager; and Close to 

hide the form. The Options pull-down menu is used to vary the appearance of the plot as well as 

adding multiple axes and a legend. The final four pull-down menus are data choices for the x 

axis and up to three choices for the y axis. If less than three choices are required, the None 

selection is employed. All data in the Segment Output table is available for plotting. It should be 

noted that the Display command button must be clicked for the pull-down menu choices to be 

implemented. 

Clicking the Calculate control button on the Lower Command Bar opens the Calculate form. 

The Calculate form requires two data values, the integration time interval and the output 

intervals. The integration time interval determines the time step for the program. The smaller the 



time step, the smoother the output data but the program requires more time due to increased 

number of calculations. The intervals between output relates to the number of time steps 

(determined above) between writing data to the output file. Simply put, if output data is desired 

every second and the integration time interval is 0.2 seconds (default value), then the intervals 

between output must be set to 5. Clicking the Calculate control button instructs the program to 

proceed through the program with the given input data. While the program is proceeding 

through the calculations, a form depicting the program process through the given segments and 

loops is provided. The Cancel button stops the program at the next available point. 

Finally, the Exit command button is utilized to exit the program. It should be noted that as the 

forms are opened and closed, the data inputs remain. Upon exiting the program, all unsaved data 

is lost. A dialog box is used to remind the user of this fact, and clicking cancel stops the program 

from exiting. 

Dialog Boxes 

Throughout the program operation, dialog boxes may appear to inform the user of possible 

problems with the user input keystrokes. Certain dialog boxes inform the user of a problem with 

data input, and leads the user to the area of the problem. An example of this type of dialog box 

is would be to prevent division by zero within the program code that would occur if the program 

is expecting a battery module but the number of cells is set to zero. When the user acknowledges 

the problem (clicks OK), the program opens the proper form and sets the focus to the problem 

data point. Another use for dialog boxes is to prevent the user from mistakes, such as the dialog 



box that states all unsaved data would be lost if the program is quit. This dialog box gives the 

user the choice between exiting the program or canceling the command. 



Figure 2: Stack/ 1;iicI Selection window obtained fro111 the Fuel 
Cell Ilesi2n Subprogran~, Fuel Cell Stack Input. 
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Figure 3: Fuel Cell Selectirm Wildow obtained by clicking on Fuel 
Cell DaI;1 [NlltOIl 

Figure 4: Slow fiespoilcling PAFC Data Entiy Form obtained after 
Slow liespoiicliiig PAFC is selected fiwk tile Fuel Cell 
Selec tit H I  window. 
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Figure 5 :  CaIc~il:i~ioii St:itiis h i .  window. 

Figure 6: Kuman Motor Design and Selection Data Entry Form 
obtained f r o m  the Kanian Motors selection . .  i n  the Motor 
Data selection witidow. 
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Section 3: OPERATIONAL CONSIDERATIONS WHEN USING HYBRID 

By utilizing the Visual Basic format, the user is given additonal flexibility when operating 

HYBRID. However, many of the same rules for the input files or forms apply. The most 

important rule is that input data values set to zero will often cause problems with program 

calculation. When HYBRID is first started, all the data input values default to zero. It is 

imperative that the user either load saved data files or fill in the data values before attempting 

program calculations. If not, overflow errors can occur that will cause the executable file to 

close. One example is the rolling radius input value, which if set to zero, will lead to an overflow 

error when the program attempts to calculate speed. A second example is setting an efficiency 

data value to zero, again resulting in an overflow error. 

A second problem with the data files is that values inputted must be physically possible for the 

program to operate and the results to be meaningful. Negative efficiencies or efficiencies greater 

than 1 are two examples of input values that are physically not possible, Another problem is that 

some of the modeling utilizes third or fourth order polynomial curve fits. These curve fits require 

input values for the coefficients. Significantly different results can occur with small changes in 

the coefficient values. An example of this type of modeling is the resistance coefficients in the 

battery model. 

To combat the above problems, dialog boxes have been included to inform the user when 

problems have occurred. These dialog boxes, however, will not catch every problem. In 

addition, default values for each input value are included in Section 4 of this report. Finally, it is 



good practice to save the data files often, thereby allowing the user to recover from a program 

~ crash quickly. 
, 
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Section 4: HYBRID PROGRAM INPUT PARAMETERS 

Vehicle Data Form 

Vehicle Parameters 

1. Vehicle Curb Weight: The weight of the unloaded (no passengers or driver) vehicle. 
Default value for 40 ft bus: 25000-32000 lb. depending on vehicle type. Units: lb. 

2. Vehicle Payload: The weight of the passengers plus driver. This parameter remains 
constant throughout the route, so should be set at an average value. For performance 
tests, often set this value to driver, full seating plus half the possible standing passengers. 
Typical to average each occupant weight to 150 lb. Default values dependent on number 
of seats plus axle ratings. Units: lb. 

3 .  Coefficient of Rolling Resistance: The coefficient of resistance between the tires and the 
road. Default value: 0.010. Units: none. 

4. Drag Coefficient x Frontal Area: The combination of the coeficient of drag times the 
frontal area of the vehicle. Default value: 5 1.49. Units: ft2. 

5 .  Vehicle Velocity Tolerance: The acceptable difference between the desired vehicle speed 
and the resultant calculated speed. This delta prevents the program from continually 
hunting for an exact speed. Default'value: 1 rnph. Units: mph. 

Accessory Load Parameters 

1. D C D C  Converter Efficiency at 28 Volts: The efficiency of the DC/DC converter that 
adapts the power provided at the battery voltage to the bus standard voltage of 28 volts. 
Default value: 0.96. Units: none. 

2. Accessory Power Requirements at 28 Volts: The average power requirements for the 
28 volt accessories. Default Value 5000-7000 W. Units: Watts. 

3. DC/DC Converter Efficiency at High Voltage: The efficiency of the DCDC converter 
that adapts the power provided at the battery voltage to a constant Dc voltage, typically 
close to the battery voltage. This device is used to prevent accessories from operating 
over the range of battery voltage. If the accessories run off the battery voltage, set this 
value to 1. Default Value: 0.96. Units: none 

4. Accessory Power Requirements at High Voltage: The average power requirements for 
the higher voltage accessories. Default Value 11000 W. Units: Watts. 

41 



Drive Train Parameters 

1. Rolling Radius: The effective radius of the tires. Default value: 1.76 A. Units ft. 

2. Final Drive Ratio: The gearing ratio for the differential. Default value: 4.89. Unit: none 

3 .  Rotational Inertia (wheels, tires, brake drums): The rotational inertia associated with 
wheel components. Set to zero if the efficiencies (torque, etc. are not equal 1). Default: 
0.0 lb/ft2. Units: pounds/square feet. 

4. Rotational Inertia (drive shaft, differential, pinion): The rotational inertia associated 
with drive shaft components. Set to zero if the efficiencies (torque, etc. are not equal 1). 
Default: 0.0 Ib/ft2. Units: pounds/square feet. 

5 .  Rotational Inertia (motor armature, transmission input): The rotational inertia 
associated with motor and transmission components. Set to zero if the efficiencies 
(torque, etc. are not equal 1). Default: 0.0 lb/ft2. Units: pounds/square feet. 

6 .  Differential Torque Efficiency: The average efficiency of the differential. This value is 
utilized when an average efficiency is known for the differential. Default Value: 0.96. 
Units: none. 

7. Drive Fixed Torque Loss at Input: The torque loss in the differential that is independent 
of rotational speed, and therefore “fixed”. This value set to zero if the Differential 
Torque Efficiency is used. Default Value: 0.0. Units: Ib-ft. 

8. Drive Viscous Torque Loss Coefficient at Input: The coefficient of the differential 
torque loss associated with rotation. When multiplied by the rotational speed, the 
product is known as the spin (dr windage) loss. This value set to zero if the Differential 
Torque Efficiency is used. Default Value: 0.0. Units lb-ft/rpm. 

9. Number of Gears: The number of gears associated with the transmission. If no 
transmission present, the number of gears should be set to 1. Default Value: 1. Units: 
none. 

10. Gear Downshift Point: The transmission speed at which the transmission should be 
shifted to the lower gear. The required number of inputs is equal to the number of gears 
minus one. Default Value: 0. Units: rpm. 

1 1. Gear Upshift Point: The transmission speed at which the transmission should be shifted 
to the higher gear. The required number of inputs is equal to the number of gears minus 
one. Default Value: 0. Units: rpm. 

12. Transmission Ratio: The gearing ratio of the transmission and gear box. The number of 
inputs equal the number of gears. Default Value: 2.43. Units: none 
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13. Transmission Torque Efficiency: The average efficiency of the transmission and gear 
box. This value is utilized when an average efficiency is known for the transmission and 
gear box. The number of inputs equal the number of gears. Default Value: 0.98 Units: 
none. 

14. Transmission Fixed Torque Loss at Input: The torque loss in the differential that is 
independent of rotational speed, and therefore “fixed”. This value set to zero if the 
Transmission Torque Efficiency is used. The number of inputs equal the number of 
gears. Default Value: 0.0. Units: Ib-ft. 

15. Transmission Viscous Torque Loss Coefficient at Input: The coefficient of the 
transmission torque loss associated with rotation. When multiplied by the rotational 
speed, the product is known as the spin (or windage) loss. This value set to zero if the 
Transmission Torque Efficiency is used. The number of inputs equal the number of 
gears. Default Value: 0.0. Units lb-ft/rpm. 

Motor Data Form 

Motor Selection 

1. DOE Bus Motor: This selection provides a model for a separately excited DC motor. 
This type of motor was installed on the DOEDOT Georgetown University 30’ hybrid 
bus. 

2. Kaman Motor: This selection provides a model for a AC permanent magnet motor 
typical of the motors provided by Kaman Electromagnetics. 

DOE Bus Motor Form 

1. Motor Base Speed at Nominal Power Source Voltage: The base speed at the nominal 
power source voltage. The base speed is linearly related to source voltage. The base 
speed determines either armature chopping mode(motor speed < base speed) or field 
weakening mode (motor speed > base speed). Default Value: 1500 rprn. Units: rpm 

2. Nominal Power Source Voltage: Nominal voltage of the source providing DC power to 
the motor controller. Default Value: 280 V. Units: Volts. 

3. Motor Torque Constant: Characteristic of the motor used to determine armature 
current. Default Value 1.5 Ib-ft/amp. Units: lb-ft/amp 

4. Armature Circuit Resistance: The resistance of the armature path. Default Value: 0.25 
ohms. Units: ohms. 



5.  Brush Drop Constant: The drop in voltage across the brush drop. This loss can be 
incorporated into other values. Default Value: 0 V. Units: Volts. 

6. Windage Loss Constant: The coefficient associated with losses in motor power due to 
rotational (windage) effects. Default Value: 0.0002 W/rpm2. Units: Watts/rpm2. 

7.  Hot Field Resistance: The resistance of the field path. Default Value: 17 ohms. Units: 
ohms. 

8. Nominal Field Power Loss: The field power loss at the nominal power source voltage. 
Default Value: 1250 W. Units: Watts. 

9. Nominal Motor Efficiency: Ratio of output mechanical power to input electrical power. 
Default Value: 0.94. Units: none. 

10. Armature Controller Efficiency (Chopping Mode): The efficiency of the armature 
portion of the motor controller during the chopping mode of motor operation. Default 
value: 0.95. Units: none. 

1 1. Armature Controller Efficiency (Field Weakening Mode): The efficiency of the 
armature portion of the motor controller during the field weakening mode of motor 
operation. Default value: 0.90. Units: none. 

12. Field Controller Efficiency (Chopping Mode): The efficiency of the field portion of 
the motor controller during the chopping mode of motor operation. Default value: 0.90. 
Units: none. 

13. Field Controller Efficiency (Chopping Mode): The efficiency of the field portion of 
the motor controller during the field weakening mode of motor operation. Default value: 
0.95. Units: none. 

14 Maximum Armature Current: The maximum current to flow through the armature 
portion of the motor. Results in limiting the power output from the motor. Default value: 
950 amps. Units: amps 

15. Nominal Regenerative Current Limit: The maximum current for the case of the motor 
acting as a generator for regenerative power during braking. Setting this value to zero 
results in no regenerative braking. Default Value: 420 amps. Units: amps. 

Kaman Motor Form 

Motor Selection: There are four choices of motor, including user defined. Default Value: 
Baseline motor PA44-5. 

Motor Constant: Default Value: 12 ( N ~ / O ) ~ . ’ .  Units: [Newtons x meter / shaft speed]’.’. 



3. Drag Torque Offset: The y-offset of the motor torque loss for the linear equation: 
Torque Loss = Drag Torque Offset + Drag Torque Slope x shaft speed. Default Value: 
10. Units: Newton meter. 

4. Drag Torque Slope: The slope of the motor torque loss for the linear equation: Torque 
Loss = Drag Torque Offset + Drag Torque Slope x shaft speed. Default Value: 0.016. 
Units: Newton meter/(rad/s). 

5. Inverter Efficiency: The efficiency of the motor inverter that provides AC power form 
the DC power buss. Default Value: 0.96. Units: none. 

6. Maximum Motor Power Output: The maximum shaft power from the motor. Default 

7. Maximum Regenerative Power: The maximum regenerative electrical power form the 
Value: 150 kW. Units: kilowatts. 

motor acting as a generator. Default Value: 60 kW. Units: kilowatts. 

Batterv Form 

1. 

2. 

3. 

4. 

5. 

6 .  

7.  

8. 

Initial State of Charge: The state of charge (S0C)of the batteries at the beginning of the 
calculations. Default Value: 80%. Units: %. 

Minimum State of Charge: The minimum value of the SOC below which the program 
control architecture will attempt to recharge the batteries. Default Value: 79%. Units % 

Recovery State of Charge: The value of the SOC that the basic model program control 
architecture will begin to reduce fuel cell power output. Default value: 85%. Units: %. 

Voltage Tolerance: The program iterates to determine the battery voltage. The voltage 
tolerance defines the maximum change in the battery voltage between iterations that 
defines convergence. Default value: 2.0 V. Units: volts. 

Minimum Battery Voltage per Cell: The minimum allowable voltage per cell. Default 
Value: 0.904 V. Units: Volts. 

Battery Gassing Voltage: The voltage per cell at which gassing occurs. Default Value: 
1.557 V. Units: Volts. 

Battery Voltage Constant VO: The y-offset of the linear curve relating open circuit 
voltage to SOC. VOC = VO + V1 x SOC. Default Value: 1.3 V. Units: Volts. 

Battery Voltage Constant V1: The slope of the linear curve relating open circuit voltage 
to SOC. VOC = VO + V1 x SOC. Default Value: 0.5 V. Units: Volts/(%SOC). 
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9. Basic Model: For this control architecture, the fuel cell power output is dependent upon 
the battery SOC. Default Value: False. 

10. Fuel Cell Leading Model: For this control architecture, the fuel cell power output is 
dependent on both vehicle power requirements and the battery SOC. Ideally, the current 
in and out of the batteries is minimized. Default Value: True. 

1 1. No Battery Converter: For this choice, there is no DC-DC converter between the 
battery and the power components (motor controller, etc.). Default Value: True. 

12. Battery Converter: In this case, there is a DC-DC converter between the battery and 
the power components, thereby allowing the components to operate at a constant 
voltage. Default Value: False. 

13. Battery Converter Voltage: The constant output of the battery DC-DC converter. Only 
applies if Battery Converter is True. Default Value: 350 V. Units: Volts. 

14. Battery Converter Efficiency: The power efficiency of the battery DC-DC converter. 
Only applies if Battery Converter is True. Default. Value: 0.95. Units: None. 

15. Current Tolerance: As the program iterates to the appropriate battery current, this 
value is the tolerance limit that the program uses to determine convergence. Default 
Value: 1 A. Units: Amps. 

16. Constant Current: The current at the C/5 discharge rate. Default Value: 20 A. Units: 
Amps. 

17. Battery Capacity at Constant Current: The capacity of the batteries if discharged at 
the C/5 rate. Default Value: 100 A-hr. Units: Amp-hours. 

18. Exponent in Battery Capacity Equation: Utilized in the exponential battery model as 
detailed in the Mathematical Modeling section of the report. To utilize the linear battery 
model, set this value to 0. Default: 0.0. Units: None. 

19. Number of Cells: Total number of cells in the battery pack. Default 260. Units: None. 

Battery Resistance Constants 

20. RFACTR: Utilized in the following equation: RO = (RFACTWCO) x NCELL. Default: 
0.08 ohmAHr/cell. Units: ohms x amps x hours / number of cells. 

21. R1, R2, R3, R4: The constant coefficients for the cubic model of internal resistance as 
function of the state of charge. Default: R1=1.40, R2=-1.3/SOC, R3=1.4/SOC2, R4=- 
0.50/S0C3. units: As stated. 

I -  
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Constants for Correcting Current Discharge Data 

22. BO: The y-intercept of the fimction relating battery capacity to capacity at constant 
current. Default: 1.08. Units: None. 

23. B1: The “slope” of the fbnction relating battery capacity to capacity at constant current. 
Default: -0.0086. Units: None 

Battery Charging Limit 

24. Maximum Charging Power: Limits the power available for charging the batteries. 
Works in tandem with the cell gassing voltage to determine the amount of battery 
charging. Default: 60 kW. Units: kilowatts. 

Fuel Cell Model Form 

1 .  Fast Response PAFC: Phosphoric acid fuel cell system that utilizes a high temperature 
(700 C) steam reformer that results in a slow transient response time (20 kW/sec). 
Default: False. Units: None. 

2. Slow Response PAFC: Phosphoric acid fuel cell system that utilizes a low temperature 
(260-300 C) steam reformer that results in a long transient response time (14 kW/min). 
Default: True. Units: None. 

Fast Response PAFC 

3. Chopper Efficiency: The ratio of output power to the input power. Default: 0.96. Units: 
None. 

4. Rate of Power Increase: The maximum rate that the stack power can increase. Default: 
22 kW/sec. Units: kilowatts/second. 

5 .  Rate of Power Decrease: The maximum rate that the stack power can decrease. Default: 
100 kW/sec. Units: kilowatts/second. 

6. Fuel Cell Starting Power: The stack power output at the beginning of the program. 
Default: 25 kW. Units: kilowatts. 

7. Maximum Stack Power: The maximum power output from the fie1 cell stack. Default: 
107 kW. Units: kilowatts 



Slow Response PAFC 

8. Fuel Cell Minimum Current Density: The stack current density corresponding to the 
minimum power output from the fuel cell stack: Default: 130 mA/cm2. Units: 
milliampdsquare centimeter. 

9. Fuel Cell Maximum Current Density: The stack current density corresponding to the 
maximum power output from the fuel cell stack: Default: 480 mA/cm2. Units: 
milliamps/square centimeter. 

10. Area of Individual Cells: The catalyst area for an individual cell. Default: 2000 cm2. 
Units: square centimeters 

1 1. Number of Cells in Stack: The number of cells in series for the stack. Default: 176. 
Units: None. 

12. Response Time for Power Increase: The time required to increase the stack power 
output from 25% to 100% of full power output. Default: 240 s. Units: seconds. 

14. Response Time for Power Decrease: The time required to decrease the stack power 
output from 100% to 25% of full power output. Default: 240 s. Units: seconds. 

15. Fuel Mix Ratio: The ratio of moles of methanol to moles of water in the fuel mixture 
entering the reformer (also known as steam-to-carbon ratio. Default: 1.5. Units: (moles 
of methanol)/(moles of water). 

16. Reformer Conversion Percentage: The percentage of the methanol entering the 
reformer that is converted to reformate. Default: 0.99. Units: None. 

17. Stack Fuel Consumption: The percentage of the hydrogen flowing through the stack 
that is consumed by the stack. The user has two choices, the first a curve fit based on 
data The second choice is to enter a value. Default: 0.80. Units: None. 

18. Chopper Efficiency: The ratio of power output fiom the DC-DC converter to the 
power input. The user has two choices, the first a curve fit based on data The second 
choice is to enter a value. Default: 0.95. Units: None. 

19. Fuel Cell Mode of Operation: The program can operate in either steady-state or quasi- 
transient operation. For slow responding fuel cell systems, the steady-state model is 
sufficient. Default: Steady-state. Units: None. 

Route Form 

1. Dist (ft): The distance of the route segment 
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2. Elev (ft): The elevation of the final point of the segment. For proper operation, a hill 
should be defined with two segments. 

3 .  Vel (mph): The maximum velocity the vehicle should achieve during the segment (speed 
limit). 

4. Accel (ft/sA2): The maximum acceleration of the vehicle for the segment. If power is not 
available, the vehicle will accelerate at a slower rate. 

5 .  Decel (ftW2): The maximum deceleration of the vehicle for the segment. Typically, the 
vehicle will decelerate at this value. 

6. Dwell (sec): The time the vehicle is stopped at the end of the segment. This would define 
the time required to load passengers or an average time spent at a traffic light. 

Calculate Form 

1 .  Time Interval for Integration (see): The time interval between successive program 
calculations. A short time interval results in more realistic system behavior, but also 
increases processing time. Default: 0.20 s. Units: Seconds. 

2. Number of Intervals b/w Output: The number of time intervals between data being 
written to  the output file. The product of time intervals times the number of intervals is 
the time step between output data. Default: 5 .  Units: None. 



APPENDIX 4 

Fuel Cell Bus Brochure 



APPENDIX A: HYBRID INSTALLATION 

Installation of HYBRID can be done by copying all files contained in the disks provided. 

It is recommended that these files be copied unto a new directory. Once this is done, 

HYBRID can be ran by opening the executable file (* .exe termination). All necessary 

files are contained within the two disks provided. 

1 
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