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ABSTRACT

This alternative fuel vehicle (AFV) demonstration project is characterized by its unique approach
of comparing CNG, methanol and gasoline fueled vehicles of the same model in operation in a
single fleet in Monroe County, (Rochester) New York. Parameters compared include emissions,
fuel economy, maintenance and vehicle driveability. The 13 fleet vehicles, including methanol
(flexible fuel), CNG (bi-fuel) and gasoline control Ford Tauruses, met requisite safety standards
and operated without any safety problems for the test period of three years, accumulating over
240,000 miles. During the data collection period, no fuel system safety problems occurred and
no significant fuel system failures occurred. Laboratory testing using the City, Highway and
NYCC driving cycles revealed that the flexible fuel vehicles (FFVs) using M85 had the highest
energy economy, followed by the gasoline control vehicles and the bi-fuel vehicles using CNG.
The bi-fuel vehicles operating on CNG averaged higher CO and NO, emissions but lower
NMHC emissions compared to the FFVs operating on M85 and the gasoline control vehicles.
During performance testing the gasoline control vehicles accelerated faster than the FFVs which
in turn were significantly faster than the CNG bi-fuel vehicles. The FFVs had fuel system
related maintenance whereas the CNG bi-fuel and the gasoline control vehicles had none. Both
M85 and CNG fuel vehicles experienced some cold starting problems.

PROJECT DESCRIPTION

The objective of this project was to evaluate methanol (M85)' and compressed natural gas
(CNG)? as alternative vehicle fuels in the same model vehicle as part of the New York State
Energy Research and Development Authority’s NYSERDA) Alternative Fuels for Vehicles
Fleet Demonstration Program (AFV-FDP). The goals of the AFV-FDP are to develop timely
data regarding AFV emissions, so the State can make informed decisions about strategies for
meeting federally mandated air quality standards, and to develop an AFV knowledge base
enabling fleet operators to act upon mandates requiring adoption of AFVs to improve air quality
and reduce dependence on petroleum.

This fleet demonstration is characterized by its unique approach of comparing two alternative

M85 is a mix of 85 volume percent methanol and 15 volume percent gasoline.

2CNG is natural gas compressed to decrease its storage volume, allowing the fuel to be carried in compact form
suitable for motor vehicles. Typical storage pressures are 2400 psi, 3000 psi, and 3600 psi.
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fuels, M85 and CNG, by using them in the same fleet, in similar vehicles, supported by the same
maintenance staff, and in the same climatic conditions. Monroe County (the city of Rochester is
in Monroe County) co-funded the purchase and conversion of the alternative fuel vehicles with
NYSERDA. Additional funding was also provided by the local utility company, Rochester Gas
and Electric. The Monroe County test fleet obtained important operational and maintenance
information from the M85 flexible fuel, CNG bi-fuel and gasoline control Ford Tauruses. The
operation of the fleet began in September 1992 for the M85 vehicles and in May 1994 for the
CNG vehicles. A total of 63 emission tests were performed using the City and Highway Cycles
of the Federal Test Procedure, and the New York City Cycle. Over 170 vehicle-months of
alternative fuel vehicle operating data were obtained.

VEHICLES

The Monroe County alternative fuel demonstration fleet consisted of both M85 and CNG fueled
vehicles, listed in Table 1. In addition to these vehicles, this paper also includes the emissions
and fuel economy of more recent technology FFVs for comparative purposes. The FFVs used
port fuel injection systems with closed-loop control. The bi-fuel vehicles used a port fuel
injection system for gasoline and an IMPCO mechanical fuel mixer (carburetor) with electronic
feedback control fuel system for CNG. The vehicles operated in suburban/metropolitan traffic
conditions. All fleet vehicles operated without any major problems in an extreme temperature
environment spanning 115 degrees Fahrenheit.

Table 1. Project Vehicles

" No. of Vehicle . . .
Vehicles Type Fuel System Configuration Engine Configuration
1991 Flexible Fuel M85/gasoline .
> Ford Taurus (operates on M85 and gasoline) 3.0 liter V-6, 144 hp
1994 Bi-Fuel CNG/gasoline .
3 Ford Taurus (manual fuel selection) 3.0 liter V-6, 140 hp
5 1992/94 Gasoline Only " 3.0 liter V-6, 135 hp (1992)
Ford Taurus (Control Vehicles) 3.0 liter V-6, 140 hp (1994)

Methanol Fle;xible Fuel Vehicles

The M85 vehicles consisted of five FFVs capable of operation on both M85 and gasoline. The
FF Vs started operation in the fall of 1992 and continued through October 1994, when at Ford’s
request, the five FFVs were converted to dedicated gasoline operation because Ford was no
longer going to support these vehicles with FFV replacement parts. Figure 1 shows a schematic
detailing the fuel system related components of the FFV Taurus that are modified from those for
gasoline only operation. Of these, the methanol fuel sensor and the cold-start injector mounted
on the throttle body are the only added components.
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COMPONENT SUMMARY
Spark Plugs

Fuel Injectors

Fuel Rail

Fuel Pressure Regulator
EEC-IV Microprocessor

Wiring Harness

Engine Oil

Fuel Supply/return/vapor Lines

Fuel Sensor

Filler Pipe
Fuel Filter

Fuel Pump Assembly/
Fuel Sending Unit

Fuel Tank
Cold Start System

Evaporative Emissions System
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Figure 1. M85 Flexible Fuel Taurus Schematic
Courtesy: Ford Motor Company

CNG Bi-fuel Vehicles

In the spring of 1994 CNG fuel systems were added to three new 1994 Ford Tauruses making
them bi-fuel gasoline and natural gas vehicles. One Brunswick CNG tank per vehicle was used
for fuel storage and was placed in the trunk compartment. The fuel tank is made from composite
materials for weight savings and has a storage capacity equivalent to 9 gallons of gasoline.
When operating on CNG alone, the vehicle should be able to go 200 miles plus an additional 350
miles on gasoline for a total

of 550 miles.

The total conversion cost :
per vehicle was
approximately $4,200. The
CNG system uses the
existing O, sensors to
provide a signal to adjust
the mixture strength of
natural gas and air. The
vehicles began operation in
May 1994. Figure 2
illustrates one of the CNG
bi-fuel vehicles.
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FACILITIES

Refueling Facilities

The M85 refueling facility, shown
in Figure 3, consisted of a 1,000
gallon aboveground storage tank
and dispenser. The storage tank,
its accessories, and the dispenser
were designed and specified for
use with both neat methanol and
its blends such as M85. Both the
storage tank and the M85
dispenser were configured for
Stage II vapor recovery. The
system functioned in the same - - R A
manner as a conventional gasoline Figure 3. M85 Refueling Facility

z» g

dispensing system. The fire

suppression system for the refueling facility
provided both overhead and curb level fire
protection.

Figure 4 illustrates the CNG refueling facility that
was installed by Rochester Gas and Electric
(RG&E) and is located on their own property,
approximately 2.5 miles from the Monroe County
maintenance facility. While not open to the general
public, the CNG station is available for fueling
private vehicles by prior arrangement. . Vehicles
need a RG&E-issued refueling card in order to use
the facility.

Maintenance Facilities

Before the FFVs were implemented, Monroe
County personnel were given safety training about
handling methanol fuel. In that training personnel
were taught how to properly store and dispose of
waste M85 during vehicle maintenance activities. ey
No modifications of the maintenance facility were Figure 4. CNG Refueling Facility
deemed necessary at that time to accommodate the

FFVs.

A site safety assessment of the vehicle storage and maintenance facilities was performed in April
1994 in anticipation of maintaining and storing the CNG bi-fuel vehicles. In compliance with
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the recommendations of this site assessment, Monroe County upgraded their hoist, lift, and
garage door opener for the CNG bay. These upgrades were electrical modifications intended to
minimize the risk of overhead ignition sources. New procedures for risk minimization were
adopted, including keeping CNG vehicles outdoors overnight and servicing them when CNG
tank pressure is low. Future upgrades, currently awaiting funding, include purchasing of a
methane detection system, higher speed ventilation fan, and installation of a heating system that
does not present ignition sources.

FUEL USAGE AND MILEAGE ACCUMULATION

Table 2 gives the details of fuel usage and mileage accumulation for all the demonstration
vehicles. The FFVs accumulated over 120,000 miles over 26 months of operation and the CNG
bi-fuel vehicles accumulated approximately 29,000 miles over 15 months of operation. M85 and
CNG usage remained high throughout the duration of the project and M85 accounted for 66% of
the total fuel consumption (volume based) for FFVs and CNG accounted for 78% of the total
fuel consumption (energy based) for the CNG bi-fuel vehicles. Figure 5 illustrates the
cumulative distance traveled and the fuel consumed by the M85 vehicles. Figure 6 illustrates the
cumulative distance traveled and total fuel usage by CNG vehicles.
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Table 2. Fleet Fuel Consumption and Mileage Accumulation

Vehicle Information ) Months | Miles/ | Alternative Gasoline Alternative
Miles/ Fuel Usage
. of month/ | Fuel Usage Usage
Vehicle . . (% of total
Type . # Service | vehicle | (Gals.) (Gals.) fuel used)
1991 M85 - s | 24103 | 25 964 585 2,737 66%
FFVs . .
1992 Gasoline | 5 | 59059 | 25 801 | NA 2,423 NA
Control ] o -
1994 CNG - 3 | 9662 16 604 886 256 78%
Bi-fuel
1994 Gasoline | , | 15915 16 951 NA 1268 NA
Control ]

The cost of fuel varied during the course of the project. Gasoline prices ranged from $0.50/gal in
the beginning of the data collection period in 1993 to $0.70/gal after the summer of 1995.
Similarly, CNG prices® varied from $0.50/gal in early 1994 to $0.67/gal in the summer of 1995.
M85 prices were steady and averaged $1.32/gal. This is equivalent to $2.30 per gasoline
equivalent gallon. (All repoited prices do not include taxes.) Gasoline was typically 3-4 cents
more expensive than CNG per equivalent gallon.

DRIVEABILITY .

Starting problems during the cold winter months were initially present with the FFVs caused
primarily by M85 with insufficient vapor pressure. (The M85 was splash-blended using summer
grade gasoline.) This resulted in some of the drivers refueling their cars using gasoline instead of
MRS. A fresh batch of M85 using winter grade gasoline was procured and the starting problems
were cured.

“In the winter of 1994, cold weather also caused the CNG vehicles to have longer starting times.
During acceptance testing after installation of the CNG fuel systems, a hesitation problem was
found. This problem was fixed by resetting a dip switch in the ignition electronics box of the
CNG fuel system. Since that time, the problem has not recurred. The fleet manager at Monroe
County reported that the overall driveability of these vehicles was acceptable. There was a
reduction in acceleration time, which is discussed in the next section.

ACCELERATION TESTING

Acceleration performance was recorded by conducting quarter-mile, wide-open-throttle
acceleration runs from a standing start. Figure 7 presents the speed vs. time relationships for the

3 CNG prices are reported per gasoline equivalent gallon.
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CNG bi-fuel, the 1993 M85 flexible fuel, and gasoline control vehicles. Table 3 gives the 0-60
mph acceleration times. The FFVs operating on M85 averaged 11.6 seconds to accelerate from
0-60 mph and were 0.9 seconds slower than the gasoline control vehicles which averaged 10.7.
seconds. On gasoline the FFVs averaged 0.2 seconds slower than on M85 for the same test. The
0-60 mph times for the CNG bi-fuel vehicles operating on CNG averaged 14.4 seconds, 3.7
seconds slower than the gasoline control vehicles. The loss of power when using CNG is due
primarily to fuel system calibration and not vehicle weight increase (about 140 Ibs.), because
when running the CNG bi-fuel vehicles on gasoline, the acceleration time was just slightly
slower than the gasoline control vehicles.

Table 3. Acceleration Performance

100

Vehicle Fuel Time (s)

Gasoline Control = h
w - 0-60 mp

' FFV M85 11.6
Bi-fuel Using Gasoline

g 60 FFV Gasoline 11.8
E FFV Using M8S
g . Bi-fuel | CNG 14.4
@ N\

Bi-fuel Using CNG Bi-fuel | Gasoline 11.8

20 4

Control | Gasoline 10.7

0 5 10 15 20 25
Time (s)

Figure 7. Acceleration Performance

MAINTENANCE

Analyses of fuel system related repairs were conducted to look for trends between vehicle types,
with respect to weather and with accumulated mileage. It was expected that maintenance actions
regarding the fuel and cranking system would be more frequent in winter periods. Figure 8
shows the vehicle starting problems with time through the project duration and the average daily
temperature. As expected, in periods of cold ambient temperatures the frequency of starting
problems increased.

Further analysis of the differences between the M85, CNG, and gasoline control vehicles reveal
that while CNG system starting problems were present in the winter of 1994-1995, they
remained well under the level of the FFVs using M85. Most of the initial FFV starting problems
were caused by M85 with insufficient vapor pressure, which was subsequently corrected.
However, the most cold start problems with these FFVs occurred when the temperature was the
coldest in the winter of 1993-94. FFVs using M85 appear to be inherently more difficult to start
in cold weather than gasoline or CNG vehicles. This is likely due predominantly to the fact that
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Figure 8. Vehicle Starting Problem Frequenmes by
Date

methanol does not vaporize as rapidly as gasoline does, and that methanol is conductive, and will
short circuit spark plugs wet with liquid methanol. As the outside air temperature drops, a
methanol fueled vehicle adds more fuel to assure that sufficient vapor is produced for cold-start.
This increases the probability of the spark plug wetting and fouling. M85 fleets have sometimes
chosen to add more gasoline to the methanol/gasoline blend during cold weather, which makes
more gasoline available to vaporize so that the engine is able to start more reliably. Once started
and warmed up, the methanol and gasoline are ignited with no further problems. The gasoline
control vehicles had no starting problems during the period of data collection. :

Over the course of the project there were four failures of the Ford M85 fuel pump module and
two failures of the fuel sensors. Replacement components were installed for each of these
failures. This was a common problem in 1991 Ford Taurus FFVs and also occurred in earlier
model FFVs such as the Ford Crown Victoria. Figure 9 presents the fuel system repairs. The
figure shows that all repairs were for the flexible fuel systems. The CNG and gasoline systems
had no fuel system maintenance. .

Oil changes for all the vehicles averaged between 3,000 and 4,000 miles. No attempt was made
to optimize oil change frequencies based on the fuel used. All vehicles had similar, acceptable
oil consumption rates.

e U ESU . = — - ——
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Figure 9. Fuel System Repair Frequencies

FUEL ECONOMY

Energy economy* was measured and compared both in the laboratory under highly controlled
conditions and on-road in actual use. Table 3 compares average values for both the laboratory

and on-road fuel/energy economy results.

Table 3. Comparison of Average Laboratory and On-Road Fuel Energy Economies

Highway City NYCC On-road
M85 (Volumetric) 20.3 124 6.3 134
1991 | M85 (Energy Eq.)* 35.8 219 112 23.7
Gasoline 33.0 19.5 10.0 22.5
M85
FFV M85 (Volumetric) 202 126 6.6
1993 | M85 (Energy Eq.)* 35.7 222 116 N/A
Gasoline 353 21.6 11.1
Control Gasoline 34.4 21.0 10.9 222
CNG CNG* 33.7 19.4 9.6 24.0
Bi-fuel
Gasoline 36.1 21.5 11.1 23.6

* M85 and CNG fuel economy reported in miles/gasoline equivalent gallons

N/A- The 1993 M85 FFVs were operated by the New York State Thruway Authority. Since they operate mostly on the Thruway (similar to
most interstates) at relatively high and constant speeds, their on-road mileage is not comparable.

4 Energy economy is the distance in miles traveled by the vehicle on fuel which contains the same amount of energy as a
gallon of gasoline i.e. 115,400 Btu.
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Laboratory Fuel Economy

Laboratory fuel economies were obtained as an integral part of the emissions testing conducted
on the demonstration vehicles. For these tests three 1991 model year M85 flexible fuel, four
1993 model year M85 flexible fuel, three 1994 model year CNG bi-fuel, and three gasoline
control Ford Taurus vehicles were tested from 1993 through 1995. The fuel economy results
from these tests are presented in Figures 10 and 11. These figures present the laboratory fuel
economy results for the Highway and Urban (City) Cycles of the Federal Test Procedure and the
New York City Cycle (NYCC) driving cycles in the form of floating bars. The top of the bar
represents the maximum, the bottom represents the minimum and the line inside represents the
average fuel economy sampled. The on-road fuel economies are represented similarly.

Miles Per Gasoline Equivalent Gailon

M85 or CNG
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Figure 10. M85/CNG Energy Economy
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Figure 11. Gasoline Fuel Economy
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On Road Fuel Economy:

The on-road fuel economies for the 1991 model year FFVs and the gasoline control vehicles
were calculated by measuring the amount of miles traveled by each vehicle and dividing it by the
number of gallons of fuel consumed in that period. For the CNG bi-fuel vehicles, on-road energy
economies were calculated by dividing the miles traveled in a given time interval by the gasoline
energy equivalent gallons of CNG consumed in that same interval.

Discussion of Fuel Economy Results

Comparison between on-road and laboratory fuel economies indicate that the laboratory FTP
City Cycle fuel economies most closely resemble the on-road fuel economies. This is not
surprising due to the fact that the vehicles operated primarily in city/suburban driving conditions.

Direct comparison between M85 and CNG energy economies obtained from laboratory tests
indicates that for all of the three test cycles, both 1991 and 1993 model year M85 FFVs averaged
higher in energy economy relative to CNG vehicles. A possible explanation for this could be
that the M85 vehicles were OEM vehicles and hence better optimized for operation on M85,
whereas the calibration of the CNG bi-fuel vehicles is always a.compromise. The CNG bi-fuel
vehicles also were heavier by the weight of the CNG fuel system and cylinders, estimated to be
about 140 pounds.

The energy economies for the 1991 and 1993 FFVs on M85 are very similar and higher than
those on gasoline for both dedicated gasoline vehicles and the FFVs. However, the energy
economy for operation on CNG is lower than that for operation on gasoline. Average on-road
energy economies were similar for the FFVs operating on M85 and for bi-fuel vehicles operating
on CNG and gasoline. Gasoline control vehicles and FFVs operating on gasoline had slightly
lower energy economies.

EMISSIONS

Collection of emissions data was a very important part of the Monroe County M85/CNG
demonstration project. Since 1993 emission tests were performed on three 1991 M85 flexible
fuel Ford Tauruses, three 1994 CNG bi-fuel Ford Tauruses, and three gasoline control Ford
Tauruses.

In accordance with the Federal Test Procedure, the exhaust of each test vehicle was sampled and
analyzed for major emission constituents: carbon monoxide (CO), oxides of nitrogen (NO,),
methane (CH,), non-methane hydrocarbons (NMHC), and aldehydes (ALD). Figure 12
illustrates the City Cycle emissions for the tested vehicles in the form of floating bars. The top
of the bar represents the maximum, the bottom represents the minimum and the line inside
represents the average value of the emissions.

11
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Discussion of Emissions Results
Flexible Fuel Vehicles:

Both the 1991 and 1993 FFVs were evaluated on the EPA City Cycle for emissions. The 1991
Ford Taurus FFV was built and sold by Ford as an experimental vehicle and was not required to
meet EPA standards for its model year. The 1993 Ford Taurus FFV was sold as a production
vehicle in full compliance with EPA requirements. Results of emissions tests on these two
vehicle types indicate that 1991 vehicles did, in fact, exceed EPA emissions limits for CO and
HC emissions while the 1993 FFVs were able to satisfy EPA emissions about as well as the
gasoline baseline vehicles. ) .
The 1993 Ford Taurus is an upgraded version of its earlier M85 flexible fuel design. This model
benefitted from the experience gained on the earlier model Ford FFVs such as the ones used by
Monroe County. Results of the emissions tests on these vehicles indicate a significant reduction
in the CO and HC emissions when tested on the City Cycle. Some improvements are also seen
in NO, and aldehyde emissions.

The 1993 Ford Taurus FFVs had aldehyde emissions of 11 mg/mile with M85 fuel and 13
mg/mile when using gasoline. Recent data on 1996 Ford Taurus FFVs[1] report lower values of
aldehyde emissions: 3.9 gm/mile on M85 and 0.8 gm/mile on gasoline. Use of close-coupled
light-off catalysts in the 1996 Ford Taurus FFVs is a primary reason for this reduction.
Significant emissions reductions were also reported for CO, NO, and HC emissions with the
1996 Ford FFV relative to the 1993 Ford FFV (both using M85).

CNG Vehicles:

The converted 1994 Ford Taurus CNG bi-fuel vehicles were also emissions tested. Data varied
significantly from vehicle to vehicle and were in excess of EPA emissions requirements for CO
and NOx. This result is not uncommon for CNG conversion systems using first generation
closed-loop fuel system technology.

To reduce the variability and average level of emissions from these vehicles, it may be necessary
to calibrate the fuel system with the vehicle installed on a chassis dynamometer - a procedure
that is not feasible for typical fleets. When properly adjusted the converted CNG bi-fuel vehicles
can be as clean as the same model gasoline vehicle. However, emissions testing of OEM
dedicated CNG vehicles (such as the Dodge CNG minivans) demonstrate that such vehicles can
have lower emissions than their gasoline counterparts.[2]

SUMMARY

This project demonstrated successful operation of CNG bi-fuel, M85 flexible fuel and gasoline
control vehicles in fleet use in Monroe County, New York. Extensive data on fuel consumption,
mileage accumulation, laboratory emissions testing and maintenance were collected. Refueling
and maintenance facilities were modified or constructed and then operated based on specific

13
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requirements for either M85 or CNG fuel. Each vehicle type was evaluated on a variety of
criteria, such as fuel economy, emissions, acceleration and maintenance. Important conclusions
based upon the experience gained during this fleet operation are summarized below.

Both FFV aﬁd CNG bi-fuel vehicles were adequate to meet the operating needs of
Monroe County.

The FFVs required the most maintenance among these Tauruses (FFV, CNG bi-fuel, and
gasoline) due to cold-start problems and fuel system component failures.

The FFVs experienced cold-start problems in very cold weather relative to the gasoline
and CNG bi-fuel Tauruses.

All the vehicles had acceptable driveability.

The CNG bi-fuel Tauruses had significantly slower acceleration compared to the gasoline
and FFV Tauruses.

The energy economies for the FFVs on M85 were higher than those on gasoline for both,
dedicated gasoline vehicles and the FFVs. Also, the energy economy for operation on
gasoline is higher than for operation on CNG.

Early 1990's models of CNG bi-fuel vehicles and FFVs were not effective at reducing
emissions levels relative to conventional gasolme fueled vehicles. More recent FFVs and
CNG vehicles have lower emissions.

Facility changes for M85 are normally not required because the fuel is a liquid and
contains gasoline. Training must be given to mechanics so that safe and proper
procedures are used. Depending on the age and condition of the garage facility some
facility changes may be needed for CNG service operation. Changes were needed for
existing Monroe County garage facilities and more training was required for mechanics to
safely service CNG vehicles.
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THERMAL MANAGEMENT OF AN ETHANOL
FUELED FORD TAURUS CATALYTIC
CONVERTER

Matt Keyser, National Renewable Energy Laboratory

(Presentation unavailable at time of publication)
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SESSION 7

HEAVY DUTY ALTERNATIVE FUEL ENGINES
' PRESENT AND FUTURE

Chair: Vinod Duggal, Cummins Engine Company, Inc.
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GEORGETOWN UNIVERSITY
Advanced Vehicle Development

Fuel Options For Fuel Cell
Powered Transit Buses

Robert R. Wimmer
Project Manager

Windsor Workshop on Alternative Fuels
Toronto, Canada
June 4, 1996

GEORGETOWN UNIVERSITY FUEL CELL
POWERED TRANSIT BUS PROGRAMS

e Georgetown University (GU) has been working on Fuel
Cell (FC) powered transit buses since 1983

e We are presently working on two FC bus projects
— The 30 ft FC Powered Test Bed Bus Program
— The 40 ft FC Powered Bus Commercialization Program

e Both buses are hybrid electric (two power sources)’
— The fuel cell provides the “average” power or energy
— The battery pack provides the “peak” power

e This presentation will discuss FC and reformer technology,
and fuel selection for the transit bus application
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PROGRAM HISTORY

1984 1988
Feasibility ~ Phasel
Study Brassboard .
|_|—| 1991
Air Liquid ~ Phase ll
Cooled | | Cocled Design & Fab 1994
Y Phase lll
TBB-1 Testing
TBB-2 \
7883 \ GuU
\ SCAQMD 1994
poT \ DOT
Program
v
PAFC
PEM
PROGRAM GOALS

e Demonstrate that FC systems can supply 100% of the
energy required to successfully operate a transit bus

e Demonstrate benefits as compared to present buses
— Higher efficiency; ie, better mileage resulting in lower fuel costs
— Lower emissions and noise
e Develop a vehicle that meets the needs of the operator
— No loss of performance
— Minimum effect on present fueling infrastructure

e Demonstrate commercial viability
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EMISSION COMPARISON

o Tested emissions for 50 kW PAFC system

155 185

16.0

W1993 Federal
140 Emission Std.
12.0 E11996 California
Emission Std.
= 100 CIFC Bus
4 8.0
% 6.0
40

2.0

o. o i SO e NP - v
HC Particulate

WHAT IS A FUEL CELL?

e In its simplest form, a fuel cell is a solid state
electrochemical device that combines H, & O, to form
water and electricity

Porous Cathode Porous Anode

120,+2H'+2¢ =H,0 Hy=2H'+2¢

Electrolyte
Hz +1/2 02 = H20
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THE FUEL CELL REACTANTS

7

e In land based FC systems, air provides the oxygen required
for the electrochemical reaction

o The hydrogen required for FC operation can be stored as a
gas, liquid, hydride or bound in a compound

e These hydrogen containing compourids include methane
(natural gas), alcohols, hydrocarbons and ammonia

o A “Reformer” is used to break-down these compounds

REFORMERS

o The reformer liberates hydrogen by heating the compound,
possibly in the presence of a catalyst, until it cracks into
simpler molecules (H,, CO, & CO)

e Each fuel has unique reforming requirements
- Temperature

— Type of catalyst
— Dwell time in reformer

o These variables effect system design and control
- Efficiency over the full range of outputs
— Control of a reformer during vehicle transients
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FUEL CELLS

e There are two primary types of FCs being considered for
transportation applications

e The Phosphoric Acid Fuel Cell (PAFC)
— Most developed (Over 75 utility systems in operation worldwide)
~ Proven systems (many with over 25,000 hrs)
~ Proven operation-on reformed fuel (CO tolerant)

e The Proton Exchange Membrane Fuel Cell
— Lowtemperature operation (quick start-up)

— Simpler storage requirements
— Lesstolerant of CO
FUEL SELECTION

e GU initially reviewed fuel selection in the mid 80s for the
30 ft bus program and revisited many of the same issues in
1993 for the 40 ft bus program

e GU’s broad knowledge of the transit and FC industries,
reforming technology, and fuels allowed consideration of a
variety of factors i

~ Public policy

— The customer’s requirements (Transit Operators)
— Storage and reformer technology

— Fuel price and availability

o These issues were all considered in selecting a fuel
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ISSUES THAT IMPACT FUEL SELECTION

o Public policy was determined by the funding agencies

- Due to concerns for energy security and balance of payments,
these agencies mandated the use of a domestically produced,
alternative fuel ‘

o The transit operators use centralized refueling allowing for
greater flexibility in choosing a fuel
— Atrained fueling and maintenance staff
— A controlled repeatable demand
— Experience with many of the candidate fuels (biases)

o Refueling time and complexity must be minimized

ISSUES THAT IMPACT FUEL SELECTION

e The operators are sensitive to capital and operating costs
- Fueling infrastructure cost
~ Zoning, above-ground equipment and noise
— A fuel’s cost per mile

e Impacts to the vehicles are also a concern
— Increased weight
— Decreasedrange
— Changesinthevehicle’shandling
— Fuel systems that require special care (cfyogenic Or gaseous)
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FUEL CHOICES
- Hydrogen

e Direct H, FC systems are simpler, easier to control and
more efficient than reformer based systems

o They also produce zero tailpipe emissions

e But hydrogen storage is problematic
— Gaseous storage is heavy and requires excessive space
— Current hydride storage technology is very heavy
— Cryogenic storage raises cost, safety and boil-off concerns

e Limited fuel infrastructure

FUEL CHOICES
- Reformed Fuels

o Candidate fuels for reforming are ammonia, natural gas,
ethanol, and methanol

e Although ammonia is attractive from the storage and price
standpoint, its hazardous nature will prevent use in mobile
applications :

o Natural gas is low cost, available throughout the country
and well characterized as a reformer fuel

~ Requires a high temperature reformer and a heavy fuel storage
system, which results in a significant weight penalty
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FUEL CHOICES
- Reformed Fuels cont.

e Because of differences in their chemical bonds, some fuels
require higher reforming temperatures than others

Low Temperature High Temperature Partial
Catalytic Steam Catalytic Steam Oxidation
(450°F) (1300°F) (>2000°F)
Methanol Natural Gas Gasoline
Ethanol Diesel

e Typically, the higher the temperature, the more complex
and less efficient the reforming process

FUEL CHOICES
- Reformed Fuels cont.

e High temperature reforming produces more CO than low
temperature, requiring additional shift hardware

¢ Although low-temperature reforming requires the least
hardware, maintaining reformer bed temperature during
load transients is a system control challenge

e Due to excess heat, high temperature reforming requires a
less complex control system to follow transient power
demands

e This excess heat must be recovered for high efficiency
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FUEL CHOICES
- Price and Availability

e H, price is difficult to asses
~ Itis not sold as a commodity .
~ Limited availability increases transportation costs
— Compression or liquefaction requires additional energy

o Although ethanol contains 30% more energy than
methanol, its market price is typically 1.5-3 times higher

— Both liquid fuels are produced in various parts of the country and
are easily transportable

— Since both are commodities, their price fluctuates

SUMMARY OF FUEL SELECTION ISSUES

H, Ethanol Methanol

FC System Weight o o o
Fuel System Weight o o) )
FC System Efficiency o ® ©
Retraining (Transit) ® ] o
Capital Cost (Transit) ° o =)
Fuel Cost o o ()
Fuel Awvailability ° o o
Good © Fair ¢ Major Concern @
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FUEL CELL BUS SYSTEMS
- 30 ft Bus

o Three 30 ft test bed buses are being tested in different parts
of the country to verify performance, emissions and fuel
efficiency

e The bus design consists of
- AFuji Electric 50 kW oil-cooled PAFC
- A low temperature steam reformer for methanol fuel
- A 100 kW SAFT NiCd battery pack with 180 amp-hr capacity
— A 120 kW (peak) DC electric motor

e Areas of concern include bus weight, FC response and
system control algorithms

FUEL CELL BUS SYSTEMS
- 40 ft Buses

e GU has received a grant from the Federal Transit
Administration to design and fabricate two 40 ft FC
powered hybrid transit buses

e Both buses will use a methanol fueled 100 kW FC system
and a 125 kW battery pack

e The first bus will be a preproduction prototype
- IFC 100 kW PAFC and compact high temperature steam reformer
— Idle to 100% output in less then 5 seconds
— Water recovery
— Proven production utility-stack design (PC25)
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FUEL CELL BUS SYSTEMS
- 40 ft Buses cont.

o The second bus will be powered by a PEMFC system
being designed by Ballard Power Corporation

e The PEMFC system will make use of existing technology
being used on other projects
— High power density stack
— An oil-heated low temperature steam reformer
— Hydrogen separation membrane technology for removal of CO

e Both PAFC and PEMFC systems are projected to be more
than 38% efficient with significant improvements in power
density compared to the 30 ft bus systems

SUMMARY

e For near-term commercialization of FC systems for transit
buses, methanol continues to be the fuel of choice
- It has none of the storage problems of gaseous fuels
~ It has minimal infrastructure impact on the transit operator
— It has a price and ease of reforming advantage over ethanol
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SESSION 8

PANEL DISCUSSION
CALIFORNIA ZEV COMMERCIALIZATION EFFORTS

Moderator: Juan Osborn
California Air Resources Board

Presentation - Lois Wright, Sacramento Municipal Utility District

(Other presentations unavailable at time of publication)
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