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ABSTRACT
The intent of this project was the retrofit of a donated aluminum Ford Mercury Sable
with an electric drive train, fuel cell power system, advanced battery pack, and a
hydrogen generator to do a preliminary demonstration of the technology. Currently
there are several high profile electric vehicles and hybrids now commercially available
through numerous automotive manufacturers. Many of these manufacturers are now
evaluating hydrogen as a source of fuel to power future vehicles. The mechanism to
process the hydrogen into a usable from of energy for these mobile applications is the
fuel cell. The New Jersey Department of Transportation (NJDOT) has contracted with
the Center for Advanced Infrastructure & Transportation (CAIT) at Rutgers University to
conduct an advanced clean vehicle development program known as the New Jersey
Fuel Cell Hybrid Electric Vehicle (New Jersey Genesis) Project. The program is a multiparty partnership of governmental, private, and academic institutions in the State of
New Jersey collectively known as Team New Jersey. The New Jersey team is engaged
currently in the development of a prototype vehicle incorporating an advanced fuel cell
and using a novel method of hydrogen storage. Hydrogen will be generated, stored, and
transported in the form of a 20 percent solution of sodium Borohydride in water. In the
vehicle, the sodium borohydride solution will be passed over a catalyst to generate
gaseous hydrogen. The hydrogen gas is then cooled, dried, and used to power the fuel
cell. Since the hydrogen is produced on-board only a small amount of hydrogen gas will
be present in the vehicle at any given time between the catalyst reactor and the fuel
cell, thus reducing storage problems. There are many important issues still to be
resolved and refined, thus this work should be considered a preliminary study. As such,
this vehicle has little chance of being used a the final prototype for a practical vehicle, a
unusable rear seat and little trunk space would not be user acceptable, thus more
engineering is necessary. At the time this report was written, at the end of 1.5 years of
development work, a fully functional integrated system had not yet been demonstrated.
INTRODUCTION
Those Team New Jersey partners having design responsibility designed the New
Jersey Genesis vehicle cooperatively in late 1999 and early 2000. The platform for the
vehicle is a prototype all-aluminum Mercury Sable donated by Ford Motor Company.
The motor and drive train that was chosen for the vehicle is a Solectria 78 kilowatt AC
induction electric motor operating at 324 volts (nominal) and a Solectria transmission
matched to the motor. Power for the motor comes from a 15 kilowatt-hour nickel-metal
hydride battery pack. A 11.7 kilowatt Proton Exchange Membrane (PEM) fuel cell was
designed and built to recharge the battery pack. Hydrogen fuel for the fuel cell is
provided by a Hydrogen-On-Demand system using sodium borohydride as a storage
medium for hydrogen; hydrogen gas is generated by the passage of a solution over a
catalyst. The Genesis vehicle was first modified with many lightweight and efficient
parts, including special wheels, and seats. The motor and drive train, controls, new
wiring, and the fuel cell system were installed in the vehicle and integrated. Throughout
the design and planning, and the construction of the Genesis, students from a myriad of
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schools played an active role in various aspects of the work. Rutgers University is
currently aligning the necessary resources to complete the vehicle and make it ready for
operation. At the time this report was written the project vehicle required repairs to the
brake system and battery box as well as rewiring and installation of the batteries and
hydrogen generator system including necessary testing and safety enhancements as
indicated in Appendix 2. As a secondary project the New Jersey Venturer was
rehabilitated for the 2000 Tour de Sol by Team New Jersey. The primary focus of the
teams efforts were on the Genesis, but it was felt there was still much we could learn
from our original prototype vehicle.
PROJECT GOALS1:
Below please find the original project goals outlined in the original proposal to NJDOT.
1. Demonstrate the integrated hydrogen generator and fuel cell systems and
subsystems as a viable alternative to reforming technology.
2. Produce a full size 4 door fuel cell electric vehicle with the goal of 1000+ mile
range in a single refuel of non-flammable liquid fuel.
3. Vehicle will be designed as to optimize vehicle weight using lightweight materials
and advanced technologies.
4. Vehicle will have full passenger and cargo capacity.
5. Vehicle shall have comparable speed, handling, and acceleration to its gasoline
counterpart.
6. Vehicle will have zero emissions and use a renewable fuel.
7. Technology created for this project will be transferable to other industrial
applications.
8. The partnership of government, universities, and industry created by this project
will continue to generate educational, economic and environmental benefits for
the next century.
9. Re-enter the 1999 NJ Venturer in the 2000 Tour de Sol.
Due to design constraints many of these goals have been modified to optimize other
components of the system. The two most significant modifications are: Firstly, it was
anticipated to maintain full passenger and cargo capacity. However the trunk space
was forgone to primarily make more room and provide adequate ventilation for the
hydrogen generation system. Later during a vehicle redesign the back seat area was
utilized to provide additional room for the batteries, there was a safety need to separate
the potentially “wet” chemical systems from the high voltage battery pack. The good
news is that the redesigned vehicle should be safer for two reasons the weight is more
equally distributed thus producing better stability and handling plus it has regained
some of its lost trunk cargo space. However, without several actual crash tests (which
is unrealistic for this project) or a comprehensive dynamic computer simulation run by a
certified facility (which is too expensive for this type of program) there is little else that
can be done to validate the crash worthiness of the vehicle due to changing so many
structural components and the removal of the engine. It was determined in order to
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maximize safety, that this chemical reaction should be isolated from the passenger
compartment. Secondly, the range was reduced from 1,000 miles to approximately an
expected design yield of 450 miles on a single refuel. The original 1,000 mile goal was
partially set to outperform the commercially available Honda Insight which has a range
of 700 miles on single refuel. The Genesis vehicle has not been completed and this
mileage has not been field-tested.
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PROJECT DESCRIPTION
To meet the project goals the work was divided into several tasks. The individual tasks
are as follows:
1. Design and develop an advanced fuel cell / electric hybrid vehicle using
hydrogen as a fuel, and utilizing sodium borohydride as a storage medium for
hydrogen.
2. Produce an operational prototype vehicle – the New Jersey Genesis – and ready
it for driving on public roads.
3. Make minor improvements to the New Jersey Venturer – Team New Jersey’s fuel
cell / electric hybrid vehicle from the 1999 program – and ready it for the 2000
Tour de Sol.
4. Technology Transfer - Educate the public regarding the benefits of the new clean
vehicle technologies represented by Genesis and Venturer, and provide
opportunities for students to learn and gain hands-on experience in an advanced
technology development environment.
The Genesis vehicle was designed cooperatively in late 1999 and early 2000 by those
Team New Jersey partners having design responsibility, see Appendix 1 for a
description of each partners responsibilities. The platform for the vehicle is a prototype
all-aluminum Mercury Sable donated by Ford Motor Co. The 1998 Venturer had poor
acceleration and pick-up, therefore it was determined to build the Genesis with a
stronger more powerful motor. The motor and drive train that was chosen for the
vehicle is a Solectria 78 kilowatt AC induction electric motor operating at 324 volts
(nominal) and a Solectria transmission matched to the motor. However a larger motor
also means increased power demand. Power for the motor comes from a 15 kilowatthour nickel-metal hydride battery pack. Two PEM fuel cells producing 11.7 kilowatts
were designed and built to recharge the battery pack. Thus far reformers are large,
heavy, and operate at high temperatures. They also have complex chemical reactions,
therefore at this time they are unrealistic for vehicle applications. A hydrogen generator
in comparison to a reformer can be significantly smaller with only one main chemical
reaction occurring. Hydrogen fuel for the fuel cell is therefore provided by a HydrogenOn-Demand system using sodium borohydride as a storage medium for hydrogen.
The hydrogen generation system could potentially be used in the heating, power
generation, mobile communications, and many other stationary and mobile industry
applications. The vehicle was first modified with many lightweight and efficient parts,
including special wheels and seats. The motor and drive train, controls, new wiring, and
the fuel cell system were installed in the vehicle and integrated. Throughout the design
and planning, and the construction of the New Jersey Genesis, students from the
schools mentioned in - Project Partners and Sponsors played an active role in all
aspects of the work. While the hydrogen storage and generation system was being
installed an incident occurred which lead to the destruction of approximately half the
batteries of the battery pack, please see Appendix 2 - NJ Genesis Safety/Function Audit
Report for details of this accident. This occurred two weeks before the start of the 2000
American Tour de Sol competition, at a time when considerable work and testing was
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still left on the vehicle. Many systems including the hydrogen generator were not
completely installed, nor was the vehicle integration complete, so with such a major set
back the Genesis vehicle was unable to compete. Work on the Genesis vehicle
resumed after the Tour de Sol competition, and the vehicle is currently under
development, testing, and being readied for operation. The New Jersey Venturer had
minor rehabilitation work done prior to the 2000 Tour de Sol while work on the Genesis
was taking place.
TECHNICAL AND EDUCATIONAL ACCOMPLISHMENTS
There were several objectives in the 2000 work program for the New Jersey Genesis
Project. The objectives were:
Task 1 - Design and develop an advanced fuel cell / electric hybrid vehicle using
hydrogen as a fuel, and utilizing sodium borohydride as a storage medium for
hydrogen.
Advanced Fuel Cell / Hydrogen Generator Development
Hydrogen-powered vehicles hold great promise as a path to clean transportation
technology. "Hydrogen has the highest mass energy density of any fuel: 120 MJ/kg
(LHV) 144 MJ/kg (HHV)1" and has the potential to be produced by renewable fuels.
When used as a fuel in a fuel cell powered vehicle, virtually the only emission from the
reaction is pure water. However, there are significant barriers to the introduction of
hydrogen as a transportation fuel. The 2000 work program for the New Jersey Genesis
Project aimed to address some of those problems and develop solutions for them. The
generator was improved by addressing Millennium Cell’s proprietary catalyst systems
which include both chemical substrate and method of manufacture. The current
generator is performing as designed for the Genesis system. Improvements to the
catalyst chamber and catalyst medium in general are continuing at Millennium Cell.
Fuel Cells Background and Theory
A Proton Exchange Membrane Fuel Cell (PEMFC) is a device that electrochemically
combines hydrogen and oxygen to produce electricity and pure water. There are no
other side-products or emissions produced. Pure oxygen is required for fuel cells used
in outer space; but in most terrestrial applications the oxygen is supplied to the cathode
by flowing air through the cell. In Genesis, pure hydrogen will be generated on-board
by a liquid hydride technology developed for this project. The hydrogen is consumed at
the rate required by the electrical load. In this way a fuel cell is different from batteries.
A battery must be recharged each time it uses the electrical charge that was stored in it,
but a fuel cell will continue to generate electricity as long as hydrogen and oxygen are
supplied to its cells2.
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The first problem is that even though fuel cells are a highly efficient and clean method
for converting hydrogen to electric power, they require refinement and further
development. A goal of the 2000 work program for the New Jersey Genesis Project
was to make improvements in PEM fuel cell weight, volume, efficiency, reliability, and
life expectancy. These tasks were undertaken primarily by H-Power Corporation,
shown in Figure 1 is a test stand where fuel cell stacks are tested and developed.

Figure 1 High-power fuel cell test stand at H-Power.
Fuel Cell Description
The fuel cell stacks are graphite stacks with plastic end caps, a design change that
lowered fuel cell weight by nearly half over the previous years technology in New Jersey
Venturer. In the Venturer the fuel cell was steel intensive, components like the plates,
end caps, and the tie rods were all steel. One concern in using the steel plates was that
the humidification and the fuel cell cooling systems both used de-ionized water, which
can corrode steel. Therefore the Genesis stacks were produced using graphite plates.
The graphite does not corrode or react with the de-ionized water. However graphite is
generally more brittle, more expensive, and more variable in strength and thickness
than the steel counterparts. The end caps of the fuel cells were also replaced with
plastic. There are several reasons why this was done, the plastic caps are lighter and
cheaper than steel. Also the plastic is easier to machine, the caps need to have the
manifolds, tie rod holes, cooling loops, hydrogen feed line, and humidified air feed line
machined into the cap. By using high strength plastic to withstand the torque of the tie
rods the cost and weight of the end caps were significantly reduced in comparison to
steel caps. The tie rods were replaced with titanium, this was done to reduce the weight
of the stacks. Steel is approximately 75 percent heavier than titanium. Since titanium is
stronger than steel, in theory the diameter of the tie rods could also have been reduced
further reducing the weigh but the plastic end caps had already been manufactured and
purchased. Based on actual use and lessons learned in the 1999 Venturer project, the
Genesis fuel cells were built to improve overall electrical efficiency.
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The NJ Venturer was equipped with a 64 cell, 4.2 kW fuel cell; whereas the NJ Genesis
was outfitted with two (2) 100 cell 5.85 kW fuel cell stacks wired in series. The
unregulated voltage varies from 120 to 200 VDC, because the voltage of the individual
cells is proportional to the electrical load (0.6 to 1.0 V/Cell). The individual cells are
"stacked" in series so the voltages add to provide the higher voltages needed by the
drive motor and other ancilliary devices. A DC/DC converter regulates the variable
voltage to a steady DC input to an inverter that transforms it to AC. In the NJ Genesis
the traction motor and the air compressor operate on AC; all other components operate
on the regulated 12 and 24 VDC power.
In a fuel cell if the membranes become too wet, a condition referred to as ‘flooding’
occurs. The ‘flooded’ state will prohibit the reactant gases, mainly the oxygen from
reaching the catalyst. As excess moisture accumulates in the stack the number of
reactions decrease because is cannot perform hydrogen reduction. Consequently the
stack will no longer be able to produce electricity efficiently3. The residual water from
must be periodically purged from the cell, in the Venturer project the fuel cell system
used a four-channel flow manifold for the purge. It was believed that the stack had
dead areas where water was not being fully purged or that the channels did not provide
a quick enough water removal system. Since flooding decreases the efficiency of the
reactions within the stack this was considered a major concern. Therefore a sixteenchannel manifold was used for the fuel cells in the Genesis project. The hydrogen-side
of the cells are pressurized with pure hydrogen and are periodically purged to remove
any product water that may accumulate. The average flow rate of the hydrogen was 4.9
SCFM and both the air and hydrogen were pressurized to 6 psi. This has resulted in
good laboratory results where the stack efficiency does not fluctuate as much as before.
The original ballpark figure of how much power would be produced by the fuel cells was
estimated at 14kW. This figure was based on the fact that the individual cells can
produce 0.6 to 1.0 V/cell, thus if each stack produces a maximum of 1.0 V/cell, has 100
cells, running at 90 amps, and there are two stacks the net power would be about
18,000 watts. If we further refine this design to account for the heat losses within the
fuel cell of about 50 percent we find that the actual expected net output of the fuel cell
should be about 9 kW. If the system were to really produce 9 kW this would be more
than double the NJ Venturer fuel cell system of 4.2kW. Thus for design purposes a
conservative 10 kW was used in a rough design of the systems. The actual power
output of the fuel cells was unknown until after the bench testing of the fuel cells. A
summary load versus voltage and power graph is shown in Figure 2 and Figure 3. At
90 amps stack one is running at 64.4 V with an output of 5,797 watts. Stack two at 90
amps is running at 65.5 V and 5,895 watts. Therefore the estimated 14 kW fuel cell
output is actually 11.7 kW based on the bench test results. Since the 9 kW output was
really only a rough target this 2.7 kW increase was not unexpected.
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Figure 2 Bench test results of the fuel cell stack number two at H-Power.

Fuel Cell Stack #2 Bench Test
7000
6000

80

Stack Power (W)

Stack Voltage (V)

100

5000

60

4000

40

3000
2000

20

1000

0
0

25

50

75

100

0
125

Load (A)

Voltage

Power

Figure 3 Bench test results of the fuel cell stack number two at H Power.
Several other fuel cell advancements have been made for the Genesis project. The
vehicle is equipped with two fuel cells both of which are larger than the one previously
used in the Venturer. However, several subsystems have been combined to reduce
redundancy in the vehicle, instead of having true parallel system components such as
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air blowers, controllers, humidifiers, and heat exchangers they have been increased in
size and the fuel cells linked in a series system. For example only one blower is used
for both stacks. Also a new custom built fully automated controller monitors all fuel cell
functions as well as optimizing flow rates and purge cycles thus increasing overall
system efficiency. The control board is a critical component and is responsible for
varying the speed of the air compressor as the load on the car's motor changes and for
continuously performing safety checks of the voltage and temperature of the fuel cell
stacks. Data is recorded on-board the vehicle for detailed analysis later. A comparison
of the Fuel Cell Systems is shown in Table 1.
Table 1 Comparison Fuel Cell Systems.
Previous Generation
Next Generation used in
used in the NJ
the NJ Genesis Vehicle
Venturer Vehicle
Purge Valves
1
4
End Caps
Stainless Steel
Plastic
Rods holding stacks together
Stainless Steel
Titanium
Flow Channels
4
16
How Many Fuel Cells
1
2, in series
Total kilowatts
4.2 kW
11.7 kW
How Many Cells
64
100 per stack
Stack Controllers
1
1, running both stacks
Blowers
1
1 for both stacks
Hydrogen Source/Generation
Tank Storage
Sodium borohydride
Hydrogen Storage
12 tanks in backseat
1 tank in trunk
Finally light weight materials have been used to not only reduce the weight of the fuel
cell stacks but also the size. The original design of the fuel cells used many stainless
steel components. The fuel cell stainless steel rods and end plates were replaced with
titanium rods and plastic end plates. The net weight savings per fuel cell stack was
approximately 50 pounds. The result of the upgrades is that each fuel cell stack is now
10" X 12" X 24" and weighs only 75 pounds. The fully assembled integrated system
easily fits within the large engine compartment of the Mercury Sable.
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Hydrogen-On-Demand Development at Millennium Cell, Inc.
Hydrogen as a fuel has disadvantages in the area of transportation and distribution.
Hydrogen gas has a very low volumetric energy density. Previous solutions to this
problem, including high-pressure storage, storage using metal hydride adsorption4, and
liquefaction, all have significant drawbacks. Researchers have spent considerable
effort to identify a method to overcome the safety, weight, and volumetric limitations of
these storage mechanisms for vehicles. At this time these methods of storage fail to
solve the mobile vehicle storage problem adequately and are all undergoing major
research developments5,6.
The premise of the project required the use of a catalyst enhanced storage process. It
was proposed that the vehicle utilize sodium borohydride as a medium for the storage,
transportation, and generation of hydrogen gas, see Appendix 3 for Material Safety
Data Sheet (MSDS) information. The stoichiometric hydrolysis reaction of sodium
borohydride (NaBH4) can generate 4 mols of H2 gas per mol of NaBH4.7 Sodium
borohydride powder is stable in dry air, but will undergo hydrolysis with acidic or neutral
pH water to generate hydrogen gas. Sodium borohydride is incompatible chemically
with heat, strong oxidizing agents, chemically active metals, acids, and will react with
water. See Appendix 4 – Commercially Available Sodium Borohydride Product
Information for more information on sodium borohydride powders available from Rohm
and Haas. The Rohm and Haas literature has summarized the properties, handling, and
disposal of sodium borohydride powder. The powder form of sodium borohydride is
considered flammable as the hydrogen generated from hydrolysis or thermal
decomposition will ignite in the presence of free flame.
The most likely route of exposure to sodium borohydride powder is via skin contact,
therefore lab protective gear is recommended including goggles and face shield, lab
coat and apron, vent hood, etc. for an exact description and safety precautions of
sodium borohydride in the powder form (please see Appendix 3 for MSDS information).
The acute dermal LD50 of sodium Borohydride is 4-8 g/kg 9 (equivalent to 272 to 544 g
for a 150 lb person). At present time sodium borohydride has not been evaluated for
safety as a motor vehicle fuel source. The current cost of sodium borohydride is
$40/kg however if it were to become more widely used for hydrogen production, its cost
would reduce and it could become economically competitive with fossil fuels and thus
feasible for use in transportation7.
Over time, non-stabilized solutions of sodium borohydride will decompose and off-gas
hydrogen. This rapid reaction makes raw sodium borohydride an infeasible fuel solution,
and continuous production of hydrogen gas is a safety issue. Alkaline solutions of
sodium hydroxide are stable8 and 9 as the rate of the hydrolysis reaction is slowed with
increasing pH. In fact, a solution of sodium borohydride and sodium hydroxide is
commercially available for use in the paper industry and is stable for months.
Concentrations as low as 1 percent sodium hydroxide are enough to prevent hydrolysis
and to allow the use of aqueous sodium borohydride as a viable fuel solution. For use in
the Hydrogen-On-Demand generator, a 20 percent by weight solution of sodium
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borohydride is stabilized by 1 percent by weight sodium hydroxide. Therefore the fuel
composition by weight is 20 percent sodium borohydride (NaBH4), one percent sodium
hydroxide stabilizer, and 79 percent water. As hydrogen generation only occurs in the
presence of selected catalysts, hydrogen generation rates can be controlled, storage
efficiencies of hydrogen are high, and hydrogen can be generated at a wide range of
temperatures7. It should be noted that the solution is still corrosive and potentially
hazardous, though nonflammable, and must be handled accordingly. At this
concentration, the system should be capable of supplying between 120 to 150 L/min of
hydrogen at about 100 psi. In Figure 4 it can be seen that there is an initial spike of
about 150 L/min in hydrogen generation during the start-up of the generator. After about
five minutes the reaction becomes more uniform and hydrogen production levels out at
about 130L/min until the flow of sodium borohydride solution is ceased.

Hydrogen flow rate and tank pressure during
main portion of a NJ Genesis system run
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Figure 4 Initial hydrogen generation flow rate experiments utilizing the Hydrogen-OnDemand generator for the NJ Genesis project.
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Figure 5 Millennium Cell, Inc. Hydrogen-On-Demand System showing pumps siphon
the sodium borohydride from the fuel tank and deliver it into the reaction chamber
followed by the coolant system utilizing heat exchanger to cools the hydrogen stream.
The Hydrogen-On-Demand system is designed using stainless steel and plastics,
which are resistant to the alkalinity of the fuel. The fuel solution can be stored in
stainless steel, mild steel, or fiberglass vessels; with stainless (316 SS or 304 SS)
recommended for piping, valves, pumps, etc. The fuel solution cannot be stored in
vessels, which may react with caustic such as aluminum.
In the Hydrogen-On-Demand system as shown in Figure 5, a solution of sodium
borohydride in water is stored in a plastic fuel tank see Figure 6. Pumps siphon the
sodium borohydride solution from the fuel tank to the reaction chamber. Millennium
Cell’s proprietary catalyst is contained within the reaction chamber; sodium borohydride
solution flows over but does not disassociate the catalyst. As the solution flows over the
catalyst, hydrolysis occurs and hydrogen gas is released; the byproducts of this reaction
are water, heat, sodium borate, sodium hydroxide, and of course hydrogen. The spent
fuel, sodium borate, as shown in Figure 7 and gaseous hydrogen from the reactor
12

passes into a pressurized separation/buffer storage tank also shown in Figure 6. The
hydrogen and the water in the form of steam pass from the separation/buffer storage
tank into the condenser. The steam is converted to liquid water and any residual sodium
borate and sodium hydroxide are solidified as the water collects in the condensate
reservoir where it can be removed.
In regards to freezing of the solution, all aqueous salt solutions exhibit the colligative
property of freezing point depression. As the fuel solution is a solution of two inorganic
salts – sodium hydroxide and sodium borohydride – both will have an effect on the
freezing point of water. This effect is similar to the use of ethylene glycol as antifreeze.
The fuel solution should not freeze at temperatures above –30oC.
In the condensate / sodium borate tank the spent fuel sodium borate is collected. This
material must be drained and disposed of after each run of the generator. The drain
valve on the bottom of the tank is opened and the material is gravity drained from the
tank. Sodium borate is known to crystallize as demonstrated in Figure 7 and could
potentially cause clogging issues within the system, though this has not been observed
to date. After the tank is drained the entire system is flushed with clean warm water to
remove the sodium borate spent fuel. Sodium borate is not considered to be toxic, and
can be disposed of down the drain to the sewer in aqueous solutions in accordance with
the MSDS and all federal, state and local environmental regulations.13 See Appendix 3
for the full MSDS information on the spent fuel sodium borate. There is currently
research underway by other organizations into methods to recycle the sodium borate
product back into sodium borohydride to make the generation system viable for the
market.

Figure 6 Spent fuel condensate / sodium borate tank (left) and fuel tank (right) prior to
installation in genesis vehicle.
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Figure 7 Crystallized sodium borate byproduct of reaction.
After the hydrogen gas passes through the condenser and the condensate tank, it
passes through a mist filter. Then the stream passes through two molecular sieves
connected in series, to help insure that no entrained sodium hydroxide was carried into
the cell which could poison the fuel cell membranes. In general, high purity hydrogen is
generated by hydrolysis of sodium borohydride. The Hydrogen-On-Demand system is
a pressurized system. As the reaction chamber generates hydrogen the overall system
pressure increases. After the hydrogen gas stream passes through the molecular
sieves a regulator controls the pressure. The regulator maintains a system pressure of
100 psi, the pressurized hydrogen is then supplied to the fuel cell system at 7 to 9 psi.
One obstruction encountered during the reaction chamber development was a thermal
management problem. The system was running hotter than the anticipated design
parameters, the hydrogen gas going to the fuel cells was gradually increasing in
temperature during the reaction. Increasing the size of the heat exchanger and adding a
second cooling fan solved this issue. Also since the bench tests were done in a
laboratory the tests was lacking airflow, therefore vehicle motion was simulated by
mounting two fans near the heat exchangers. This was only a temporary solution for
two reasons 1) the vehicle in real word conditions may sit in traffic without air exchange
and 2) exact airflow rates were not calculated to simulate field conditions. Hence this
was only an approximation of what could occur during vehicle operation. Further
evaluation, in particular field testing will be required to resolve the thermal management
issues completely.
Millennium Cell, Inc. has evaluated several reactor designs in the course of
development of their proprietary Hydrogen-On-Demand technology. The design used
in the New Jersey Genesis project maximizes hydrogen generation for this particular
system. For a discussion of the reaction chamber, catalysts, and attempts to increase
efficiency through re-design of the chamber please see the paper entitled “An ultrasafe
hydrogen generator: aqueous, alkaline Borohydride solutions and Ru catalyst”
published in the 2000 Journal of Power Sources.10
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Pressure and thermal management of Hydrogen-On-Demand System
A 12V diaphragm pump pumps sodium borohydride solution through a check valve/high
pressure fluid release into the catalyst chamber. The check valve/high pressure fluid
release valve will release fluid directly into the condensate / sodium borate tank in the
event of a high pressure condition in the liquid line.
The reaction of sodium borohydride and water produces heat when the materials are
pumped over the catalyst. Heat is generated at the rate of 300 KJ/mol NaBH4 - or in
the case of Genesis, 7.8 KW. The majority of this heat is rejected via a heat exchanger
coupled with a glycol/water cooling loop to 2 fan-cooled radiators. The rest is radiated
and convected from the catalyst chamber and condensate / sodium borate tank into the
well-ventilated trunk area.
The Compressed Gas Association Guidelines for hydrogen were used for guidance in
designing the genesis system. The tank and its fittings are welded and pressure tested.
The tank is steel. Piping and fittings in the system from the check valve onward are
stainless steel with threaded fittings (with high-temp Teflon thread sealant). The
operating temperature is 130oC to 170oC the tank temperature rating is 300oC.
The entire system is pressure tested overnight on hydrogen to 200 psi and monitored
for any loss of pressure. The normal operating pressure is 100 psi with the pressure
relief setting at 150 psi. In addition to this fluid pressure relief valve, there is a solenoidoperated pressure-relief valve and a backup mechanical pressure relief valve at the exit
to the condensate / sodium borate tank. The tank itself is secured by an aluminum
cradle/clamp assembly attached through a 3/16" double-wall aluminum floor to two
3/26" aircraft grade aluminum rails tied to the vehicle frame at four points. The tank is
entirely contained within the trunk space and is inside the boundaries formed by the
vehicle frame and bumper. A short section of high-pressure stainless steel braided
tubing on the hydrogen outlet provides strain relief to maintain the integrity of the
hydrogen piping should the tank ever shift in the event of a collision.
Fuel Cell Power Control System
Recon Industrial Controls Corporation designed and manufactured the fuel cell control
and data acquisition system for testing a high power (> 1KW) PEM (Proton Exchange
Membrane) fuel cell stack. The fuel cell that was tested consisted of cells, connected
electrically in series, producing an open circuit voltage (no load) of 1V per cell and a full
load voltage of 0.65V per cell at the rated operating current of 100A. The fuel cell stack
used a humidified air stream and dry hydrogen. Temperature management was best
achieved through water-cooling.
The Recon test system consisted of a Recon single stack controller, and a Recon Data
Acquisition Module. The controller was connected to a PC through a serial port to
monitor fuel cell operating parameters and to adjust operating parameters. The Data
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Acquisition Module, which was connected to the serial connection, also allowed
continuous data storage. Software consisted of Recon Controller Interface Software,
Data Acquisition Interface and Charting Software, and Recon Performance Analysis
Software.
The controller consisted of a control circuit board including analog signal conditioning,
12-bit A/D conversion, an 8-bit microcontroller, and output drivers. This controller
connected to peripheral control devices with solid-state relays.
The controller
continuously measures fuel cell stack current (0-140A), fuel cell stack voltage (0-1.1V
per cell), fuel cell stack temperature (0-100C), and the cooling water temperature (0100C). Current was measured using a resistive shunt and temperatures were
measured with thermistor sensors. Other system parameters, such as battery voltage,
were also measured. Output devices controlled included a DC motor/compressor,
water pump, cooling fans, hydrogen shutoff and purge valves, and a water-recycling
pump.
The Recon Controller Interface software provides a graphical operator interface to
monitor fuel cell stack operating variables, to setup operating parameters to optimize
performance, and to provide manual control of system devices for diagnostic purposes.
Operating parameters also included operating variable limits to allow for automatic
system shutdown. The software also included a strip chart recorder screen and file
logging to the PC hard drive with time and date stamps.
Task 2 - Produce an operational prototype vehicle – the New Jersey Genesis –
and ready it for driving.
Beginning in November 2000, Team New Jersey began work on the New Jersey
Genesis in design meetings, which were held at H-Power Corp. facilities or at NJDOT.
By this time, the vehicle serving as the platform for Genesis had already been donated
by Ford Motor Co. and received at Rutgers University. The vehicle is a prototype
Mercury Sable (the same as a Ford Taurus) which has a body and frame made from
aluminum. The difference in density between steel and aluminum is approximately 3:1,
therefore for the same size component constructed of steel is 3 times heavier than an
aluminum one11. Only twenty of these aluminum intensive prototypes were ever
constructed by Ford, and we were fortunate enough to receive the last one available.
The donation of this vehicle by Ford gave Team New Jersey a large, lightweight, and
attractive platform upon which to build the New Jersey Genesis.
The net output of the fuel cells is 11.7 kW. Of that net voltage there are approximately 2
to 2.5 kW of system loads and efficiency losses. The boost converters are
approximately 96 percent efficient therefore nearly 500 watts is lost in the converters.
The compressor is one of the most significant loads in the fuel cell system at roughly
800 watts. One of the other most noteworthy loads is the cooling fans at about 500
watts. There are several additional system component loads like miscellaneous pumps
and blowers among others that also draw down the net power estimated at another 300
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watts. After taking into consideration all these loads the total usable power supplied to
the motor is on the order of 9.6 kW. All of the main electrical systems were selected to
reduce the power loss and loads as much as possible. There were a few options
available to utilize cogeneration principles to reclaim some of the heat generated by the
fuel cells and other components and reclaim that as usable power, however those
systems seems to large, heavy, and elaborate for use in the remaining space of the
vehicle. With few options left to reduce the systems electric loads the team decided to
further reduce the vehicle weight to obtain a better overall vehicle efficiency.
Team New Jersey proceeded to further enhance the efficiency and weight advantages
of the vehicle. Considerable effort was expended on optimizing weight. A number of
engineering decisions were made to reduce vehicle weight. These decisions were
primarily based on the availability of project funding and sponsorship opportunities. A
cost benefit analysis would be needed to determine the true value of the modifications.
In 1999 the University of Wisconsin – Madison FutureCar Team release a paper entitled
“Optimizing the University of Wisconsin's Parallel Hybrid-Electric Aluminum Intensive
Vehicle” this paper discuses in detail strategies to reduce the overall weight of a
identical aluminum intensive Mercury Sable.13 Thus this paper was used as a
framework for initial vehicle lightening concepts and initiatives. They were able to retrofit
their vehicle into a parallel hybrid electric vehicle and achieve a weight of 2805 lbs. The
Genesis initially weighed about 3600 lbs prior to any retrofit work, after adding all the
vehicle systems it now weighs about 3100 lbs.
Titanium Grade 5 has a specific weight of 0.16 lb/in3 and an ultimate strength of
130,000 lb/in2 whereas stainless steel 18-8 has 0.28 lb/in3 and 90,000 lb/in2
respectively12. Structural aluminum 7075 has a lower specific weight than both
materials at 0.10 lb/in2 but is significantly weaker 12,000 lb/in2. By volume aluminum is
normally the cheapest of the three materials, steel is still relatively comparable at about
20 percent more costly than aluminum. However the extremely high strength to density
ratio of titanium comes at a substantial cost of about 300 percent more expensive than
aluminum. On the other hand since titanium is significantly stronger, most components
that were replaced with titanium were considerably smaller and thus closer in cost to
comparable steel or aluminum counterparts. A cost benefit analysis would be needed to
determine the true value of the modifications. Nonetheless due to budget restraints and
the cost for the usage of titanium, replacement titanium parts were minimized to either
donated materials or to critical systems. It was estimated that for every 10 percent
reduction in weight there is a 6 percent gain in fuel economy13. However strength,
durability, and heat resistance of the materials were also considered in our optimization
design. Custom axles were re-engineered from the originals. Plates, brackets and motor
mounts were re-fabricated in aluminum. The alloy wheels were replaced with extremely
light magnesium wheels. Prototype tires were obtained which are lighter than standard
automotive tires as well as designed to reduce friction and drag. Special materials were
used throughout the suspension system. For example, coil springs were eliminated and
replaced with air struts. This created a tunable suspension, which can be adjusted to
compensate for different driving conditions. During the Tour de Sol one of the events is
an autocross event in which an adjustable suspension can be utilized to enhance
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handling and consequently safety of the vehicle in swerving and cornering at high
speeds. For a comprehensive list of the primary modifications and a impact / safety
analysis of these changes please see Appendix 5 – List of Primary Vehicle
Components/System Modifications 21
The custom made sub-frame shown in Figure 8 and Figure 9 weighs 50 percent less
than the original. Cast iron and steel parts have been replaced throughout to reduce the
weight further, for example the spindle housings are now aluminum this reduced the
weight by 10 pounds per wheel. Bi-metal brakes as shown in Figure 10 with aluminum
rotors have been installed which are 60 percent lighter than the originals; while
aluminum calipers save another 9 pounds per wheel. Fabricating new wiring harnesses
saved additional weight.
The original harness weighed 40 pounds, while the
replacement weighs approximately 12 pounds. Students at Hunterdon County
Vocational Technical Institute and Mercer County Vocational Technical Institute made
new brackets for many components, this time from aluminum to save weight. Nuts and
bolts were replaced for further weight reduction. Structural bolts were replaced with
titanium bolts; non-structural bolts were replaced with aluminum bolts.
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Figure 8 Pre-assembly custom components of alloy sub-frame.

Figure 9 Tower Automotive custom alloy sub-frame.

Figure 10 Steering assembly showing lightweight components: bi-metal aluminum rotor
and caliper, special break shoes, aluminum bearing housing, and custom axles.
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The original interior was removed by students at Mercer Vocational Technical School
and replaced with new components, including titanium-framed seats with leather
upholstery, significantly lighter than the factory-installed originals. The steering wheel
was replaced with a lightweight alternative.
A Global Positioning System (GPS) was installed both for consumer endorsement and
to enable Team New Jersey to better follow the Tour de Sol rally route. Side view
mirrors and their housings were replaced with state-of-the-art cameras that display their
images on an in-dash video screen. By replacing the side view mirrors with cameras,
the drag produced by wind resistance on the mirror housings was reduced; this also
further promoted consumer acceptability and demonstrated the development of new
automotive technologies. Replacement of standard incandescent turn signals with
custom LED turn signals improved electrical efficiency and reduced spark potential as
well. During the design phase of the vehicle the need to avoid spark potential was
evaluated, it was determined that even a small hydrogen leak has the potential to collect
in the trunk cavity and ignite. Thus the incandescent light bulbs were replaced with LED
lights to help minimize the possibility of a spark. Other similar design changes including
the venting of free hydrogen from the trunk, cabin, and under the hood are addressed in
Appendix 2 - NJ Genesis Safety/Function Audit Report. The Team removed the heater
core and air conditioning unit, taking them out of the heater box and replacing them with
a ceramic heater. The climate control features were also removed. The pre-existing
onboard computer, no longer needed, was removed as well. The Team installed
custom digital gauges for data acquisition. Recon Technologies installed a data
acquisition system with a dashboard readout of critical functions of the fuel cell.
To begin the vehicle's conversion to fuel cell/hybrid power, the Team removed the
original drive train and installed a custom 105 horsepower, 78-kilowatt Solectria motor
see Figure 11 and Figure 13. The motor is 3-phase AC, the torque and efficiency graph
used to select motor is shown in Figure 14. Its matched controller as shown in Figure
15 accepts 324-volt (nominal) power from the battery pack. Power from the motor is
transferred to the wheels via a Solectria transmission. Specifications sheets for both the
motor and motor controller can be found in Appendix 6 – Solectria Motor and Motor
Controller Specification Sheets .
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Figure 11 Side view of Solectria electric motor and gearbox installed in the Genesis.

Figure 12 Solectria schematic of motor and gearbox assembly, information provided by
Solectria.
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Figure 13 View of engine compartment prior to fuel cell installation showing Solectria 78
kW electric motor, gearbox, and Ford electric power steering, and vacuum brake
assembly.

Figure 14 Solectria AC42 motor efficiency versus torque based on actual dynometer
data, information provided by Solectria.

Figure 15 Solectria U-Mach 3-phase AC Motor Controller – 324 V DC input nominal, 78
kW maximum.
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The batteries alone would be expected to provide Genesis with a range of
approximately 75 miles. The fuel cell system consists of two stacks with an anticipated
net out of 5.85 kW each, or 11.7 kW total at 90Amps and 120V to 130V. The differential
between gross and net output is as a result of losses and other drains such as various
electrical systems such as pumps, fans, and blowers which are part of the fuel cell
system. Each fuel cell stack generates power at 60-65 V DC nominal, and they are
connected in series for 120-139 V DC output. The 120-volt power from the fuel cell
system is converted to power in the range of 300 V DC to approximately 350 V DC to
charge the battery pack and run the motor as shown in Figure 16.
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Figure 16 High voltage distribution diagram for NJ Genesis.
The battery pack shown in Figure 17 and Figure 18 consisted of 27 12-volt, 45 amphour nickel-metal hydride battery modules in series for a nominal pack voltage of 324.
The total energy capacity of the battery pack is 15 kWH. Specification sheets for the
batteries can be found in Appendix 7 – Gold Peak Battery Specification Sheet .
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Figure 17 Gold Peak batteries nickel-metal hydride rear battery pack.

Figure 18 Rear battery pack partially installed in the Genesis.
The combination of a powerful motor, hydrogen storage for a 450-mile driving range,
and enhanced fuel safety compared to gaseous hydrogen or gasoline, make this vehicle
possibly the first zero-emissions vehicle in the world to achieve performance standards
that consumers expect in a passenger vehicle.

Figure 19 One of two custom DC-DC converters by Advanced Power Associates – 5
kW, 96% efficient.
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Figure 20 Advanced Power Associates DC-DC converter on test stand.
A typical fuel cell will provide power at a relatively low voltage with high current. In
many everyday uses of electrical energy the voltage demand is considerably higher
than that produced by the fuel cells. Therefore the low voltage fuel cell needs to be
boosted to significantly higher levels, this task was performed in the Genesis by the
boost converter as shown in Figure 19 and Figure 20. In the design phase it was
determined that the most critical factor in selecting the boost converter would be its
efficiency. It was determined that two custom built boost converters would be
constructed and installed in the vehicle in parallel. The converters were designed with
an efficiency of 92 to 96 percent14. In addition to high efficiency the boost converter
also controls the output power such that it maximizes the fuel cell power while keeping it
within tolerable limits. When the power demand causes the fuel cell voltage to drop
below tolerable limits, the pulse width modulation is cut back maintaining the cells at
optimum voltage. It was expected that the two fuel cells would operate in series to
produce about 14kW gross power however a majority of the system losses occur within
the fuel cells, thus the projected design net output of the fuel cells was expected to be
about 10kW. Therefore the boost converters were designed with the input power of
10kW. “To obtain the requirement of 10 kW, two 5kW modules we designed and
operated in parallel. Each module has a power module, inductor, control and drive
boards, as well as input and output filters.14” The system allows for a redundancy, the
modules can be switched on and off without affecting the other unit or the system.
When one of the converters is switched off or malfunctions they have a programmable
feature, which reduces the power of the fuel cells, for instance from 10kW to 5kW.
Therefore the power output of the fuel cells is reduced via an interface between the fuel
cells and converters. The power output of the converters will consequently be half as
well as the current, however the voltage will remain unchanged. This programmable
interface acts as the over-current protection allowing the fuel cells to be linked in a
series and converters to be linked in parallel. The units are fully programmable via a
RS-232 port. Since the units are highly efficient heat generation is limited and along with
the air cooling and heat sink the temperature is expected to be maintained below 60
degrees Celsius14. After the initial bench testing of the fuel cell stacks it was found that
the stacks have a net output 11.7kW, since the boost converters were designed for
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10kW they required additional work. The boost converters were modified to handle the
higher voltages; they can now handle a net of nearly 15kW between the two converters
or about 7.5kW each.
A summary of specifications of the New Jersey Genesis follow:
Body & Frame
Motor & transmission
Batteries
Battery pack voltage
Fuel Cell
Voltage converter
Hydrogen storage
Hydrogen generation
Lightweight parts

Prototype all-aluminum Mercury Sable
Solectria 78 kW 105 hp motor, Solectria transmission
27 Gold Peak nickel-metal hydride modules
at 12V and 45 AH each
324 nominal
2 H-Power fuel cells 5.85 kW each or 11.7 kW total @ 120V
to 130 V and 90Amps
2 Advanced Power Associates converters @ 7.5 kW 15 each
as shown in Figure 19 and Figure 20
Sodium borohydride solution in water, 32+/- gallon fuel tank
Millennium Cell, Inc. 120-150 lpm hydrogen generator, with
an average generation rate of 130 lpm
Aluminum sub-frame, spindle housings, rotors, front brake
calipers, bumper brackets, and miscellaneous bolts.

The preceding text contains detailed information concerning specific design elements or
modification that were installed in the vehicle. However a wide variety of modifications
were carried out on the vehicle not only to retrofit it from internal combustion to electric,
but also to incorporate the fuel cells, a hydrogen storage and generation system, as well
as lowering overall weight and wind resistance. For a comprehensive list of the primary
modifications and a impact / safety analysis of these changes please see Appendix 5 –
List of Primary Vehicle Components/System Modifications 21. Table 4 of Appendix 5
provides a list of the primary vehicle components that have been modified as well as
brief discussion into it functionality and safety impacts in comparison to the original
vehicle. Table 5, also of Appendix 5, provides similar information but for the system
modifications.
Estimated Range Calculations
To begin with an overall vehicle efficiency must be calculated. During design meeting
estimates of other electric vehicle overall efficiencies were substituted for an actual
value. This practice continued until the initial road tests were performed on the vehicle.
The actual vehicle efficiency was measured by running the vehicle on the roadway and
measuring the total watt-hours used, miles traveled, and speed. This of course is a
rather conservative estimate because the batteries must be cycled several time before
they hold their full charge, and not until extensive field tests have been performed can
the exact efficiency be measured. The basic concept is that the batteries contain a
known watt-hour of energy, the watt-hours are divided by the total miles that can be
driven on a fully charged battery pack. This results in a watt-hour per mile efficiency of
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the vehicle, which can be used to calculate other factors like projected ranges. The
speed the vehicle is driven at will greatly affect the efficiency, a range of efficiencies can
be generated depending on the average speed traveled.
During one of the first cycles on the batteries, they were charged and the vehicle was
driven at an average speed of 50 mph until the battery pack was completely depleted.
The batteries are 45 amp-hour batteries there are 27 batteries total in the pack each
with a voltage of 12 V nominal. Therefore the pack voltage is 324 V nominal,
multiplying the pack voltage by the amp-hour results in the total watt-hours of the pack,
hence 14,580 watt-hours. On batteries alone the vehicle was driven for nearly 75 miles.
The battery range was measured to be about 75 miles; therefore dividing the watt-hours
by the range will yield the overall vehicle efficiency. Taking the 14,580 watt-hours
dividing by 75 miles equals 194.4 watt-hours per mile efficiency at an average speed of
50 mph.
To calculate the projected range as a result of the hydrogen generator working with the
fuel cells requires several steps.
STEP 1 For use in the Hydrogen-On-Demand generator, a 20 percent by weight
solution of sodium borohydride is stabilized by 1 percent by weight sodium hydroxide.
Therefore the fuel composition by weight is 20 percent sodium borohydride (NaBH4),
one percent sodium hydroxide stabilizer, and 79 percent water. At this concentration,
the system is capable of supplying hydrogen at about 520 liters of hydrogen gas per liter
of fuel.
STEP 2 The fuel tank can hold up to 32 gallons (121.1 liters) of the 20 percent sodium
borohydride (NaBH4) fuel solution. Multiplying the hydrogen generation rate of 520
L/min by the storage capacity of the fuel solution of 121.1 L yields the total hydrogen
supplied by the generator of 62,972 liters of hydrogen.
STEP 3 The fuel cell system requires an average hydrogen flow of 4.9 scfm (138.8
L/min). The flow rate will also vary with time; flow will increase when the fuel cell
system purges. The actual flow rate will vary proportionally with the load. Dividing the
net hydrogen from the generator 62,972L by the fuel cell usage of 138.8 L/min it results
in a total runtime for the fuel cells of 454 minutes or approximately 7.57 hours.
Therefore for one tank of 20 percent sodium borohydride (NaBH4) fuel solution the fuel
cells can operate continuously for 7.57 hours.
STEP 4 The net output of the fuel cells is 11.7 kW. Of that net voltage there are
approximately 2 to 2.5 kW of system loads and efficiency losses. After taking into
consideration all these loads the total usable power supplied to the motor is on the order
of 9.6 kW. Multiplying the total continuous runtime of 7.57 hrs by the net output (after
loads and efficiency losses) to the motor of 9.6 kW, the result is 72,672 watt-hours.
STEP 4 Utilizing the overall vehicle efficiency developed in the battery field testing the
projected generator and fuel cell system range can be estimated. Dividing the energy
on the generator fuel cells system 72,672 watt-hour by the overall vehicle efficiency
194.4 watt-hours per mile the range is 374 miles.
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STEP 5 Adding together the range from the batteries full charged 75 miles and the
range from the generator fuel cell system 374 miles the resultant is 449 miles at a
continuous 50 mph.
Consumption rates and run times
As stated above the projected range of the Genesis is about 450 miles at 50 mph. At
slower speeds the overall vehicle efficiency actual get better and following the same
steps the vehicle could theoretically achieve ranges of over 500 miles. One goal of the
project was to minimize on-board gaseous hydrogen therefore as hydrogen generation
only occurs in the presence of selected catalysts, hydrogen generation rates can be
controlled. The hydrogen generator has an average generation rate of about 130 L/min
until the flow of sodium borohydride solution is ceased. This 130 L/min is slightly less
than the demand from the fuel cell of 138.8 L/min. The generator produces about 520 L
hydrogen per liter of fuel thus at 150 L of hydrogen per minute the generator can run
continuously on the 121.1 L fuel storage for 8.07 hours. If the fuel cells ran continuously
they would consume this amount of hydrogen in 7.57 hours. Thus in order for the
generator to produce all of the hydrogen for use in the fuel cells there will be a delay of
approximately 0.5 hours. This does not indicate that the vehicle will have to pull off the
road in order to generate the hydrogen necessary to continuously feed the fuel cells,
actually the batteries provide 75 miles of range. The batteries can easily act as an
adequate buffer to sustain the vehicle if need be for that 0.5 time differential between
the two systems.
Location of key vehicle components
The majority of the Hydrogen-On-Demand system can be seen in Figure 21. The
product tank, catalyst chamber, and fuel tank can be seen from right to left. Under this
system was the location of the battery pack. While the hydrogen storage and generation
system was being installed an incident occurred which lead to the destruction of
approximately half the batteries of the battery pack, please see Appendix 2 - NJ
Genesis Safety/Function Audit Report for details of this accident.
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Condensate/Sodium Borate

Figure 21 Trunk view of the New Jersey Genesis vehicle showing locations of key
hydrogen generator system.
With the loss of the battery pack the team hired a safety consultant to evaluate the
vehicle systems and research the battery accident. “The audit revealed that the actual
configuration of the battery area of the vehicle did not provide sufficient protection from
above. Such protection is specifically required by the NESEA rules and similarly
intended information contained in SAE Standards for electrical vehicles. Further, it is
clear that certain reasonable safety practices were compromised during the assembly
process which, had they been followed, would have avoided the incident. Finally, the
audit of the overall vehicle revealed several areas where the vehicle design can be
improved for safety.16” With the safety audit complete the team decided to redesign
several system locations in the vehicle. The following four figures are drawing of
proposed changes to be incorporated into the vehicle. It should be noted that the goal of
maintaining the vehicle with full seating capacity was lost due to the redesign. The back
seat area was utilized to provide additional room for the batteries, there was a safety
need to separate the potentially “wet” chemical systems from the high voltage battery
pack. The good news is that the redesigned vehicle should be safer for two reasons the
weight is more equally distributed thus producing better stability and handling plus it has
increased trunk cargo space.
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105 hp Motor (no
change from
original design)

Maintenance Tunnel
(consisting of master
events controller,
battery management
system, fuel cell
compressor, motor
controller, and wiring
connecting front and
back of vehicle)

Fuel Cell Stacks
(no change from
original design)

Figure 22 Side view schematic of vehicle systems.

105 hp Motor (no
change from
original design)

Battery
Packs

Fuel Cell Stacks
(no change from
original design)

Condensate/Sodium
Borate Tank
Fuel Tank

Figure 23 Top view schematic of vehicle systems.

Battery Packs
with
Ventilation

Fuel Cell Stacks
(no change from
original design)

Condensate/Sodium
Borate Tank
Fuel Tank

Figure 24 Rear view schematic of vehicle systems.
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During the safety audit Future Fuels Consulting “found that the project lacked a
chronological log to document the sequence of events and who was involved in various
decisions. Likewise, there were no technical drawings of the Genesis vehicle provided.
No performance data was taken during the brief time the vehicle was operated. This
made the job of understanding the fire incident dependent only on statements made by
participants. Research and development projects generally need such extensive
documentation to maximize the benefits of the work. Recording such information is
normally considered the responsibility of the project manager. At a minimum, an activity
log would include: location, dates and times, names of people present, and status of the
work going on that day i.e., without benefit of hindsight.” The information provided in
this report includes nearly all the technical data available on the vehicle.
Task 3 - Make minor improvements to the New Jersey Venturer – Team New
Jersey’s fuel cell / electric hybrid vehicle from the 1999 program – and ready it for
the 2000 Tour de Sol.
The New Jersey Venturer was made ready for the 2000 Tour de Sol by Team New
Jersey while work on the Genesis was taking place. The hydrogen storage containment
system was improved, the battery pack was rehabilitated, and controls were repaired or
replaced as necessary17. Even though the team had hoped that all the bugs had been
worked out of the vehicle and that the systems were refined, several failures were still
experienced throughout the 2000 road rally. The only significant failure was the
problems experienced with the motor controller. The power transistors in the Venturer
overloaded and burnt out as a result of the regenerative braking system and the fuel cell
operating at a condition when the batteries were fully charged. The regeneration caused
a voltage spike that the controller could not absorb when the batteries were fully
charged. In short the voltage input exceeded limits of the Solectria motor controller.
The solution to this problem would have been to utilize a controller that could handle the
higher voltage spikes. The controller selected for the Genesis was chosen such that it
could handle these higher voltage spikes.
Task 4 – Technology Transfer - Educate the public regarding the benefits of the
new clean vehicle technologies represented by Genesis and Venturer, and
provide opportunities for students to learn and gain hands-on experience in an
advanced technology development environment.
The Venturer entered the Tour de Sol and finished the Tour successfully. Throughout
the competition, the only source of power used to fuel the Venturer was power from the
solar photovoltaic power from Team New Jersey’s unique PV / fuel cell hybrid power
station (charge stations fuel cells were not used only the solar panels); no utility power
or any other source was used to complete the 360-mile trek. During the tour the New
Jersey Venturer placed first in overall scoring among all entrants in the 2000 American
Tour de Sol and won First Place in the Renewably Fueled Vehicle category.
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Throughout the development effort to design and produce the New Jersey Genesis and
throughout the Tour de Sol, New Jersey college students, high school students, and
vocational institute students were intimately involved in the process. Students from
Burlington County College / NJIT participated in the design, planning, and production of
the vehicle. Burlington County College students and faculty and Hunterdon Central
High School students and faculty also participated in the Tour de Sol competition,
traveling with Team New Jersey along the tour route.
Overall, approximately 60 students and faculty were involved in the design and
production of New Jersey Genesis and New Jersey Venturer, and 20 students and
faculty participated in the 2000 Tour de Sol. During the Tour de Sol, the vehicles were
displayed daily at high schools, technical schools, and public venues. They were
displayed in Trenton, NJ in the capitol area in conjunction with an environmental
conference and exhibit. In Washington, D.C. they were displayed on the Mall, drawing
attention from numerous DOE officials, New Jersey Senators Torricelli and Lautenburg,
who conversed with Team members extensively and test drove the New Jersey
Venturer.
Students were taught and participated in many aspects of the vehicles retrofit. Some
were taught MAtrix LABoratory (MATLAB) in order to perform an analysis of vehicle
dynamics, while others worked to develop a series-resonant power converter circuit for
use in the Genesis vehicle. Photographic documentation, meeting minutes, and the
construction of the web site were all tasks that students were actively involved in. They
were also involved on the actual construction of the vehicle systems and retrofit
process. They were responsible for changing the original suspension to an air
suspension and installation of the drive shaft axles. They were instructed in the basic
weight reduction methods and ultra lightweight but strong metal alloys. Titanium and
aluminum brake rotors were installed to reduce overall weight. All non-essential wiring
was removed and the vehicle was rewired for only essential uses to ensure maximum
weight reduction. The entire interior was removed and super-light weight seats were
installed. The students performed these tasks under the supervision of technical experts
from the New Jersey Department of Transportation and their vocational instructors.
Students were also involved in modeling the Genesis and simulating crash tests to
evaluate the car’s safety. However, without several actual crash tests (which is
unrealistic for this project) or a comprehensive dynamic computer simulation run by a
certified facility (which is too expensive for this type of program) there is little else that
can be done to validate the crash worthiness of the vehicle due to changing so many
structural components and the removal of the engine. Therefore, students utilized
Structural Impact Simulation and Model Extraction (SISAME) to extract approximate
models from crash test results. Like many other finite element modeling packages it
breaks the overall system down to a combination of masses and springs moving
together. Students obtained information pertaining to a Ford Taurus, which is basically
the same vehicle as a Mercury Sable. The SISAME model consisted of three mass
components and six different springs as shown in Figure 25. The mass-spring model
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summarizes the complex vehicle system into quantifiable numbers including
approximate masses of each main component and the structural impact response into
different spring constants. One flaw in the analysis was that since the SISAME model
was based on real crash test data the students were unable to account for the
aluminum intensive body of the Genesis thus affecting the spring constants. However
this does not imply that the simulations do not have merit as a baseline or comparison
to our vehicle after all it is the same volume and we can adjust for weight in the second
software simulation package MAthematical DYnamic MOdels (MADYMO). The students
also prepared models in ProEngineer to include the batteries, hydrogen system, and
fuel cells these models were then imported into MADYMO. The MADYMO software
was then used to analyze occupant safety and asses simulated injuries, a sample
occupant model generated by the software during a collision is shown in Figure 27. The
complete simulation was then used to generate graphs showing the force levels exerted
on each compartment, Figure 26 shows the force levels exerted on the occupant
compartment. Due to lack of structural data on the vehicle additional work needs to be
performed to accurately analyze the occupant safety

Figure 25 Genesis model based upon three mass components and six different springs
derived from SISAME.
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Figure 26 Output graph showing force levels exerted on each compartment.

Figure 27 MADYMO 3-D model simulating occupant response in a crash environment.
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Figure 28 Front of the 2000 New Jersey Genesis Project Brochure.

Figure 29 Back of the 2000 New Jersey Genesis Project Brochure.
Other components of the technology transfer and outreach efforts consisted of
interviews, poster boards, and printed material. The project brochure is shown in Figure
28 and Figure 29, it was generated and distributed at press conferences and public
events. Considerable time and effort was spent on outreach efforts, the project was
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even recognized for its creativity and inventiveness by the White House. A letter from
the Advisor to the First Lady on the Millennium is shown in Figure 30, clearly this honor
demonstrates just how much recognition the project generated. In order to be eligible to
become a Millennium Council Partner we had to demonstrate that we were facilitating
“public discussion and awareness regarding important health, environmental,
educational, economic, scientific, cultural, or social issues that we as a Nation will face
in the millennium.18” The project has made a concise effort educate the public regarding
the benefits of the new clean vehicle technologies represented by Genesis and
Venturer, as well as provide opportunities for students to learn and gain hands-on
experience in an advanced technology development environment.
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Figure 30 Letter from the White House Millennium Council approving the project as a
Millennium Council Project.
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PROJECT COST BREAKDOWN
In Table 2 there is a breakdown of the budget for this project. This budget represents
the actual dollars that were utilized for the project. The Salaries were used to pay for
support from Rutgers students and Staff. The Direct Cost category can be further
broken down into Supplies ($29k), Services ($32k), and Travel ($8k). The supplies
category includes car parts, tools, fittings, pumps, fans, motors, etc. The Services
category includes a safety consultant, towing, and gas piping system work. The Travel
category includes travel to various project meetings, events, and other miscellaneous
activities. The Equipment category includes the batteries ($17k), Motor and Motor
Controller ($10k), Gear Box ($3k), Vehicle Trailer ($5k), Data Logger and System
($11k), Disc Break System ($2k), Upgraded Boost Converter ($2k), and other
miscellaneous components installed in the vehicle. The Subcontracts included
Marketing ($21k), Power Systems and Converters ($38k), Miscellaneous Support (Tour
de Sol Coordination, Student Coordination, and Technical Support) ($18k), and System
Integration ($70k).
Table 2 Project Budget
$ 32,500.00
$
3,725.00
$ 69,699.00
$ 63,250.00
$ 147,380.00
$ 10,596.00
$ 327,150.00

A. Salaries
B. Fringe Benefits
C. Direct Cost
D. Equipment
E. Subcontract
F. Rutgers Overhead
TOTAL

There were many instances where in-kind support was provided to the project, materials
were donated, or supplied at cost. Since these funds are more subjective and related to
so many company specific factors, we have erred on the side of caution and not
discussed these dollar amounts because they were not handled through the University
Accounting System. However, in Appendix 1 - Project Partners and Sponsors we have
included a listing of efforts and support of all participants of the project. The Sponsors
Section includes companies that provided services and materials for free, at cost, or a
substantial discount. Other companies listed loaned more expensive pieces of
equipment or provided store credit to purchase off the shelf items.
CONCLUSIONS
The New Jersey team, headed by the New Jersey Department of Transportation, was
engaged in incorporating this new technology into an optimized hybrid fuel cell/battery
electric drive train in an advanced, optimized car. The vehicle platform is a prototype allaluminum Mercury Sable contributed by Ford Motor Company. The electric motor drive
train is a 78 kW - 105 hp Solectria motor and Solectria gearbox. Advanced nickel-metal
hydride batteries provided the electrical power storage. Many of the vehicle parts,
including seats, wheels, tires, sub-frame, and others, are advanced, lightweight, and/or
purpose-built parts. The solution of the sodium borohydride in water can achieve
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hydrogen production rates between 120 to 150 L/min at about 100 psi. This high energy
density fuel storage system combined with the high efficiency of the drive train allows a
vehicle driving range equal to or better than current-art cars. However there was an
increase in fuel storage volume with the usage of the trunk for the Hydrogen-OnDemand system. It is expected that this prototype vehicle will be able to achieve at
least a 450-mile range on a charge of sodium borohydride. The products of power
production will be pure water, hydrogen gas, and sodium borate. It is possible to
recycle the spent fuel sodium borate back into sodium borohydride, however this
process is outside the scope of this project. Future research may show an inexpensive
process to regenerate sodium borohydride from sodium borate, which would be a
significant step in demonstrating this fuel as a renewable resource. It is anticipated that
the vehicle will be completed using a more developed configuration and made
operational to participate in a future American Tour de Sol, where it will compete with
other hybrid vehicles and electric vehicles. This will provide operating experience in a
relatively uncontrolled and stressful environment, providing key information on
performance and reliability of the major subsystems. The project timeline was adequate
to develop a bench test version of the system and begin vehicle retrofit work. However
the full integration of the system into a vehicle is a longer-term goal.
Potential refinements and future work for the project include a technology comparison
with other types of hydrogen generation and to perform a really good dynamic
simulation model to assess stability and control performance issues.
While it is clear that the objectives of this project have been met, this project has
opened many broader issues as to the uses of this technology. Numerous projects
could stem from this research.
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APPENDIX 1 - PROJECT PARTNERS AND SPONSORS
Academic Partners:
o Rutgers University – provided students to work on vehicle integration and
development of the project web site. Also provided faculty oversight in meeting
and the generation of the final report.
o Center for Advanced Infrastructure Technology (CAIT) – technical and
administrative support; coordinated the formation of the team partners,
distributed RFPs to potential subcontractors, oversaw performance and payment
to contractors and vendor.
o Mercer County Vocational School - students removed the original suspension
and replaced it with an air suspension as well as performed several other weight
reduction activities.
o Hunterdon Central Regional High School – provided several students that
generated photographic documentation of the integration work, as well as took
meeting minutes and assisted in the construction of the web site.
o Hunterdon County Vocational School District – provided initial vehicle preparation
including engine removal and a paint job.
o Burlington County College (BCC) / New Jersey Institute of Technology (NJIT) –
assembled a group of engineering and technology students and reached out to
industry professionals as well.
o Sussex County Technical School – students engineered and manufactured
structural and mechanical parts which could be used to reduce overall weight of
vehicle components.
Government Partners:
o NJ Department of Transportation's Technology Bureau – principal funding source
for the project as well as provided expertise based on its broad experience.
Supplied project management, communications oversight, Tour de Sol
sponsorship, and state funding.
o United States Department of Energy - principal funding source for additional
hydrogen research project.
o NJ Board of Public Utilities – provided assistance to the team during the vehicle
development.
o NJ Department of Environmental Protection – provided technical expertise and
assistance to the team during the vehicle development.
o NJ Commerce Commission – provided a full-time staff member, as well as
provided additional fundraising assistance and worked with each participating
New Jersey Company to advance their technology towards commercialization.
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Corporate Partners:
o H Power Corporation – fuel cell developer; provided services including fuel cell
design and manufacture as well as assisted in the overall vehicle design
engineering.
o Messer Gas Technologies & Services, LP – has assisted in the creation of
Venturer’s hydrogen gas handling system and provided fuel, a support vehicle ,
and technical personnel during the 2000 Tour de Sol.
o Millennium Cell, Inc. – Designed and fabricated a hydrogen storage system /
hydrogen generator, as well as participated in the vehicle design engineering.
o Advanced Power Associates - design and fabrication of power conversion
modules that convert the fuel cell voltage to a higher voltage with a high
frequency switching, high efficiency, compact, and lightweight unit.
o Neocon Technologies – vehicle system integrator; interfaced between all of the
vehicle sub-system manufactures and provided selection of the battery, drive
train, and power electronics.
o Fully Independent Residential Solar Technologies – provided services as a
consultant on the vehicle design engineering including the data acquisition
system and student coordination.
o Recon Industrial Controls Corporation – built the fuel cell system controllers for
both the Venturer and Genesis vehicles.
o Hercky*Pasqua*Herman – performed the communications, publicity, and
marketing functions for Team NJ, worked with all the members to get the
broadest possible attention for the project.
o W. L. Gore – worked with H-Power Corporation to design, manufacture, and
integrate the advanced membrane electrode power assemblies into the fuel cell
stacks.
o SGL Carbon Corporation – supplied the graphite composite plates that H-Power
Corporation utilize in the fuel cell stack to feed fuel and air, and efficiently collect
power.
o KPMC Machinery – provided the fabrication of suspension parts and expertise
during the construction of the NJ Genesis.
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Project Sponsors*:
o Ford Motor Company – provided a custom built Aluminum Intensive Vehicle (AIV)
Mercury Sable, usage of 2 pickup trucks during the Tour de Sol, and technical
expertise.
o Tower Automotive – has created a prototype engine cradle for NJ Genesis,
stamped out of Ultra-High Strength Steel at half the thickness of the original Ford
Sable structure.
o Alcan – provided bi-metal rotors used to reduce the overall weight of the vehicle.
o Speedline Wheels – supplied the lightweight wheels used to reduce the overall
weight of the vehicle.
o Ditschman Flemington Ford – provided both parts and expertise during the
construction of the NJ Genesis.
o Continental Cargo – supplied a project vehicle trailer, used to transport the
vehicle, spare components, and a mobile workshop for field modification and
support of the vehicle.
o Transpo Safety – provided financial support for student participation in the Tour
de Sol.
o Bell Atlantic – supplied mobile telephones and cell service during the Tour de
Sol, allowing key team member and drivers to coordinate or efforts.
o Solectria Corporation – provided the motor and controller, gearbox, half shafts,
driver interface, and mounting kits used in the NJ Genesis as well as technical
and engineering support for these components.
o Glacier Bay – supplied lightweight air-conditioner unit for the vehicle.
o IBM – made two laptops available to the team, which were used for overall
project management, web site design, and data acquisition.
o Car Parts – provided both parts and expertise during the construction of the NJ
Genesis.
o Alpine - supplied a GPS tracking system which can be used to track vehicle and
help analyze the performance of the vehicle.
o Goodyear – provided prototype tires used to reduce rolling resistance and
increase handling performance of the vehicle.
o Lear Corporation – equipped the vehicle with lightweight seats used to reduce
the overall weight.
o Normans Auto Glass – furnished lightweight glass used to reduce the overall
weight of the vehicle.
o Miller Welding – provided welding equipment to aid in the retrofit of the NJ
Genesis.
* This list includes companies that provided services and materials for free, at cost, or a
substantial discount. Other companies listed loaned more expensive pieces of
equipment or provided store credit to purchase off the shelf items.
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Project Sponsors Continued:
o Motorola - supplied two-way radios during the Tour de Sol, allowing key team
member and drivers to coordinate or efforts.
o General Public Utilities (GPU) - provided financial support for student
participation in the Tour de Sol.
o Panasonic – provided a three-piece multimedia system that allows the driver to
easily see behind the vehicle utilizing a rear-facing compact video camera and
on-dash LCD display.
o Diversatech, Inc. - provided the fabrication parts and expertise during the
construction of the NJ Genesis.
o Wakefern Food Corporation (Shoprite) - provided financial support for student
participation in the Tour de Sol.
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Future Fuels Consulting
APPENDIX 2 - NJ GENESIS SAFETY/FUNCTION AUDIT REPORT

New Jersey Genesis Safety Function Audit Report
Prepared for:
New Jersey Department of Transportation
Technology Bureau

DISCLAIMER
The contents of this report reflect the views of the author(s) who are responsible for the
facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the New Jersey Department of Transportation or
the Federal Highway Administration. The report does not constitute a standard,
specification, or regulation

NJDOT Consulting Agreement: PO21128
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Future Fuels Consulting

Executive Summary
The New Jersey Genesis project has the very aggressive goal of providing a road-ready
4-5 passenger electric vehicle powered primarily by fuel cells supplied by hydrogen
stored on-board in the form of a solution of sodium borohydride in water. On the
afternoon of May 9, 2000, during preparation of the vehicle for final testing prior to
participation in the 2000 Tour de Sol, an electric short circuit occurred in the rear battery
pack resulting in a self-sustaining fire in that area of the vehicle. Due to fast action by
the NJGenesis team, the fire was contained, no one was injured and minimal damage
was done to the vehicle itself though the involved battery pack was a total loss.
The New Jersey Department of Transportation Technology Bureau desired an
investigation of the event and an evaluation of the feasibility of continuing the project. In
July, Future Fuels Consulting was selected to perform the study using a team of
experienced senior engineers to provide an assessment of key technology areas on the
vehicle. During August, this audit team met with members of the NJGenesis team to
collect information concerning the vehicle’s design and the events of May 9. Our
investigation was based on the information provided by the NJGenesis team and on
additional information obtained from the Northeast Sustainable Energy Association
(NESEA), Society of Automotive Engineers (SAE) Standards sections, the Eatontown
Police and Fire Volunteer departments and other sources.
The audit revealed that the actual configuration of the battery area of the vehicle did not
provide sufficient protection from above. Such protection is specifically required by the
NESEA rules and similarly intended information contained in SAE Standards for
electrical vehicles. Further, it is clear that certain reasonable safety practices were
compromised during the assembly process which, had they been followed, would have
avoided the incident. Finally, the audit of the overall vehicle revealed several areas
where the vehicle design can be improved for safety. A general audit of the hydrogen
generation equipment was also conducted. While the equipment has yet to be fully
installed in the vehicle and is in a prototype stage, it was found that basic design
successfully limits the amounts of free hydrogen that would escape in the event of an
overpressure condition. Concerns for reactant, catalyst and byproduct carryover into
the fuel cells could not be addressed due to lack of data.
The needed changes discovered as a result of this audit appear within normal
engineering efforts on the part of the involved NJGenesis team members. In addition,
full compliance to current NESEA/SAE safety procedures is necessary in all future
NJGenesis activities.
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I. Introduction and Objectives
The State of New Jersey Technology Bureau is coordinating a project to
demonstrate a fuel cell powered car with an on-board hydrogen gas generation system.
This project is known as the New Jersey Genesis. During construction of this vehicle a
battery fire incident occurred on May 9, 2000. Concern existed in the following areas:
• Has the cause of the battery fire been correctly identified and eliminated?
• Are there other identifiable safety problems – structural, control, or system inherent in the current design? And,
• Is the hydrogen generation system able to perform as needed to power the
vehicle without contaminating downstream components?
An investigation into these safety-related questions was conducted. Components were
evaluated based on available data and determinations made whether they were
properly installed and functioning safely. Thus safe component function, not
component optimization, was the goal of the study.
A team of specialists was assembled to conduct a short-term third-party review of the
vehicle (Phase I of Future Fuels Consulting (FFC) Proposal dated July 15, 2000). The
purpose: to answer the questions above and, hence, to provide an overall
safety/function audit of the various components installed in the vehicle.
Further a recommendation for a Go/No Go decision on the current project was
requested.
The results of this effort conducted during the months August and September of 2000,
with additional revisions in October, are provided in this final report.
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II. Summary of Findings
Three engineering disciplines were required for this technical audit. These included:
•
Electrical engineering to explore the battery, electric drive and control
systems on the vehicle,
•
Mechanical/vehicle engineering to consider overall vehicle information, and
•
Chemical engineering to evaluate the hydrogen generator system that
represents the most advanced component of the NJGenesis project.
Each specialist has prepared an individual report for this project and these reports
are included in the Appendices A1 and A2, B, and C, respectively, attached to this
report. This section will provide a summary of those findings. For further
information please refer to the reports in the Appendix.
A1. Question: Has the cause of the battery fire been correctly identified and
eliminated?
Answer: The cause of the fire was a short circuit from the battery pack to the
chassis of the vehicle. It is likely the short was created by material - either
drilling debris or leak check fluid - generated by the installation process going
on directly above the rear battery pack. The decision to leave the unprotected,
removable battery pack in place while installation was occurring compromised
safety. This answer was reached after conducting interviews, inspecting the
damage and by process of elimination.
At the beginning of this project there was no single identified cause for the battery
fire nor was any incident documentation available. During the incident, all 28-battery
modules were being charged while the hydrogen generator was being installed in
the trunk of the all-aluminum Mercury Sable vehicle. The array of the batteries is
given in Figure 1, Neocon Genesis Wiring Diagram, dated 4/1/00.
•
•
•

Because the hydrogen generator was not installed and functioning, its
function is ruled out as a cause of the fire.
Because the vehicle was in “key-off” position, other onboard electrical
systems were isolated from the battery pack.
Only the battery chargers, the batteries, and the environment in the area of
the batteries were then considered.
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Figure 31 Neocon Genesis wiring diagram, April 1, 2000
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•

As reported in the Electrical Engineering report Appendices 1 and 1A by
Victor Wouk, Ph.D. and a letter received on August 24,
2000 from Neocon – a NJ Genesis team member, a number of possible
causes of the fire were eliminated from consideration. Table 3.

Table 3 Possible Causes for Battery Fire
Possible Cause
Comment
Battery Failure due Not likely. Batteries had been charged previously.
to Excessive
Visual and tactile monitoring by Neocon Technician Jim
Heating
Green revealed normal conditions. The battery pack
heat sensors on the battery pack were active and were
not triggered.
Failure Due to
Not likely. Battery charging rate was within normal
Overcharging
range and temperature according to witness Jim
Green. Both battery chargers were reported to be
operating properly on a normal charging schedule.
Short Circuit of
Likely. There is an indication (melted portion of frame
Batteries to Vehicle – see Figure 2.) that the rear battery pack arced to the
battery pack frame. This would have been a high
current DC arc. Even though the GP battery terminals
were properly fused and insulated from above, the fact
that debris generating work was occurring directly
above the battery compartment, makes it possible that
debris contacting other battery surfaces allowed the
battery pack to discharge to the vehicle.
Regarding some subjects raised in a review with NJDOT:
•

Proper Battery pack fusing: Neocon confirms that the battery packs were
indeed properly fused as shown in their installation drawing of April 1, 2000.

•

Battery Terminal Insulation: The battery terminals were all insulated but that
insulation could not prevent all possible contacts since the top of the batteries
themselves were electrically conductive and probably left open for purposes of
cooling.

•

The mesh cover over the battery packs was loose and possibly disturbed
when the batteries were removed and installed.

•

The mesh was installed for reasons of battery cooling. The batteries were
secured in the battery boxes to prevent them from falling out in the event of a
rollover. Still, these precautions do not protect the ESS from conductive metal
dust and chips or from conductive leak check fluid.
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•

Possible liquid contacting the batteries. As discussed in Appendix 1B, battery
fires caused by liquid coming in contact with battery packs have occurred at both
Logan Airport in Boston and in Long Beach, CA.

Figure 32 NJ Genesis Rear Battery Frame with Fire Damage
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A2. Question: Has the problem been eliminated?
Answer: The problem can be eliminated in two ways:
1. Remove the removable battery pack from the vehicle while
modifications are taking place in the battery pack area. This alone will
prevent the fire event from occurring again for the same reasons.
2. Bring the revised NJGenesis vehicle into compliance with the rules of
the 2001 Tour de Sol (not yet available), and with SAE Standards:
• J1766 – Electric & Hybrid Vehicle Battery Systems Crash Integrity
Testing, and
• J2344 – Guidelines for Electric Vehicles Safety
If a suitably robust, non-conductive barrier is placed between the
battery pack and surrounding structure, it will protect the battery pack
from being penetrated by material as was believed to be the case on
May 9. Also required will be an alternate means for removing heat from
the pack.
Prior to conducting the site visits to the vehicle, a request was issued (and then
reissued) for documents (drawings, plans, parts lists, et al.) to aid in analysis. See
Table 4 (List of Pre-Visit Information and Responses). The responses received was
limited and showed that there was a lack of project documentation. Millennium Cell,
Inc. provided a copy of a hydrogen generator system flow schematic. Other information
was obtained from the NJGenesis Website. The most comprehensive incident
information was provided by Neocon in its letter of August 24. (Documentation for
subsystems that were not involved in the May 9 incident was provided by H-Power and
Recon.) It was found that the project lacked a chronological log to document the
sequence of events and who was involved in various decisions. Likewise, there were
no technical drawings of the Genesis vehicle provided. No performance data was
taken during the brief time the vehicle was operated. This made the job of
understanding the fire incident dependent only on statements made by participants.
Research and development projects generally need such extensive documentation to
maximize the benefits of the work. Recording such information is normally considered
the responsibility of the project manager. At a minimum, an activity log would include:
location, dates and times, names of people present, and status of the work going on
that day i.e., without benefit of hindsight.
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Table 4 Desired Pre-Visit Information & Actual Sources

System

Information

Source

Vehicle

Electrical
Propulsion

Hydrogen
Generator

Battery
System

- Subsystems Modified since
delivery from Ford
- Modified Parts Lists

-Obtained from Site visit and
Website
- No Parts List or drawings
made available

-Block Diagrams
- Circuit Diagrams
- Component Lists
- Operating Instructions
- Nominal Performance
Characteristics of the energy
source

- Information obtained from
Recon and H-Power

- Description of design and
functions of the Hydrogen
Generator
- Flow Diagrams
Materials of construction

- Information obtained from Site
visits and Website and technical
paper obtained from NJDOT

- Specifications of Battery
System
Information on Battery Fire
Event

- Information obtained from
Neocon Technologies and
Millennium Cell
- Eatontown Police and
Volunteer Fire Depts. See
Appendix D.
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As a reference, portions of the 2000 Tour de Sol rules are provided in Table 5. These
rules indicate that battery packs (Energy Storage Systems - ESS) are to be covered by
an electrically insulated cover to prevent conductive material from falling on the
batteries or to contain the batteries safely in the event of a rollover. At the time of the
incident only an unsecured fiberglass mesh was in use, if that. Further, it was a
questionable practice to conduct physical modifications near the batteries while the
batteries are installed and being charged, as was the case during the incident.
Table 5 Selected Rules on Electrical Requirements: 2000 Tour de Sol Rulebook
Rule No./Name
Pertinent Content of Rule
B-3.2 Covers,
All high voltage systems (greater than 36v) must be covered
Boxes and
or be shielded to prevent accidental contact with high-voltage
Shielding
surfaces. Covers, boxes, and shielding should not carry
current.
B-3.10.3 ESS
…If there is a metal surface above the batteries, (e.g. trunk
(Energy Storage floor), then either a suitable robust insulating barrier must
System)
be mounted in-between, or the batteries must be restrained
Enclosure
from (vertical) movement, and sufficient clearance provided
to reasonably assure safety.
B-3.10.6 ESS
All ESS terminals and electrically exposed conductors
Terminal
within the ESS must be covered against accidental
Covering
contact. All terminals should be insulated when the ESS is
open to avoid accidental contact while servicing.
B-3.10.8 ESS
ESS Fusing system: All energy storage systems shall
Fuses
incorporate a fuse in a location that minimizes the effects of
an accidental short circuit. Multiple fuses, or fuses in the
middle of battery strings are encouraged. Fuse size must be
more than twice the maximum current draw. If the vehicle
has two or more energy storage system groups, a fuse in
each group is required.
(See Figure 1. Reported condition on 5/9/00)
The non-conductive fiberglass mesh/screen above the batteries had been installed
instead of a more substantial material to prevent battery overheating. The GP batteries
installed are limited to a maximum charging temperature of 131degrees F (55 degrees
C).
It appears that the installation of the hydrogen generator with the batteries in place was
a safety-compromising procedure allowed by the NJ Genesis project manager in the
interest of saving time. The fiberglass mesh/screen may have allowed some metallic
chips/dust or leak check liquid to come in contact with the electrically conductive
surfaces of the ESS.
B. Question: Are there any identifiable safety problems – structural, control,
system or procedural– inherent in the current design?
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Answer: There were no obvious safety problems identified during the static
inspection of the NJGenesis that could not be corrected to allow use of the
vehicle in demonstration driving and in participation in the upcoming Tour de Sol.
This is to be confirmed by actually operating the NJGenesis vehicle.
A static inspection of the vehicle and components was conducted. See Appendix
B. The vehicle was driven previously at Neocon using battery power on May 8 without
mishap and briefly again at Millennium Cell. Information received on the vehicle
components installed in the NJGenesis would not appear to have degraded the
operating safety of the vehicle aside from the removal of the driver’s airbag. Still,
actual, documented testing of the vehicle for operation of brakes (friction and
regenerative), steering and handling is needed prior to declaring the vehicle is properly
assembled and functioning properly at normal speeds.
A comprehensive listing of the NJGenesis modifications and their impact of those
modifications on function and safety is included in Appendix B and provided as Table 4.
A total of twelve (12) Negative Findings for Vehicle Systems were identified for
comment and consideration by the NJGenesis team. Among those items identified are:
• Exposed underside-cooling fans/heat exchangers are subject to
contamination/damage from road debris and water contamination in the battery
pack and power electronics tunnel. See Figure 3.
• The waste tank pressure bleed vent line releases vapor very close to the right
rear wheel well. This appears to violate a National Fire Protection Association
(NFPA 52) guideline for natural gas venting in similar circumstances.
• The hydrogen fuel lines need better protection.
• A hydrogen fuel cut-off solenoid valve (or an excess flow valve) should be
installed at the exit of the waste tank to prevent hydrogen escape if the fuel line is
separated or severed.
• Hydrogen sensors are needed in both the front (engine) and rear (trunk) spaces
to report hydrogen leakage.
• Some rear brake components damaged in the incident need to be replaced.
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Figure 33 NJ Genesis underbody views - rear seat battery area cooling fan (1 of 2)
installation.

Figure 34 NJ Genesis underbody views - rear heat exchanger and fan located behind
right rear wheel.
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Regarding some subjects raised in a review with NJDOT:
•

Wiring Harness – a simplified vehicle harness seems to have been installed for
reasons of weight saving. Records of the harnesses manufacturer should be
sought so wiring color schemes can be verified. The harness should be checked
after installation with the vehicle at rest. Fuses should be checked to see if they
are not
oversized. The harness wires should be traced to be sure they are protected
from abrasion or interference with vehicle components.

•

Special testing of braking and steering components – Normal safety
precautions and testing should be conducted, especially for wet road surfaces.
The braking characteristics should be compared with those of the stock (OEM)
vehicle. The lighter vehicle weight, the low rolling resistance tires, the new racing
brakes, may significantly change the vehicle tendency for skidding and braking
distance. This information should be communicated to the drivers of the vehicle.

•

H-Power stack test data – was provided in September.

•

Demonstration Drive Crash Absorbtion – No special procedures are needed.
Seat belts must be worn. Because of engine compartment modification (removal
of the engine, addition of a latitudinal body stiffener between the from wheel
wells, installation of fuel cells, etc), the crash characteristics of the Sable have
been changed. Hence, it is not known when the crash sensors would trigger the
air bags. Reinstallation of the original air bag steering wheel and its sensing
system is not required as long as the driver uses the racing-quality seat belt.

•

Regenerative (“Regen”) braking does not replace the Antilock Braking System.
The regenerative braking applies to the front wheels only. It is not modulated
according to skidding sensed by the vehicle (if one wheel stops while the other is
still turning during braking.)
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C. Question: Is the hydrogen generation system able to perform as needed to power
the vehicle without contaminating downstream components?
Answer: The hydrogen generator was operated briefly during our 15 August
site visit. Millennium Cell appears to have anticipated carryover problems by
installing a multistage recovery system including a mist trap and condenser in
the trunk and a dual tower molecular sieve in the fuel cell compartment. In
late September, Millennium Cell requested additional time to continue
development of the hydrogen generator.
The analysis presented in Appendix C is based on limited data provided by
Millennium Cell and on general knowledge and information provided by Material
Safety Data Sheets (MSDS) provided by manufacturers of the chemicals involved.
These sheets are only concerned about safety in handling the chemicals rather than
in operating a hydrogen generator. Figure 4, a schematic of the Millennium Cell
hydrogen generation system, is presented both here and in Appendix C.
In response to questions from NJDOT:
•

Rinsing of all materials used for handling fuels – According to the Material
Safety Data Sheet (MSDS), the fuel (Sodium Borohydride) is corrosive and
the spent fuel (Sodium Metaborate) is an irritant. Hence, any exposed
surfaces that are wetted with these solutions and can be touched should be
rinsed. Unlike gasoline, these solutions do not evaporate quickly. As in
normal refueling however, proper equipment should be use to eliminate
splashing of exposed surfaces.

•

Internal Surfaces within the Hydrogen Generator - The concentration of
sodium borate in the warm, spent fuel is higher than its room temperature
solubility, so that whether or not the reactor is drained of spent fuel, some
sodium borate product will precipitate on the catalyzed ropes as the solution
cools. It may be possible to restart the catalyst by pumping in fresh fuel
solution. This will need to be confirmed by experiment unless data is provided
to show that precipitated sodium borate will dissolve in new fuel solution.
Preheating the fuel solution - using some battery energy to warm up the
catalyst section of generator - may help by increasing solubility, but there is
no provision for doing this in the current configuration.
Safety Impact of manual controls – At its current level of development,
manual start-up of the hydrogen generator should not be considered a safety
hazard.

•

•

Fuel Pump Internal Materials – The internal components of the diaphragm
type fuel pump are made of EPDM elastomer.
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Figure 35 Schematic of Hydrogen Generation System
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Go/No Go Decision
There were five main components that were considered for audit at the beginning
of project. These included:
• Hydrogen Generator - Millennium Cell
• Propulsion System - Solectria
• Vehicle - Mercury all aluminum Sable
• Battery Systems – Batteries (GP) and Energy Storage System and Controls
(Neocon)
• Fuel Cells - H-Power
After the battery incident in May, there was concern that the project might not be ready
to proceed any further. This evaluation was intended to supply some guidance for this
concern. Since the vehicle has not been fully repaired or operated, there has been
only limited data to consider. It would appear however, that certain NJGenesis
components were not involved in the fire incident and would not present a high risk
because of their success in other applications. These include the Solectria propulsion
system, the Mercury Sable vehicle, and the H-Power fuel cells. Only the hydrogen
generator’s installation, not its operation, was involved in the incident. Only the battery
system was fully involved. Future, similar events can be eliminated by closer
adherence to standard Society of Automobile Engineers and Northeast Sustainable
Energy Association requirements. Hence, there seems no technical reason to halt the
process of eliminating the current identified problems and to identifying any other
potential problems in the NJGenesis vehicle. Table 5 is the current version of the Audit
List indicating some of the already identified concerns for the NJGenesis vehicle that
should be addressed prior to its operation for Demonstration or Tour de Sol
competition.

61

Future Fuels Consulting
III. Conclusions/Recommendations
The Audit Process has revealed a number of areas that do require additional
vigilance on the part of NJGenesis team.
•

•

•
•
•

The Audit Team found very little documentation on the construction of the
NJGenesis vehicle and virtually no data was recorded before or during the
May 9 incident. In the future, more effort must be made to document the
engineering information installed in the vehicle and the events that the vehicle
experiences.
Had the fire incident not occurred, it is not clear that the vehicle would have
been accepted for the 2000 Tour de Sol due to the potentially exposed nature
(lack of a “robust insulating barrier” or restraint or sufficient clearance) of the
NJGenesis battery pack. The NJGenesis team needs to integrate
reasonable safety features, such as those referenced in this report, into the
design of the vehicle.
Drawings of the modified vehicle should be obtained/generated so additional
modifications are properly referenced from existing hardware.
Several vehicle changes noted in Appendices A1, A2 and B should be
installed in the NJGenesis if not already installed.
The Hydrogen Generator design needs to be refined and proven so that its
operation is safe, effective and reliable in a road environment. There are
packaging revisions to be made to protect electrical components from road
moisture and debris and to protect passengers/technicians from hydrogen
leaks. Also, vibration, wide temperature variation (from –20 degrees F to 180
degrees F in the trunk) and corrosion should be considered in the design of
the system.
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Table 6 List of primary vehicle component modifications
Modification
Functional Impact
Safety Impact
Components
Subframe replaced with
Equal- basic subframe
Equal
modified subframe from
design same PositiveTower Automotive
lighterweight
Equal- suspension
Original 1993 Sable
Equal
suspension parts replaced
mounting points similar,
with 1998 Sable
suspension capability
suspension parts
similar
Positive-Lincoln system is
Coil spring dampers
Equal
replaced with 1998 Lincoln active air dampening
Towncar air bag
system; provides potentially
suspension
better control and less
vibration for new electronic
systems
Positive- better panic stop
Front calipers, rotors, and
Positive- racing braking
response Negative- may
baking plates replaced with systems would provide
result in slightly less brake
custom racing versions
better braking response
“feel” relative to original
under panic stop
brake system
conditions. Also, provide
weight reductions to
vehicle.
Rear rotors replaced with
Positive-less potential for
Positive- less potential for
custom racing versions
brake fading under panic
brake fading under panic
stops and less weight
stops
Magnesium wheels used in Positive-stronger,
Equal
place of original aluminum
lighterweight wheels
wheels
Original tires replaced with
Positive- lower rolling
Equal
Goodyear low rolling
resistance, longer wear
resistance tires
tires
Used existing fuse box, but Uncertain-does custom
Uncertain-if custom wiring
wiring harness is custom
wiring meet duty
does not meet new duty
requirements of new
requirements, may result in
electronic systems
loss of vehicle system
control during operation
High strength axle shafts
Equal-high strength axle
Equal
were custom made to fit
shafts match electric motor
Solectria motor drive
requirements
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Table 6 Cont. List of primary vehicle component modifications
Modification
Functional Impact
Safety Impact
Equal- xenon and LED
Removed incandescent
Positive-remove potential
bulbs in engine and trunk
lights are proven in these
ignition sources for
compartments. Replaced
hydrogen leaks in trunk and
and other applications
with xenon or low power
engine compartments
LED lights
Front frame was modified to Equal- frame integrity does Equal
mount radiator Aluminum
not appear to be
radiator is integral with
compromised. In fact,
frame using rivets.
radiator Mounting appears
to provide additional
strength to frame.
Power brake vacuum pump Equal- pump needed to
Uncertain- as long as pump
added to assist brake
replace lost
has been sized correctly
booster.
Engine vacuum.
Uncertain- has pump been
sized correctly?
Electric power steering
Uncertain — Has pump has Equal –as long as pump
pump was added
been sized correctly?
has been sized
correctly
Uncertain- fuel cell
Ford original SHO engine
Equal — fuel cells appear
and transmission removed. to be adequately mounted. operation could be
evaluated
Added H-Power Fuel Cell
Uncertain — fuel cell
Negative- original engine
stacks (2) mounted to new
operation could not be
provided frontal crash
subframe and shock tower
evaluated; have fuel cells
brace.
have been sized to provide stability. Fuel cell stacks
will not offer same frontal
adequate power
crash absorbing capacity as
requirements for vehicle?
original engine since
Negative — have fuel cell
vehicle frame not designed
mounts been adequate
for furl cell powerplant.
damped for vibration?
Added Solectria electric
Equal- motor mounts
Uncertain- motor operation
motor and power
appear to be adequate
could not be evaluated.
electronics (motor
Uncertain- motor operation
controller, boost converters, could not be evaluated
etc.) Axle shafts were
Positive- if motor has been
made chrome moly steel.
sized to provide maximum
vehicle power requirements
and may actually improve
vehicle acceleration
characteristics.
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Table 6 Cont. List of primary vehicle component modifications
Modification
Functional Impact
Safety Impact
Added Neocon battery
Equal- battery packs
Equal- Battery locations are
controller and nickel metal
secured adequately to
low on vehicle so weight
hydride battery packs (2),
frame rails. Batteries
inertial impacts minimal.
one under passenger back should provide necessary
Batteries brackets and
seat, the other under trunk
power and energy storage
mounting locations on
area in place of spare tire
requirements
frame rails appear to be
location. Battery packs
Uncertain- battery operation adequate.
secured with brackets to
could not be evaluated
Uncertain- unsure about
underbody frame rails.
battery off gas isolation
from passenger
compartment, and battery
and electronic controls
exposure to road debris
from underside battery
fans.
Removed original gasoline
Uncertain — system was
Equal — component
fuel tank.
not fully
mounting appeared
Added Millennium Cell
Operational during site visit reasonable.
hydrogen generator, fuel
Negative- loss of functional Negative — hydrogen
tank, fuel pumps (2), waste trunk space
generator not properly
tank to trunk and hydrogen
shielded to prevent
gas fuel lines to fuel cell
exposures to hot materials
stacks at front of vehicle.
or reactant loss. Waste tank
vent line opening
improperly installed in rear
wheel well. I hydrogen lines
to fuel cell in front of vehicle
not routed properly to
prevent road damage.
Need electronic hydrogen
fuel cut-off solenoid and
fuel pump shut-off in case
of fuel line or fuel cell leaks.
Need hydrogen monitors
installed in both trunk and
engine compartments.
Original steering wheel
Equal
Negative — new steering
replaced with non- air bag
wheel does not have air
competition wheel.
bag as original did.
Fuel cell humidifier system
Equal- system generally
Equal
added.
self sufficient since uses
fuel cell water by-product.
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Table 7 List of primary vehicle system modifications
Functional Impact
Safety Impact

Modification
Vehicle Systems
Original 1993 Sable ABS
braking system replaced
with standard Taurus
braking system

Regenerative braking
capability added to vehicle.

Body undercarriage
modified. Transmission
tunnel removed and
replaced with riveted
aluminum tunnel. Also,
undercarriage removed
under passenger seat for
battery pack installation.
Switched from gasoline
powered drive system to
fuel cell electric drive
system.

Switched from gasoline fuel
system to sodium
borohydride/hydrogen fuel
system

Negative — non-ABS vehicle
braking characteristics degraded
relative to original ABS system.

Uncertain — regenerative
system could not be evaluated
Positive — depending on
regenerative braking system
control, the system should
increase vehicle braking
capability and vehicle stability,
and longer brake component life.
Equal — modifications did not
compromise frame rails. Riveted
connections are adequate

Uncertain — system operation
could not be evaluated; motor
control function and driver input
response could not be evaluated.
Positive — likely improved
vehicle acceleration
Negative — vehicle operation
limited to ambient temperatures
above 40 F to prevent fuel cell
humidifier freeze-up.
Uncertain — system operation
could not be evaluated, Negative
— waste borax must be removed
period ically. Manual start-up
necessary for hydrogen reactor
system. Significant loss of trunk
space with current prototype
system.
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Negative — ABS
provides significant
panic stop benefits in
terms of stopping
distance and vehicle
stability.
Uncertain — system
could not be
evaluated Positive —
system could provide
better stopping
distances and vehicle
stability
Equal

Uncertain- system
operation could be
evaluated

Uncertain- system
operation could not be
evaluated
Positive- NaBH4 is
much more inert than
gasoline.
Negative- hydrogen is
gas with wide
flammability range.
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APPENDIX 8 - ADDITIONAL TECHNICAL PICTORIAL

Figure 36 Millennium Cell, Inc. Hydrogen Generator Model 1 designed to power a 1.2
kW fuel cell.

Figure 37 Millennium Cell, Inc. hydrogen generator test stand used to develop hydrogen
generator design prior to installation in the vehicle.
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Figure 38 Hydrogen generator test stand condenser water reclamation tank used to
develop hydrogen generator design prior to installation in the vehicle.

Figure 39 Fuel cell air compressor assembly.

Figure 40 Custom fuel cell system frame assembly.
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Figure 41 Custom stainless steel radiator to cool fuel cell system.

Figure 42 Two 7 kW (gross) fuel cell stacks installed in Genesis vehicle.
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