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SPARKS FLY AT THE 2004 POWER OF DC

By Chip Gribben, NEDRA & EVA/IDC "HE
futurev@radix.net

Sparks were flying and records falling
at the 2004 NEDRA Power of DC Race
Saturday in Hagerstown, Maryland with
nine vehicles racing and 4 unofficial
NEDRA records being made.

Returning this year was Darin Gilbert’s 48-
volt Pirahna motorcycle from Detroit.

Darin broke not only a NEDRA record but
his chain on his record-breaking run of
9.513 seconds at 65.513 mph in the 1/8 mile.

The track awaits

65 mph at the 1/8 is fast!! After his run, Darin
knew he broke the record and was yelling
“Wheeewwwww” on the way back to the
pits. On a previous run Darin had everyone
a little worried when his bike started
wavering a bit as he was scooting back on
his seat to get more aerodynamic.
Fortunately, he was able to balance the bike
up again.

Shawn Lawless and his family and driver
Mark Moore and his family returned again
with the 240-volt Orange Juice dragster from
Ohio. We were hoping that NetGain could
race to put a squeeze on Orange Juice but
they couldn’t make it. Mark drove the
Orange juice superbly with straight quick
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runs that left the ICE crowd very impressed
with a best time of 11.39 at 112 mph. The
Orange Juice has some older batteries and
they had some issues with low fluid in the
PowerGlide tranny so they couldn’t quite
beat their best time last year. The Orange
Juice put on quite a show during one of its
burnouts when sparks began flying from
underneath the dragster. Shawn decided to
take the dragster out of the run to make sure
everything was OK. Something had caused
an arc but everything looked OK so they
continued racing without any problems.
They will be back again next year to take
the record. Hopefully NetGain will make it
down and we can have a dragster shootout.
Shawn says “Bring ‘em on!!”

The Central Shenandoah Regional Governor’s
School returned with their 120 volt 240-Z
called “Sweetheart” to set a new NEDRA
record for the MF/F class at 66.33 mph in
18.623 seconds. CSVRG has been with us for
4 years now from the very beginning. Next
year they plan to bring two cars.

We had two new high schools making their
debut this year. The Great Mills 216 volt
MR-2 called the “Green Hornet” broke

through the traps at 80.67 mph in
16.665 seconds with a new NEDRA
breaking run for the HS/B class. The
Green Hornet was a very cool looking
high school team with about 6 kids and
several adults traveling with the school
to the race. Led by volunteer Larry
Jarboe, an EVA/DC member who
donating his time and resources to help
the school build the car. The MR-2 had
a dark green paint job with a hornet
painted on the hood. What also was cool
was how they rigged the lights to
alternately pop up and down as they
drove. The little kids who came to the race
thought that was funny.

The other high school team that made its
debut was Tour De Sol regular, Cinnaminson

Setting up under ominous skies

High School led by Oliver Perry with their
144 volt Ford Escort named “Olymipian”.
The Olympian came off with a new High
School Record for the HS/E class of 24.65
seconds at 55.9 mph.

Another new entry was Valerie Myers and
her new teal Sparrow. Valerie is a Hagerstown
local and a new member of EVA/DC. She
drove her Sparrow to what I thought was a
record for her class but upon further
investigation she just missed the record but

continued on page 4
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COMMENTARY: SIGN ON TO SAVE ZERO EMISSION VEHICLES!

Ford Motor Company is planning to destroy
hundreds of no gasoline, zero emissions
electric cars over the next several months.
We need your help!

Global Exchange, Rainforest Action Network
and Greenpeace are working with a broad
coalition of electric car drivers to stop Ford
from crushing these cars, their own great
product, which delivers today what we need
today—cars that offer drivers the chance to
cut the ties to oil and drive emissions free.

To: William Clay Ford, Jr.

We are writing to ask you to accept the offer
by Elbil Norge, a manufacturer and reseller
of electric cars in Norway, to purchase your
U.S. and European fleet of Th!nk City
Electric Cars. The undersigned non-
governmental organizations represent
millions of concerned citizens.

Electric Vehicles (EVs) are one of the
solutions to Ford’s, and our, oil dependence.
Ford has already successfully marketed these
EVs, and EV drivers are both dedicated
environmentalists and loyal Ford customers.
Yet Ford has turned its back on the Th!nk
EVs by:

1. Refusing to enable Th!nk drivers to
continue driving their zero emission
vehicles. The Th!nk City EVs meet
European safety standards, and for three
years the vehicle has received a waiver
for US safety standards. Ford is refusing
to petition for an extension of the
waiver, which would have kept the cars
in the U.S.

2. Ford is breaking its earlier promise to
export the cars to Norway upon the
termination of the U.S. leases. Now,
Ford is has changed its mind and will
not resell the Th!nk City cars in
Norway.

3. Ford is ignoring the offer from Elbil
Norge to purchase the entire fleet for
resale in Norway.

4. Despite all of these possible solutions
to preserve these cars, Ford’s current
intentions are to collect the EVs from
their lessees and send them to the scrap
yard to be crushed.

We are quite concerned about Ford’s
treatment of the Th!nk, Ford’s most efficient
car ever. The Th!nk consumes no gas and
emits no greenhouse gases and is an
environmental inspiration. In addition, the
Th!nk is a successful product, with satisfied
customers and waiting lists in both Norway
and the U.S.

If Ford follows through on the plan to destroy
these Zero Emissions Vehicles, Ford Motor
Company would show its utter lack of
concern for true solutions to reduce local air
pollution and halt global climate change. The
costs associated with saving the Th!nks pale
in comparison with the advertising already
spent on the hybrid-electric Escape SUV.

Ford faces a tremendous opportunity to
avoid adverse publicity and to capitalize on
environmental market trends by negotiating
to sell the Th!nks to Elbil Norge for the
Norwegian market. We urge you to ensure
that the Zero Emission Th!nk City vehicles
are resold, not scrapped.

Thank you,

Signed,

Electric Vehicle Association of Southern
California

Global Exchange

Greenpeace

North Bay Electric Auto Association
Rainforest Action Network

.... and many many others!

North Bay EAA’s President Nick Carter with
his leased Ford City Th!nk

Background

In 2001, Ford began leasing the all-electric,
super efficient “Th!nk City” cars in order to
meet its obligation under the California Zero
Emissions Vehicle (ZEV) mandate.

Although few Th!nks were available, they
were highly popular, especially among urban
drivers in Los Angeles and San Francisco
Bay Area. Within months, all 350 vehicles
available at 5 Ford dealerships in California
were leased and waiting lists developed. One
hundred Th!nk City electric cars were also
leased in New York as part of a NY Power
Authority program. Ford announced that
beginning in 2003, the Th!nk City would be
available for purchase.

By 2002, every one of thousands of Zero
Emission battery electric vehicles offered
was successfully leased to overwhelmingly
satisfied drivers, mostly in California, where
state incentives for renewable energy allow
many EV owners to recharge their cars using
their own solar power. The cars included
GM’s EV1 and S10 EV pickup; Toyota’s
RAV4 EV; Honda’s EV+; and Ford’s Ranger
EV pickup and Th!nk City.

In 2003, bowing to intense automotive
industry lobbying and lawsuits, the
California Air Resources Board eviscerated
its ZEV Mandate postponing until the end
of the decade the requirement for any Zero
Emissions Vehicles. Upon this revision of
the regulations, the automakers ceased
producing electric cars, refused most
requests for lease extensions, and refused all
requests from leaseholders and the public
to purchase the cars. Beginning in 2004,
automakers have begun confiscating the
vehicles in order to crush them. By 2005, if
the automakers, including Ford Motor
Company, have their way, nearly all the Zero
Emission Electric Vehicles on the road in
the USA today will be destroyed.

The Norwegian electric car manufacturer
Elbil Norge has offered to accept all liability
for the cars and repurchase them from Ford
for resale in Norway, where the cars are
wildly popular. To date, Ford Motor
Company has refused the offer and is
beginning to repossess the Th!nks in order
to destroy them.

Editor note: This effort happened during
August & September, resulting in some
action that we plan to cover in the next issue
of CE.
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SPARKS FLY AT THE 2004 POWER OF DC

Shawn Lawless’ 240V Orange Juice arrives

144V Cinnaminson High School’s
“Olympian” Ford Escort

The Shenandoah Valley Regional School
240-Z 120V “Sweetheart”

she had a lot of fun. Her husband and nephews
have raced on this track for years and she is
starting a new trend by having her family race
electric now. Way to go Valerie!!

Our local EVA/DC members also raced
including Bryan Murtha and his RAV-4,
Charlie Garlow in his truck and me with my
Escort.

Bryan Murtha actually drove his RAV-4 EV
98 miles to the track, raced it several times
at 20 seconds in the quarter mile did a quick

charge and drove home all in one day.
Bryan’s trek is actually the longest any EV
has driven under its own power to our race,
raced and drove home. Which is very
commendable to say the least. Good going
Bryan. Bryan actually came in third place
at our race for the 157 volts and up category.

Charlie Garlow brought his GM S-10 OEM
conversion for the fourth year in a row. He
let people drive it around the pits and raced
it several times.

Orange Juice in the Staging Lane

Although we had cloudy and overcast skies
at the beginning and some communication
discrepencies with the track on when we
were to start racing it ended up being a bright
sunny day and the track manager has asked
us to come back again next year.

We did share the track with the gassers since
it was a Test and Tune. I would say about 30
gas cars showed up so we were able to get
quite a few runs in. The race started at 4:00
pm and we finished racing at 8:00 pm.

Shawn Lawless (right) preparing Orange Juice for another race

In addition to the racers we had many
spectators from far and wide who traveled
to the event.

Drew Gillet and John Walsh from the
NESEA Tour de Sol came down to check
out the race. I thought this was neat and
interesting seeing NESEA actually interested
in a NEDRA event. Wow!! They were quite
friendly and interested in seeing what we
were doing.

Larry Jarboe with the 216V Great Mills
High MR2 “Green Hornet”
We had many folks from the EVDL and
chapters of the EAA, including Mark Farver
and Daniel Stewart from the Austin EAA,
Bob Rice from the New England EAA,
Darin Gilbert from the Motorcity EAA, Matt
Graham and Shawn Waggoner from the
Florida EAA, Jack Waddell, Joseph Lado,
Oliver Perry, and Mike DeLiso from the
Eastern Electric Vehicle Association, Jack
Waddell, Mike Gollwas, Doc Kennedy,
Mark Hanson, Don Berry, Frank McGrath,
Roy Nutter from West Virginia University.
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SPARKS FLY AT THE 2004 POWER OF DC

Valerie Myers and her 156V teal Sparrow

From EVA/DC Jerry Asher, Dave Goldstein,
John Clinton, Mark Powell, Al Sobel, Larry
Jarboe, Dave Davidson, Greg Pokorny,
Charlie Garlow, and Mike Shipway.
Apologies if I left out anyone else. Please
let me know if I did. I hope you all can come
back again next year. We will probably have
it in June again.

In addition to the NEDRA Records we gave
out awards for 1st, 2nd, and third in the
categories of low voltage (156 and lower),
high voltage (157 and higher) and
Motorcycles (all voltages).

Each winner received a cash prize, trophy,
tools from Quick Cable, and books from
MegaWatt Motorworks.

156 VOLTS AND HIGHER

1st PLACE

Orange Juice

DR/B

240 volts

Dragster

Driver/Owner: Mark Moore/Shawn Lawless
112 mph 1/4 mile

11.39 ET

Winnings: $200, Trophy, and a QuickCable
Hex Crimper

2nd PLACE

Green Hornet

Great Mills High School

HS/B

216 volts

1985 Toyota MR2

80.67 1/4 mile

16.655 ET

Winnings: $150.00, Trophy, and a
QuickCable Hex Crimper and the book
Alternative Cars in the 21st Century
donated by Megawatt Motorworks

3rd PLACE

Sun Power

RAV-4 EV

Brian Murtha

288 Volts

SP/A

64.65 1/4 mile

20.644 mph

Winnings: $100.00, Trophy, and a
QuickCable Tool

156 VOLTS AND LOWER

1st PLACE

Sweetheart

Shenandoah Valley Regional Governors
School

HM/F

120 volts

Datsun 240-Z

Driver: Coby Hausrath

66.33 mph 1/4 mile

18.623 ET

Winnings: $200, Trophy, and a QuickCable
Hex Crimper

-vm-.._,.____L___\\\\\\\\
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Checking out the WaveCrest Bike

2nd PLACE

Wattson

Chip Gribben

SC/D

156 volts

1986 Ford Escort

67.12 1/4 mile

19.865 ET

Winnings: $150.00 and Trophy

3rd PLACE

Sparrow

Valerie Myers

156 Volts

SP/D

21.115 1/4 mile

56.71 mph

Winnings: $100.00, Trophy, and a
QuickCable Tool

156 VOLTS AND LOWER

1st PLACE

Darin Gilbert

MT/1

48 volt Pirahna motorcycle

65.49 1/8 mile

9.513 ET

Winnings: $200.00, Trophy, and the book
“El-Chopper: Complete Builder’s Guide
and Plans” donated by by Megawatt
Motorworks

continued on page 6
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SPARKS FLY AT THE 2004 POWER OF DC

Under the hood of the Green Hornet

Peeling the battery cover off the Orange

Juice

Detail shot of the Pirahna

Charlie Garlow’s 312V GM S-10

Tom Sigman(left) sets up the generator
and panel

The Sparrow in the Staging Lane

NEDRA RECORDS

Since there were two NEDRA events
scheduled at the same time— Shawn
Lawless suggested we have a challenge to
see which event would win the most
NEDRA records. I received a message from
Brian Hall saying they didn’t have any new
records at Sonoma. We came away with 4
and here they are:

Darin Gilbert

MT/1

48 volt Pirahna motorcycle
65.49 1/8 mile

9.513 ET

Great Mills High School

HS/B

216 volts

1985 Toyota MR2 3Green Hornet2
80.67 1/4 mile

16.655 ET

Shenandoah Valley Governorls School
HM/F

120 volts

Datsun 240-Z 3Sweetheart2

66.33 1/4 mile

18.623 ET

Cinnaminson High School
HS/E

144 volts

Ford Escort

55.9 1/4 mile

24.65 ET
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SPARKS FLY AT THE 2004 POWER OF DC

SkooterCommuter provided a WaveCrest
M-750 bike for riding

It was great seeing school involvement in
this year’s Power of DC race. We had three
high schools race this year including Great
Mills led by Larry Jarboe, Cinnaminson led
by Oliver Perry and Central Shenandoah
Valley Regional Governor’s School led by
Byron Humphries. And each one of them
made a NEDRA record!! As a matter of fact
this is CSVRG’s fourth year with us and I
think they have had a record just about each
year at our event. We started with one school
at the beginning and now have three so we
are making steady progress.

We also received some good publicity for the
race with the Washington Post article on Great
Mill High School’s story on getting prepared
for the race which was an added plus.

I’d like to thank Professor Roy Nutter from
the University of West Virginia for coming
out. WVU wasn’t able to get their car ready
in time but I appreciate Roy coming out to
the race. He mentioned a couple of his
current students had previously raced at the
Power of DC which was good to hear.

Although Brigham Young University
couldn’t make it with their ultra capacitor
powered EV-1 because of clutch problems,
it was neat that they considered coming out.
Tom Erekson, the professor at BYU, was
keeping us updated on their progress during
testing but towards race day there wasn’t
enough time to allow them to fix the
problems with the clutch and travel east to
the race. He said they look forward to
coming out next year.

I found out at the race that apparently
Miramar High School from Florida was
planning to come up but had technical issues

fil f'.".t:‘:,‘ :.-1‘3?.-_-5, .

Power of DC Founder Greg Pokorny and
son Jarod sporting PDC shirts

with their purple Ford Probe and decided two
days before the race they couldn’t make it.

So although these teams couldn’t make it I
was pleased they thought enough of the
event to consider coming out.

We’ll hopefully see them and more next
year. There is a whole year to get ready.

I did speak with the track manager who
wants us to come out again next year. He
mentioned he wants us to give him a call
this fall to schedule a date and time for the
next race. So around October we’ll know
the exact date. I’'m planning for the race to
be sometime in June.

Matt Graham and Shawn Waggoner form
the Florida EAA

Ty

Chip Gribben’s daughter Jenny(r) and her
cousin Meredith(l) raffeling off Suck Amps
T-shirts

I’d also like to thank the people sending
pictures of the event. I’'m putting a gallery
together and updating both the Power of DC
and NEDRA sites so when those are both
ready I'll let you know.

Chip Gribben
NEDRA Power of DC
http://www.powerofdc.com

NEDRA Webmaster
http://www.nedra.com
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POWER OF DC RACING PHOTOS
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A view of the juice behind Orange Juice

. '
Orange Juice at the starting line - Mark Moore at the wheel

Orange Juice shooting sparks during a burnout
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POWER OF DC RACING PHOTOS

-
Bryan Murtha’s Rav-4 races the Green A wﬁf»ﬁ}
Hornet ... and off they go

= '.» : ,__ - _ ' - : . .
Sparrow vs S-10 The Olympian vs the Green Hornet Sweetheart takes off down the track

Electro Automotive Since 1979

Books: including Convert It, the hands-on how-to manual.
Videos: from introductory to technical.

Components: Advanced DC Motors, Curtis/PMC Controllers,
taperlock adaptors, and much more.

Kits: Universal kits to fit any suitable chassis, and custom bolt-in
Voltsrabbit and Voltsporsche Kits for plug-and-play conversion.

For catalog, send $6.00 to:
Electro Automotive, P.O. Box 1113-CE, Felton, CA 95018-1113

Or visit us on the internet: http://www.electroauto.com/
Email: electro@electroauto.com

Phone: 831-429-1989

Fax: 831-429-1907
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COST COMPARISION OF FUEL-CELL AND BATTERY ELECTRIC VEHICLES

Stephen Eaves*, James Eaves

Eaves Devices, Charlestown, RI, Arizona State University-East, Mesa, AZ

Abstract

This paper compares the manufacturing and refueling costs of a Fuel-Cell Vehicle (FCV) and a Battery Electric Vehicle (BEV) using an
automobile model reflecting the largest segment of light-duty vehicles. We use results from widely-cited government studies to compare
the manufacturing and refueling costs of a BEV and a FCV capable of delivering 135 horsepower and driving approximately 300 miles.
Our results show that a BEV performs far more favorably in terms of cost, energy efficiency, weight, and volume. The differences are
particularly dramatic when we assume that energy is derived from renewable resources.
Keywords: Battery-Electric Vehicle; Fuel-Cell Vehicle; Well-to-Wheel; Energy Pathway

1. Introduction

Both the federal and state governments have
enacted legislation designed to promote the
eventual widespread adoption of zero-
emissions vehicles. For instance, California
enacted the Zero-Emissions-Vehicle (ZEV)
program mandating automakers to claim
ZEV credits for a small percentage of total
vehicle sales starting in 2003. Further, the
last version of the 2003 energy bill included
over a billion dollars in incentives for
automakers to develop technology related
to Fuel-Cell Vehicles. Currently, the Fuel-
Cell Vehicle (FCV) and the Battery Electric
Vehicle (BEV) are the only potential ZEV
replacements of the internal combustion
engine, however, no studies have directly
compared the two technologies in terms of
performance and cost when considering the
most recent advances in battery and fuel-cell
technology. Below, we compare BEV and
FCYV technologies based on a vehicle model
that is capable of delivering 100 kW of peak
power, and 60 kWh total energy to the
wheels.! This translates into a vehicle that
is capable of delivering 135 horsepower and
driving approximately 300 miles. The
vehicle characteristics are comparable to a
small to midsize car, such as a Honda Civic,
representing the largest segment of the light-
duty vehicle class [1].

We first compare the relative efficiency
of the vehicles’ well-to-wheel pathways.
This allows us to calculate the amount of
energy a power plant must produce in order
to deliver a unit of energy to the wheels of a
FCV and a BEV. Next, we compute the
volume, weight, and refueling costs
associated with each vehicle. We make these

calculations first assuming that the hydrogen
for the FCVs and the electricity for the BEVs
are generated using non-fossil fuel sources.
After, we relax this assumption to consider
the case where hydrogen is reformed from
natural gas and the electricity for BEVs is
generated using a mix of fossil fuel and non-
fossil fuel sources, such as wind and
hydroelectric, as is the norm today.

2. Analysis and Discussion

2.1. Energy Efficiency Comparison
assuming energy is derived from
renewable resources

A vehicle’s well-to-wheel pathway is the
pathway between the original source of
energy (e.g. a wind farm) and the wheels of
the car. The pathwayis components are the
energy conversion, distribution, and storage
stages required to transport and convert the
energy that eventually moves the
automobile. Thus, analyzing the efficiency
of each vehicle’s well-to-wheel pathway
allows us to determine the total amount of
energy required to move each vehicle.

Fig. 1 and Fig. 2 illustrate the pathways for
BEVs and FCVs, respectively. The first
stage of both pathways is the generation of
electricity. Since presumably we are
concerned with the long-run development
of a sustainable transportation infrastructure,
we first assume that the electricity is
generated by a non-fossil fuel resource like
hydroelectric, solar, wind, geothermal, or a
combination. All of these sources are used
to generate energy in the form of electricity.
The only established method to convert
electricity to hydrogen is through a process

* Corresponding author. Tel.: 401-315-0547; E-mail: stepheneaves@eavesdevices.com

known as electrolysis, which electrically
separates water into its components of
hydrogen and oxygen.

For BEVs, the electricity is delivered over
power lines to a battery charger. The battery
charger then charges a Lithium-ion battery
that stores the energy on-board the vehicle to
power the vehicleis drivetrain. In addition to
one storage and two distribution stages, the
BEV pathway consists of two conversion
stages (the conversion of, say, wind to
electricity in stage 1 and the conversion of
electricity to mechanical energy in stage 2).
The figure shows that the entire pathway is
77% efficient; approximately 79 kWh of
energy must be generated in order to deliver
the necessary 60 kWh of electricity to the
wheels of the car.

The FCV’s well-to-wheel pathway,
illustrated in Fig. 2, is believed by experts
to be the most likely scenario, with some
exceptions that are addressed below [2]. In
this case, the energy from the electric plant
is used for the electrolysis process that
separates hydrogen gas from water. The
hydrogen gas is then compressed and
distributed to fueling stations where it can
be pumped into and stored aboard individual
fuel-cell vehicles. The onboard hydrogen gas
is then combined with oxygen from the
atmosphere to produce the electricity that
powers the vehicle’s drivetrain.
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COST COMPARISION OF FUEL-CELL AND BATTERY ELECTRIC VEHICLES

60 kWh I I
to Wheels
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Power Lines Li-ion Batteries Elec. Drivetrain 1
H > 92% Effic. Charger =— o4 Efic.  [¢ | 89% Effic. | |
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*The BEV regeneration capability reduces the 60kWh requirement by 6kWh while achieving the same range
Fig. 1 — Well-to-Wheel Energy Pathway for Battery Electric Vehicle
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* “Pipeline” includes losses from compression, expansion, storage and distribution
Fig. 2 — Well-to-Wheel Energy Pathway for Fuel Cell Vehicle
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COST COMPARISION OF FUEL-CELL AND BATTERY ELECTRIC VEHICLES

In addition to one distribution and one storage
stage, the FCV pathway consists of four
conversion stages (the conversion of, say,
wind to electricity in stage 1, the conversion
of electricity to hydrogen in stage 2, the
conversion of hydrogen back to electricity in
stage 3, and finally, the conversion of
electricity to mechanical energy in stage 4).
Due largely to the fact that there are two
additional conversion stages relative to the
BEYV and the fact that the onboard conversion
stage is only 54% efficient, the FCV pathway
is only approximately 30% efficient.> The
result is that the pathway requires the
production of 202 kWh of electricity at the
plant, to deliver the necessary 60 kWh to the
vehicle, or 2.6 times the requirements of the
BEV pathway [3]. Obviously, this means that
there would need to be 2.6 times as many
wind farms or solar panels to power the FCVs
versus the BEVs.

Arguably, a more efficient FCV pathway
would be based on-board fossil fuel
reforming or liquid hydrogen storage.
However, attempts at these alternative
methods have proven uncompetitive
compared to a system based on compressed
hydrogen gas. As a consequence, the
pathway illustrated in Fig. 2 is considered
by the DOE and industrial experts to be the
most feasible [2].

However, contrary to our present
assumption, the DOE’s support for the
distribution pipeline of Fig. 2 is based on
the assumption of initially using fossil fuels
as the source of hydrogen. In the case of
renewable energy, it would be more cost

Table 1

effective to transport the electricity over
power lines and perform the electrolysis at
local “gas stations”, thus eliminating the
need for the expensive and less efficient
hydrogen pipeline [4]. Elimination of the
hydrogen pipeline stage significantly
increases the overall efficiency of the
pathway, however, 188 kWh is still
necessary to deliver 60 kWh to the FCV’s
wheels, or 2.4 times the energy required to
power a BEV.

The results of the non-fossil fuel analysis
are impacted by the fact that we do not
consider the cost of constructing and
maintaining a hydrogen infrastructure. A
renewable hydrogen infrastructure would
consist of a network of electrolysis plants,
supported by an intra-national pipeline,
which, in turn, would supply a myriad of
hydrogen refueling stations. The cost of
hydrogen production from electrolysis is
already well characterized from existing
installations, but accurately projecting the
downstream costs of a massive transpor-
tation and distribution infrastructure is much
more difficult. The practical implication of
only considering the production costs is that
our estimate of the FCV’s refueling cost is
lower than it would be if we considered
infrastructure costs. For instance, the cost
of building the hydrogen refueling stations
alone is estimated between $100 billion and
$600 billion.[5] The U.S. Department of
Energy estimates the costs of the hydrogen
trunk pipelines and distribution lines to be
$1.4 million and $0.6 million per mile,
respectively[6]. ABEYV infrastructure would
be largely based on the current power grid,

making its construction vastly less costly.>

The inefficiency of the FCV pathway
combined with the high capital and
maintenance costs of the distribution system
results in significant differences in the
refueling cost between a FCV and BEV,
particularly if the source is renewable. For
example, Pedro and Putsche [7] estimate that
using wind energy, hydrogen production
costs alone will amount to $20.76 per tank
to drive our FCV 300 miles compared to
$4.28 “per tank” (or per charge) for the
BEV:*

2.2. Comparison of Weight, Volume
and Cost

Maintaining the same performance
assumptions, we next compare the projected
relative weight, volume, and unit costs of
each vehicles propulsion system. The results
are reported in Table 1 and Table 2. When
interpreting the tables it is important to note
that the limiting factor in FCV performance
is the amount of power that can be delivered,
which affects vehicle acceleration and hill
climbing. For BEVs, the limiting factor is
the amount of energy that can be delivered,
which affects total vehicle range. This means
that the scaling factors for weight, volume,
and cost for the FCV are based on how many
Watts (of power) that can be delivered per
unit of weight, volume, or cost. For the BEV
it is the amount of Wattehours (of energy)
that can be delivered per unit of weight,
volume, or cost.

Estimated weight, on-board space, and mass-production cost requirements of the FCV propulsion system

Component Weight Volume Cost Reference

Fuel-Cell 617 kg 1182 liters $23,033 ADL(2001)

3.2 kg storage tank 51 kg 215 liters $2,288 Padro and
Putsch(1999)

Drivetrain 53 kg 68 liters $3,826 AC Propulsion,
Inc.(2001), Solectria
Corp (2001)

Total 721 kg 1465 liters $29,147
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Table 2

Estimated weight, on-board space, and mass-production cost requirements of a BEV

propulsion systems

Component Weight Volume Cost Reference

Li-ion Battery 451 kg 401 liters $16,125 Gaines and
Cuenca(2000)

Drivetrain 53 kg 68 liters $3.826 Cuenca and Gains
(1999)

Total 504 kg 469 liters $19,951

2.3. Weight Comparison

According to the DOE report on the status
of fuel-cells conducted by Arthur D. Little
[8], a modern fuel cell is presently capable
of delivering 182 Watts of power per kg of
fuel-cell. Including the required FCV
drivetrain components and their losses [9,10]
and the weight of the storage tank®, a fuel-
cell propulsion system capable of meeting
our performance constraint must weigh
approximately 721 kg. According to the
National Renewable Energy Laboratory
(NREL) working group report on advanced
battery readiness [11], a Lithium-ion battery
is capable of delivering 143 Wattsehours of
energy per kg of battery. Considering an
equivalent drivetrain to the one assumed for
the FCV, the battery system must weigh 504
kg to satisfy our performance constraint.6

2.4. Volume Comparison

The Arthur D. Little study reports that the
fuel-cell delivers 95 Watts per liter of fuel-
cell, which combined with the volume of the
hydrogen storage tank [12] and the volume
of the electric drivetrain components
produces a total volume of 1465 liters.” A
Lithium-ion battery delivers 161 Wattehours
per liter of battery.® When combined with
the electric drivetrain volume, this results
in a total volume of 469 liters.

2.5. Cost Comparison

Finally, The Arthur D. Little study reports
a cost of $205 per kW for a 100kW fuel-
cell.’ Adding to this the cost of the electric
motor, control electronics and hydrogen-
storage tank implies that the total cost of
$29,147 for the fuel-cell propulsion

system(The electric drivetrain components
are $3,826 for the BEV and FCV.) [13]. For
the BEV, the cost of a Lithium-ion battery
is estimated to be $250/kWh [14].
Considering the electric drivetrain, this
implies a total cost of $19,951 for the BEVis
propulsion system.

2.6. Energy Efficiency Comparison
assuming energy is derived from Fossil
Fuels

Most experts are imagining that for many
years to come, fossil fuels will be the main
source of the hydrogen or the electricity that
powers zero emission vehicles. In light of
this, one should consider the near term case
where the electricity for BEVs is generated
using a mix of fossil fuel and non-fossil fuel
sources and the FCVis hydrogen is reformed
from natural gas, as is the norm today.

A 2001 study conducted for the California
Air Resources Board found that when
electricity for BEVs is generated using a mix
of fossil fuel and non-fossil fuel and
hydrogen is created from natural gas, a BEV
pathway is about 8% more efficient than a
FCV pathway. The study also concluded that
the BEV pathway would generate lower
greenhouse gas emissions. Although the
efficiency comparison of the two vehicles
is much closer than for the non-fossil fuel
case, if the substantial cost of building and
maintaining the hydrogen infrastructure
necessary to support the FCV is considered,
then the BEV would clearly be more
attractive than the FCV. Further, if renewable
energy sources will eventually replace fossil
fuels, then the hydrogen pipeline would at
best be inefficient, and at worst be obsolete.
7 This is because hydrogen producers would

find it more economical to make hydrogen
locally by using renewable electricity to
hydrolyze water, rather than purchasing
hydrogen transported via pipeline. Since the
nationis electricity is already generated using
an array of fossil and non-fossil fuel
resources, the optimal design of the BEV
infrastructure would not change in the
conversion to a non-fossil fuel economy.

Lastly, when the non-fossil fuel assumption
is relaxed, the refueling cost of a BEV is still
far less than that of the FCV. Pedro and Putsch
estimate the retail cost of hydrogen from fossil
fuel to be $2.42 per kg [7]. Given the 3.2 kg
of hydrogen necessary to meet our range-
performance constraint, this results in a fill-
up cost of $7.77 for the FCV.

Accounting for efficiency losses between
a BEVis battery and its wheels, 64.5kWh of
energy must be delivered to the BEV battery
to assure that 60 kWh is delivered to its
wheels. Considering a 0.89 charger
efficiency and a 0.94 battery efficiency, this
implies that 77 kWh of energy must be
purchased from the utility company. Since
BEVs will typically be charged at night, an
off-peak cost of $0.06/kWh is applied for
the electricity generated from a mix of fossil
and non-fossil fuels. This implies a ifill-upi
cost of $4.63 for the BEV, which is about
40% lower than that of the FCV.

3. Conclusion

We use widely-cited government studies to
directly compare the costs associated with
producing and refueling FCVs and BEVs.
The analysis is based on an automobile
model (similar to a Honda Civic) that is
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representative of the largest segment of the
automobile market. A comparison is
important since the government and industry
are devoting increasing amounts of resources
to the goal of developing a marketable ZEV
and the BEV and the FCV are currently the
only feasible alternatives. We find that
government studies indicate that it would be
far cheaper, in terms of production and
refueling costs, to develop a BEV, even if we
do not consider the substantial cost of building
and maintaining the hydrogen infrastructure
on which the FCV would depend.
Specifically, the results show that in an
economy based on renewable energy, the
FCV requires production of between 2.4 and
2.6 times more energy than a comparable
BEV. The FCV propulsion system weighs
43% more, consumes nearly three-times more
space onboard the vehicle for the same power
output, and costs approximately 46% more
than the BEV system. Further, the refueling
cost of a FCV is nearly three-times greater.
Finally, when we relax the renewable energy
assumption, the BEV is still more efficient,
cleaner, and vastly less expensive in terms of
manufacturing, refueling, and infrastructure
investment.

References

' U.S. Environmental Protection Agency,
Light-Duty Automotive Technology and
Fuel Economy Trends 1975-2001, 2001.

2 Northeast Advanced Vehicle Consortium
(under contract to Defense Advanced
Research Projects Agency), Interviews with
44 Global Experts on the Future of
Transportation and Fuel Cell Infrastructure
and a Fuel Cell Primer, Agreement No.
NAVC1099-PG030044, 2000.

* General Motors, Argonne National
Laboratory, BPAmoco, Exxon Mobile, and
Shell, Well-to-Wheels Energy use and
Greenhouse Gas Emissions of Advanced
Fuel/Vehicle Systems, 2001.

4 CA Energy Commission and the Air
Resource Board, A Fuel Cycle Energy
Conversion Efficiency Analysis, 2000.

> CA Energy Commission and the Air
Resource Board, A Fuel Cycle Energy

Conversion Efficiency Analysis, 2000.
6 U.S. Department of Energy, Annual
Progress Report, 2003.

"Padro, C., V. Putsche, Survey of Economics
of Hydrogen Technologies, National
Renewable Energy Laboratory Study
NREL/TP-570-27079, 1999.

8 Arthur D. Little, Inc. report to Department
of Energy, Cost Analysis of Fuel Cell System
for Transportation, Ref. No. 49739, SFAA
No. DESC02-98EE50526, 2001.

2 AC Propulsion Inc., AC150 GEN-2 EV
Power System Specification Document, 2001.

10 Solectria Corp., DMC0645 AC Motor
Controller Specification, 2001.

! National Renewable Energy Laboratory,
Advanced Battery Readiness Ad Hoc
Working Group Meeting Report 2000.

12 Padro, C., V. Putsche, Survey of
Economics of Hydrogen Technologies,
National Renewable Energy Laboratory
Study NREL/TP-570-27079, 1999.

13 Cuenca, R., L. Gaines, A. V., Evaluation of
Electric Vehicle Production and Operating
Costs, Center for Transportation Research,
Argonne National Laboratory, 1999.

4 Gaines, L., R. Cuenca, Costs of Lithium
Ion Batteries, Center for Transportation
Research, Argonne National Laboratory,
2000.

Notes

' BEVs and FCVs with performance
characteristics comparable to these
specifications have been developed and
tested. For instance, the Honda FCX,
recently presented as one of the first
commercially available fuel-cell vehicles,
has a peak power of 80 HP and a maximum
range of 220 miles. In August 2003, using
Lithium-ion batteries, AC Propulsion
produced a BEV that has a range of 250
miles at speeds of 75-80 mph and goes from
0-60 mph in about 4 seconds.

2 Studies on EV charging infrastructure in
California found that a large number of

electric vehicle will not severely tax the
existing power grid. In fact, the load leveling
effect of the vehicles would be beneficial, see
“Electric Vehicle and Energy use Fact Sheet”
published by California Air Resources Board,
(January 2002).

3 The actual efficiency would most likely be
significantly lower since there are *“parasitic”
losses from fans, pumps etc. However, since
the ADL study did not separately account for
parasitic losses in the fuel cell stack and fuel
processor, they were conservatively not
considered in this study.

4The cost per tank is based on the Padro and
Putsche [12] estimate of $6.49 per kg to
produce the 3.2 kg of hydrogen necessary
to power the FCV for 300 miles and $.055
cents per kWh to provide the 77.9 kWh
required to power the BEV for 300 miles.

> To store 3.2 kg of hydrogen the tank must
be 215 liters [12] .

®The BEV has the ability to capture
approximately 10% of the energy sent to the
wheels back to the battery pack during
deceleration, this is commonly known as
regeneration. Accounting for the drivetrain
efficiency, and 10% regeneration, 64.5 kWh
must be stored in the battery to deliver
60kWh to the wheels.

" The electric drive train volume with a 66%
packing factor occupies 68 liters for both the
FCV and BEV, See AC150 GEN-2 EV
Power System Specification Document, [9].

8 Lithium-ion batteries provide

approximately 230 Wh/l; a 43% packing
factor reduced this to 161Wh/I [11].

°The study reports on a 55kW fuel cell, but
also indicates that the fuel cell cost scales

well with power.
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What costs to consider?

When evaluating comparable costs for vehicles, it’s important to consider the total cost of
ownership for a vehicle. This includes: initial purchase price and sales tax, annual insurance
premiums, annual licensing/registration, annual fuel costs, and annual maintenance costs.
There are additional costs to society in the form of air pollution and reliance on foreign
sources of fuel, but for purposes of this discussion we will ignore them. Over the lifetime
(typically 10 years) of the vehicle, fuel costs (assuming 12,000 miles/year) can be the most
significant cost associated with owning and driving a gasoline powered car.

Annual Fuel Costs?

Fuel costs vary by vehicle. For purposes of comparison we will look at 4 vehicle types -
compact and mid-size sedan, and mid-size and full-size SUVs '. Naturally, a vehicle, such as
a gasoline powered mid-sized sedan will consume less fuel than a full sized truck or SUV. In
addition, we’ll look at conventional gasoline powered vehicles, hybrid electric vehicles (HEV)
available today (“no-plug” hybrid), and future vehicles known as plug-in hybrids. Plug-in
hybrids are capable of some number of pure electric (no use of gasoline or the gas engine)
before gasoline and the gas engine is used. For example, an HEV-0 would be a hybrid
vehicle available now (does not plug in and always needs the gasoline engine to propel the
vehicle), an HEV-20 is a hybrid that plugs in and is capable of traveling 20 miles of pure
electric range, and HEV-60 is capable of 60 miles of pure electric range. You'll see by the
annual fuel costs below, you really do want to “plug-in your vehicle” - besides the fuel
savings (electricity is significantly cheaper than gas), you will also reduce vehicle emissions.

Annual Gasoline Consumption

900 l Conventional Vehicle Fullsize SUV
@"No-Plug” Hybrid

Midsize Sedan

Compact Sedan

Annual Gasoline Consumption (gallons)

Up to 85% reduction in gasoline use and trips to gas station.
Midsize car operation & maintenance savings = $5,000 over 100,000 miles.

1, Source: HEVWG o =]

! http://www.epri.com/corporate/discover_epri/news/2002releases/121102_hev.htmlw.epri.com
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Cost comparison

For purposes of comparison, let’s use a mid-size sedan (these represent the safest vehicles
on the road, and for a conventional vehicle, achieve good miles per gallon (MPG) rating).
We will assume that maintenance for items such as: tires, brakes, air conditioning, power
steering are identical for each vehicle. Consider costs for a 10 year life span of 120,000
miles. Annual maintenance includes: oil changes (every 3,000 miles) at about $35, tune-
ups (every x miles) at about $300-$600, and in California, biannual smog checks at $75.
We will assume cost of electricity at $0.075/kWh - a good average for California.

Remember, if the owner uses solar panels to generate the electricity, the cost of electricity

would be $0.

Mid-size HEV-0 HEV-20 EV Production
sedan Conversion EV (Rav4-
EV)
Purchase $23,000 $2,000 more | Unknown $10,000 Production EV
price (with than . EV conversion is roughly
8.25% conventional $10,000 more
les t costs $6,000- th
sales tax) car $10,000 an
comparable.
Insurance $600/yr $600/yr $600/yr $600/yr $600/yr
Maint $108/yr $108/yr $108/yr New lead-acid | Production
battery pack EVs have a
every x miles battery pack
at $1,600 life of 130K-
150K miles
$0
Fuel: $1000/yr $700/yr $300/yr $265/yr $265/yr
$2/gal for (probably (could be $0
gas; should be with solar
$0.075/Kw cheaper than panels)
H for RAV4-EV)
electricity (could be $0
with solar
panels)
Total 10- $31,080 $32,780 $17,865 $39,265
year cost

About the EAA

The EAA is a non-profit educational organization that promotes the advancement and
widespread adoption of electric vehicles; organizes public exhibits and events of electric
vehicles to educate the public on the progress and benefits of electric vehicle technology.

Electric Auto Association

Rev: 20030714
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A little background

In the late 1890s electric vehicles (EVs) outsold gasoline cars ten to onel. EVs dominated the
roads and dealer showrooms. Some automobile companies, like Oldsmobile and Studebaker

actually started out as successful EV companies, only later transitioning to gasoline-powered
vehicles. In fact, the first car dealerships were exclusively for EVs.

Early production of EVs, like all cars, was accomplished by hand assembly. In 1910, volume
production of gasoline powered cars was achieved with the motorized assembly line. This
breakthrough manufacturing process killed off all but the most well-financed car builders.
Independents, unable to buy components in volume died o