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HYDROGEN IS ALL AROUND US
Hydrogen is the lightest, most abundant element on earth
and makes up approximately 75% of the mass of the uni-
verse and 90% of its molecules. Yet, hydrogen isn’t readily
found by itself, but needs to be freed from other molecular
structures, such as water, biomass or petroleum based
products, to be used as an energy carrier. Energy carriers
transport the energy garnered from an energy source from
one place to another. Electricity and gasoline are common
examples of energy carriers. 

As such, hydrogen can be harvested from many common
substances, from natural gas, coal, gasoline, ethanol and
methanol (wood alcohol) to methane, biomass and water.
However, extracting it requires significant energy in the
form of heat, light or electricity. Among the most environ-
mentally benign ways to produce hydrogen is to use a
renewable form of energy, such as wind, to split water into
its constituent parts – oxygen and hydrogen – in a process
called electrolysis.

In addition to its abundance, hydrogen can be used in a
number of applications. As an energy carrier, hydrogen can
be used for stationary generation of electricity, work like a
battery on appliances, or be used to fuel vehicles. 

CURRENT USES FOR HYDROGEN
The idea of using hydrogen for energy is not new. Hydrogen
was first discovered around the end of the 15th century. It
took another 200 years to classify and describe it. But as
early as 1923, John Burden Sanderson Haldane gave a now
famous lecture at Cambridge University in which he predict-
ed an eventual wind-to-hydrogen energy system. Hydrogen

has been used since the late 19th century, when people
burned a mixture of hydrogen and carbon monoxide called
“town gas.” Several countries still distribute this fuel.

The 9 million tons of hydrogen produced annually today
are used mainly to make fertilizer, dyes, drugs, electronics
and plastics; to hydrogenate oils and fats; and as a fuel for
welding. Hydrogen is also used to make gas from coal and
to produce methanol. In its super-cooled liquid form,
hydrogen powers unmanned rockets and the space shuttle,
and is used onboard in alkaline fuel cells that provide
astronauts with electricity and potable water.

Today, fuel cells are on the verge of being an economically
viable technology for much wider public application as de-
signs improve and unit production costs decrease. NASA has
used hydrogen-powered fuel cells to provide electricity and
drinking water to astronauts since the 1960s, and the U.S.
Department of Defense has called fuel cells a critical technol-
ogy. Fuel cells are in use at more than 200 military bases,
hospitals and office buildings around the world, including an
early cold weather demonstration model at Fort Snelling.

In the future, hydrogen can be used for anything that
requires energy, including buildings and industrial processes,
vehicles and portable uses such as laptops and cell phones.
Fuel cells powered by hydrogen derived from domestically
produced renewable energy sources have the potential to
make the United States an energy independent nation. 

HYDROGEN INFRASTRUCTURE
Clearly as the uses for hydrogen increase, the production
and distribution system will need to increase as well. How-
ever, we currently do not have the hydrogen production

INTRODUCTION
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PRESIDENT WANTS U.S. TO LEAD TRANSITION TO CLEAN HYDROGEN
“I’m proposing $1.2 billion in research funding so that America can lead
the world in developing clean, hydrogen-powered automobiles.

A single chemical reaction between hydrogen and oxygen generates ener-
gy, which can be used to power a car – producing only water, not exhaust
fumes. With a new national commitment, our scientists and engineers will
overcome obstacles to taking these cars from laboratory to showroom, so
that the first car driven by a child born today could be powered by hydro-
gen, and pollution-free.”

President George W. Bush, 2003 State of the Union.

capacity or distribution system to match that of gasoline.
While we currently have the technology to convert today’s
internal combustion engines to use hydrogen fuel (as is
commonly done for propane and natural gas powered
vehicles) we don’t have convenient access to hydrogen for
refueling. These examples highlight the disconnect that
exists between hydrogen’s potential uses and the infrastrc-
ture that can make that potential a reality.

When discussing infrastructure, hydrogen safety concerns
come to forefront. The Hindenberg Zepplin accident in
1937 created a number of misconceptions about hydro-
gen. In actuality, the great fire was caused by the airship’s
cotton skin that was coated in a flammable material, and
not the hydrogen inside, which rapidly flamed and dis-
persed upward. The majority of deaths in the accident
have now been attributed to those who jumped from the
ship, versus those who rode the ship to the ground.

Many experts consider hydrogen a safer fuel than gasoline,
which as a highly flammable and volatile liquid, flows under
a vehicle as it burns. In terms of public health, vapors from
gasoline are a known carcinogen. Hydrogen is nontoxic.

PUBLIC POLICY INFLUENCES 
The Federal government has shown significantly increased
support for developing hydrogen’s potential. President
Bush discussed the commitment of federal dollars to devel-
op a hydrogen fueled Freedom Car and the importance of
moving to increased use of hydrogen fuels with a vision of
today’s children driving hydrogen powered vehicles 20
years from now. In late 2002, U.S. Energy Secretary
Spencer Abraham told business leaders, “The hydrogen
economy is within sight,” as he unveiled the National
Hydrogen Energy Roadmap, charting the course toward a
clean, reliable, affordable domestic energy system.

A number of states, including Minnesota in the 2003 ener-
gy legislation, have goals and provide monetary support
for research and programs that support a hydrogen energy
development. 

As the potential for hydrogen’s energy uses become more
real, the role of public policy makers becomes more impor-
tant. Policymakers get to shape and choose what hydro-
gen-related issues get attention and which are left to
others. They also get to choose from a broad menu of
issues. These issues include support for research at state
universities, creating markets for hydrogen powered fuel
cells, what fuel inputs should create hydrogen, and what
aspects of hydrogen development and use best support
current economic development needs. 

To help Minnesota take advantage of the opportunities
hydrogen offers, this initial report will focus on the follow-
ing issues:

� What is hydrogen and how can it be used to
address our national and state electric generation
and transportation-related energy issues?

� What infrastructure challenges do we face in mov-
ing towards greater reliance on hydrogen as an
energy carrier?

� What internation and national public policy modifi-
cations are being considered to assist hydrogen
infrastructure and market development?

� What are the implications of a hydrogen based
energy system in Minnesota?

The states that best match their inherent strengths with
the emmerging growth in hydrogen use and production
will improve their economies, natural environments, and
quality of life in ways that will significantly impact life in
those states for generations to come.
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Producing hydrogen from either hydrocarbons, water, or
biomass is energy intensive. For example, the process of
reforming natural gas into hydrogen requires 1.2 to 1.4
units of energy for every one unit of hydrogen energy.

HYDROGEN CAN BE DERIVED 
IN FIVE MAIN WAYS:

1 Steam reforming. In the U.S., roughly 95 percent
of today’s hydrogen is produced by reforming natu-
ral gas. Steam reforming uses heat to separate
hydrogen from the carbon components in methane
and methanol, exposing these fuels to steam on
catalytic surfaces at temperatures of 392ºF or high-
er.

Steam reforming of natural gas does produce some
carbon dioxide, a key greenhouse gas, but 99.5
percent of the natural gas consumed in the U.S. is
produced in either the United States or Canada, so
using it to produce hydrogen would contribute to
greater energy independence. Steam reforming is
the most energy efficient, commercialized technolo-
gy at present.

2 Partial oxidation. This process involves reacting a
fossil fuel with a limited supply of oxygen to pro-
duce a hydrogen mixture, which then requires fur-
ther purification. It generally has a higher capital
cost because it demands pure oxygen.

3 Electrolysis. Electrolysis has been around for a
long time. It separates hydrogen from water by run-
ning an electrical current through it. It takes 478

British Thermal Units of electricity (.14 kilowatt-
hours) to produce 319 BTUs (or one standard cubic
foot) of hydrogen. Put another way, 1 kilowatt-
hour of electricity produces 7 cubic feet of hydro-
gen gas.

The electricity can come from any source, through
renewable energy sources, such as wind, photo-
voltaics, biomass or hydro-power would be the
cleanest. Electrolysis is currently not as efficient or
cost effective as using fossil fuels, and is not practi-
cal when using conventional grid electricity, since
that is generated at a 30 percent efficiency. Howev-
er, it could become cost competitive where low-
cost power is available (around 1 to 2 cents per
kilowatt hour).
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4 Biomass gasification and pyrolysis. Pyrolysis

refers to the chemical decomposition of a sub-
stance by heat. This can be done with relatively low
temperatures to nearly any type of organic matter
(biomass) to produce hydrogen. Hydrogen can also
be produced using higher temperatures, by turning
these same materials into a gas. Sources of biomass
include wood chips, and other forest and agricul-
tural wastes.

5 Biological and photobiological processes. The
natural photosynthetic activity of bacteria and
green algae also produces hydrogen, as does the
fermentation of sugars. For example, researchers at
the University of Wisconsin in Madison have devel-
oped a process that produces hydrogen from glu-
cose, found in everything from corn starch and
sugar beets to cheese whey and paper mill sludge.

SAFETY CHARACTERISTICS OF HYDROGEN
Like natural gas, hydrogen is odorless and colorless. It is
the lightest element on earth and about 14 times less
dense than air. As with any other fuel, hydrogen poses
risks if not properly handled, but those risks must be com-
pared to existing fuels such as gasoline and natural gas.

Hydrogen has the smallest molecule of any element and
therefore is more susceptible to leaking through tiny open-
ings. For example, from low-pressure fuel lines hydrogen
might leak at a rate 1.26 to 2.8 times faster than natural
gas through the same hole. Hydrogen is more flammable
than gasoline and propane, but less flammable than natu-
ral gas. In the event of a leak, hydrogen will rise faster and
disperse more quickly than any other fuel. It therefore

poses less of a hazard.

Unlike a gasoline fire in a conventional auto crash, a
hydrogen fire would likely burn around people rather than
cling to them. Nearby materials and people would be
much less likely to ignite or be hurt by radiant heat. While
fumes and soot from a gasoline fire pose a risk to anyone
inhaling the smoke, hydrogen fires produce only water
vapor unless surrounding materials begin to burn.

A hydrogen explosion is possible, but only under very
unusual circumstances. To blow up, hydrogen would have
to reach a concentration of 13 percent in a closed space,
and only then have an ignition source triggered. If there
were an explosion, hydrogen is pound-for-pound the least
explosive of any fuel, and is 22 times less explosive than
the same volume of gasoline vapor.

A hydrogen flame is nearly invisible, so that people nearby
may not even know there is a fire. While this characteristic
might pose a danger, it could be solved by adding some
chemicals to make the hydrogen flame more visible, much
like chemicals are added to natural gas to give it a
detectable odor.

Hydrogen poses roughly the same risks as existing fuels. In
fact, it is actually a safer fuel than gasoline and natural gas
in many ways. But when people think of hydrogen they
often think of the Hindenburg dirigible that burst into
flames. It turns out that hydrogen was not to blame for
the Hindenburg’s demise. According to research by NASA
scientist Addison Bain, the ship’s shell was coated with a
close cousin of rocket fuel which ignited and caused the
fire. The hydrogen did burn, but because it is so light, it
quickly dispersed.

A study commissioned by Ford Motor Company evaluated
the probabilities and risks of the most likely hydrogen acci-
dents and concluded that a catastrophic event is highly
unlikely. The study also found that in a common open air
car collision, a hydrogen fuel cell car should pose less poten-
tial danger than either a natural gas or gasoline vehicle. In a
tunnel collision, a hydrogen fuel cell vehicle should be nearly
as safe as a natural gas vehicle, and both should be poten-
tially less hazardous than a gasoline or propane vehicle.

The greatest potential risk to the public appears to be a
slow leak in an enclosed home garage, when an accumula-
tion of hydrogen could lead to fire or explosion if there
were no detection or ventilation system in place.
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THE COST OF PRODUCING HYDROGEN
$ per

gigajoule

Hydrogen from coal/gas/oil 1-5
Hydrogen from natural gas mius carbon dioxide 8-10
Hydrogen from coal minus carbon dioxide 10-13
Hydrogen from biomas 12-18
Hydrogen from nuclear power 15-20
Hydrogen from onshore wind 15-25
Hydrogen from solar cels 25-50

Note: A gigajoule is a measure of heat. One gigajoule = 948,200 BTUs
Source: International Energy Agency, February 2003
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Misperceptions about the safety of hydrogen will need to
be overcome if there is to be widespread public acceptance
of it. The same fears arose when light bulbs and natural
gas were first introduced. The development of public edu-
cation campaigns, codes and safety standards, field tests
and demonstrations will influence public confidence in this
technology as they have for previous innovations.

HYDROGEN STORAGE
Hydrogen is already stored and shipped regularly both as a
gas and as a liquid. Compared to storing large amounts of
electricity, storing hydrogen is relatively easy, though each
storage option comes with challenges.

Storing Hydrogen in gas form. In addition to being the
most abundant element on earth, hydrogen is also the
lighest. This means it is bulky and the only way to store
very much of it as a gas is to compress it under very high
pressure. High pressure storage in ultra-strong gas tanks is
the most advanced storage technology today. QUANTUM
Technologies’ TriShield composite cylinders can hold up to
3 kilograms (6.66 pounds) of hydrogen at 5,000 pounds
per square inch (psi), enough to take a standard sedan
about 200 kilometers (125 miles), which the U.S. Depart-
ment of Transportation says represents about 85 percent of
all car trips in the United States. The California Fuel Cell
Partnership is demonstrating the tanks in a Hyundai Santa
Fe sedan while San Diego is testing a larger version of the
tank on a fuel cell bus. QUANTUM Technologies has also
developed a tank that can withstand 10,000 psi, but that
version awaits certification based on the German Pressure
Vessel Code, the most recent and comprehensive standard
for hydrogen related components.

In addition to pressurized tanks, large amounts of hydro-
gen gas could conceivably be stored in caverns, gas fields
and mines, then piped to individual homes and businesses
the way natural gas is today.

Storing Hydrogen as a liquid. Lawrence Livermore
National Laboratory in California is exploring the storage of
hydrogen as a liquid in cryogenic vessels for use in vehicles,
allowing more hydrogen to be stored in much less space.
Five kilograms (11 pounds) of liquid hydrogen used in a
high efficiency fuel cell or internal combustion engine
could offer a 600 kilometer (375 mile) driving range.

But turning hydrogen into its liquid form means cooling it
to -423ºF, which requires 25 to 30 percent of its total ener-

gy content. Another drawback is that liquid hydrogen
evaporates under low pressure and can only be kept in liq-
uid form at extremely low temperatures inside cryogenic
containers. Livermore Laboratory is addressing these barri-
ers by developing highly insulated containers that could
use regular compressed hydrogen for short tips and super
cold liquid hydrogen for long trips.

Storing Hydrogen in solid state hydrides. Hydrides are
chemical compounds of hydrogen and other materials.
Chevron Texaco Ovonic Hydrogen Systems is studying the
potential for using certain alloyed metals as a storage
medium for hydrogen and expects to have a demonstra-
tion vehicle on the road by 2003. These alloys are known
as metal hydrides. Hydrogen becomes chemically bonded
to them and requires heat to release it, such as the waste
heat from fuel cells.

The two main benefits of this approach are safety and
space. There would be nothing to explode in a crash and
metal hydrides can hold 5 kilograms (11 pounds) of hydro-
gen in one-third the space required for gaseous hydrogen
in a 5,000 psi tank. Perhaps the biggest drawback is that
metal hydrides are heavy for the amount of hydrogen they
carry, which cuts into their fuel efficiency.

Research is also underway on methods of storing hydrogen
chemically in tiny carbon structures called nanotubes and
in glass microspheres, but these techniques are a long way
from full development.

In the future, there will likely be a wide variety of cost
competitive storage devices, from pocket-sized containers

Minnesota Department of Commerce - Draft Text, September 2, 2003 7

THE HYDROGEN POTENTIAL: Hydrogen Technology and Minnesota Opportunities

DRAFT

HYDROGEN STORAGE ALTERNATIVES

COMPRESSED FUEL STORAGE
� Cylindrical tanks
� Quasi-conformable tanks

LIQUID HYDROGEN STORAGE
� Cylindrical tanks
� Eliptical tanks

SOLID STATE CONFORMABLE STORAGE
� Hydride storage material
� Carbon Adsorption
� Glass microspheres

Source: QUANTUM Technologies
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for laptops and other portable devices, medium-sized con-
tainers for vehicles and on-site power systems, and indus-
trial-sized storage technologies for community power parks
and utility-scale systems.

CONVERTING HYDROGEN INTO 
USEFUL ENERGY 
Hydrogen can be used for anything that fossil fuels are
used for. It can be burned like gasoline or natural gas in
internal combustion engines, blended with conventional
fuels, or it can be combined with oxygen in a fuel cell to
produce heat, electricity and water.

At 52,000 British Thermal Units per pound, hydrogen has
the highest energy content by weight of any fuel and is
vastly cleaner than burning traditional fossil fuels since
water is the main byproduct. An engine burning pure
hydrogen produces only water and small amounts of nitro-
gen oxides and there are no carbon dioxide emissions. 

Research continues on using hydrogen as a blend with
other traditional fuels as a transition to 100 percent hydro-
gen use. Adding just 5 percent hydrogen to a tank of
gasoline would increase its energy content and reduce
nitrogen oxide emissions by 30 to 40 percent. Hydrogen
can also be blended with natural gas, up to 20 percent,
increasing BTU content, this could be a near term use for
early hydrogen production. 

USING HYDROGEN TO PRODUCE
ELECTRICITY
Hydrogen use in stationary applications that replace tradi-
tional battery technology, or grid electricity are likely to be
the first applications to overcome the challenges presented
by hydrogen fuel. Stationary applications don’t have nearly
as many obstacles as vehicle applications, and small,
portable fuel cells that replace batteries are going to be
cost-competitive much sooner than fuel cells that replace
engine technologies.

PORTABLE USES FOR HYDROGEN
Companies are also developing fuel cells that can power
cell phones, laptops, personal digital assistants and other
portable electronics. As the size of fuel cells shrink,
though, their engineering challenges increase. Designers
must balance adequate power and convenient refueling
while keeping size and cost down. As with fuel cells gener-
ally, mass producing them at a low enough cost is the

USING HYDROGEN IN FUEL CELLS 
Fuel cells create energy not by burning anything, but
through an electrochemical reaction between hydrogen,
oxygen and a catalyst. Nine different types of fuel cells
are under development, each characterized by the elec-
trolyte they use, their operating temperature and the
purity of hydrogen they require. These differences make
some types better for certain uses than others.

Fuel cells have no moving parts and are nearly silent. They
are roughly twice as efficient as traditional internal com-
bustion engines running on gasoline. This is because elec-
trochemical processes are inherently more efficient at
capturing the energy in hydrogen. Fuel cells produce
energy at about a 35 to 50 percent efficiency rating, and
are better than 85 percent efficient when used in situa-
tions where both the fuel cell’s heat and electric power
are used.

The phosphoric acid fuel cell is most developed for com-
mercial applications, and is currently used in buildings
and to power large vehicles such as transit buses. Proton
Exchange Membrane (PEM) fuel cells appear to be the
fuel cell of choice for car manufacturers, and are also
being pilot tested in buildings and portable appliances
and electronics.

Eventually, fuel cells could be mass-produced for use in
everything from homes and computers to wheelchairs,
cars and buses.
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largest remaining barrier to widespread use.

Lawrence Livermore National Laboratory in California has
developed a new thin-film fuel cell that will last three times
longer, be 50 percent less costly, and 30 percent lighter
and smaller than conventional rechargeable batteries. The
fuel cell relies on easily replaceable fuel cartridges of con-
centrated methyl alcohol.

Medis Technologies has developed Direct Liquid Fuel Cell
technology that extracts hydrogen from either methanol or
ethanol. The cartridge would last up to 20 hours, provide
more than twice the power of standard cell-phone batter-
ies and cost about $1. The company expects to focus on
ethanol as the base fuel since it is more stable than pure
hydrogen and less toxic than methanol. They expect to
enter the laptop and cell phone market by 2004.

As quoted in Scientific American, editor of International
Journal of Power Sources, Christopher Dyer predicts that
micro fuel cells will “make inroads into markets now domi-
nated by batteries within the next five years,” or three
years if key breakthroughs come sooner. Indeed, methanol
or ethanol fuel cells used in portable applications are likely
to be the first type most consumers encounter.

Fuel cells are also being used as portable generators and
back-up power, much the way diesel generators are used.

FUEL CELLS IN BUILDINGS AND INDUSTRIES
Hydrogen fuel cells are already providing heat and power
for buildings and industrial processes around the world.
First National Bank of Omaha uses fuel cells as a secure
and reliable power source for its credit card service opera-
tions. The New York City Police Department has installed a
fuel cell to power its Central Park police station because it
was cheaper than extending power lines.

Companies such as Plug Power and H-Power expect to
launch fuel cell systems for homes and small businesses by
2004. Initially, for its hydrogen source, these systems
would rely on the natural gas that is already pumped into
homes. General Motors estimates that the premium power
market (customers who cannot afford to ever be without
power) represents a $10 billion per year prospect.

It is difficult to predict whether vehicles or buildings will
show the greatest demand for fuel cells in the short run.
Some believe that hydrogen fuel cells may be used in
buildings before cars, in part because making fuel cells for
stationary uses is much easier than for vehicles, which
experience extremes in temperature and vibration.

FUEL CELL HOME GENERATORS BY 2005
General Motors Corporation announced in 2001 that it
could market a fuel cell powered home generator about
the size of a refrigerator as early as 2005. The unit would
rely on a home’s natural gas supply to produce 5 kilowatts
of electricity, enough to power the average home or small
business. The fuel cell would also produce heat that could
be used to provide the building’s hot water needs.

According to General Motors officials, within 10 years,
homes may become the service station of the future. Nat-
ural gas, electricity and water offer all the necessary ingre-
dients to produce hydrogen for fuel cell vehicles and to
power homes.

As decribed in Reuters Financial Report, “run backwards
and plugged into an electrical outlet, the fuel cell aboard a
car or truck could act as an electrolyzer to create hydrogen
from water or natural gas … such technology is already in
use on submarines, which create oxygen for their crews to
breathe from sea water, with hydrogen released back into
the ocean.”

HYDROGEN FOR TRANSPORTATION
Many experts believe that mounting pressures on the
world’s transportation systems will force changes in vehi-
cles first. Fuel cell leaders at General Motors argue in Sci-
entific American that a confluence of factors make a shift
toward fuel cell vehicles and hydrogen increasingly likely:

� Engineers cannot make the internal combustion
engine much more efficient.

� Internal combustion engines running on fossil fuels
raise concerns over climate change; efficiency gains
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WORLDWIDE FUEL CELL MARKET POTENTIAL

2000 $218 million

2005 $2.4 billion (The Freedonia Group, Inc.)

2009 $7 billion (Business Communications Company, Inc.)

2020 $1.7 trillion (Price Waterhouse-Coopers)

2030 750,000 jobs (U.S. Dept. of Energy)

Source: Minnesota Planning
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do not solve this problem.

� Fuel cell vehicles are clean and twice as efficient,
requiring just half the fuel energy in today’s gaso-
line models.

� The fact that hydrogen can be produced in so many
ways means that the U.S. would not need to
depend so heavily on one or two energy options.

The GM officials also suggest that introducing hydrogen as
a transportation fuel would introduce greater competition
into energy pricing, potentially lowering and stabilizing fuel
and energy costs in the long run.

HYDROGEN BUSES 
In March 1998, the Chicago Transit Authority, second
largest in the nation, became the first in the world to oper-
ate hydrogen fuel cell buses in a public transit system. Liq-
uid hydrogen was produced at a large centralized plant
and then trucked to and stored at a fueling facility near
the transit authority’s service yard. The liquid hydrogen was
then pumped and vaporized for storage on the bus. The 2-
year pilot ended, as planned, and the buses returned to
Ballard Power Systems in Canada, but Chicago plans to
launch another round of three fuel cell demonstration
buses soon. This time, the transit authority is working with
the state of Illinois and the Illinois Corn Growers Associa-
tion to develop an ethanol-to-hydrogen fueling station to
supply the buses with hydrogen. Other fuel cell buses have
been introduced in California, Europe and Canada.

As with car fleets, buses represent a promising initial mar-

ket for fuel cells because they require relatively little infra-
structure, often returning to a central location to refuel.
Buses also resolve concerns over the size of hydrogen stor-
age tanks since the tanks can be placed on top of the
buses without reducing passenger space.

The Global Environment Facility, which finances interna-
tional projects that reduce biodiversity loss, climate change,
degradation of international waters, and ozone depletion,
is providing 46 fuel cell buses for six of the world’s most
polluted cities: Mexico City, Sao Paulo, Cairo, New Delhi,
Shanghai and Beijing.

HYDROGEN-POWERED AUTOMOBILES
There are many challenges facing the transition from
petroleum to hydrogen in vehicle applications. In order to
commercialize fuel cell engines for automobiles five key
things must happen:

1. Refine the function and size of engines and
storage tanks so that they do not reduce passen-
ger or cargo space and offer a suitable driving
range (300-350 miles). GM has made a break-
through in hydrogen storage tanks, becoming the
first to successfully road test a fuel cell car using
10,000 psi tanks, giving a range closer to that of
gasoline vehicles.

2. Reduce the cost of fuel cell engines to be compet-
itive with internal combustion engines or have
internal combustion engines reflect their true envi-
ronmental costs. Since fuel cells are inherently more
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MILLENNIUM CELL INC. HAS NOVEL APPROACH TO HYDROGEN STORAGE 
DaimlerChrysler is testing a fuel cell minivan called the Natrium that can travel 300 miles on a single fueling of hydro-
gen stored in the form of sodium borohydride, mainly used for bleaching paper. When mixed with water, the resulting
liquid is neither flammable nor explosive. A catalytic reaction releases hydrogen leaving only sodium metaborate, often
known as borax, behind.

The system relies on a proprietary catalyst and special chamber. Recycling the borax back into sodium borohydride starts
the process over again. Aside from offering a safe way to carry hydrogen on board vehicles, sodium borohydride can
also deliver hydrogen at 100 percent humidity and produces no carbon monoxide, both of which pose problems for fuel
cells. Chrysler has yet to figure out how large quantities of borax can be cost effectively transported to filling stations.

Stephan Tang, president and CEO of Millennium Cell Inc., estimates that it would take about 6 percent of the world’s
borax reserves to completely fill the recycling loop for the equivalent of all new cars on the road today. The economics
are not especially favorable for Millennium Cell’s technology at present, but their concept reflects the variety of storage
methods being explored.
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energy efficient, they could out-compete conven-
tional engines even at a somewhat higher cost.

3. Develop manufacturing processes to mass pro-
duce fuel cells and fuel cell engines in automotive
volumes.

4. Decide on a base fuel – hydrogen, gasoline,
methanol, ethanol, water or natural gas – and
whether it will be reformed on-board or on-site.

5. Make infrastructure investments to support
wide-scale introduction.

According to Thomas Gross, former Deputy Assistant
Director of Transportation Technologies at the U.S. Depart-
ment of Energy, worldwide car ownership is expected to
grow from today’s 700 million to 3 billion over the next
several decades. Only 12 percent of the world’s population
can afford to own a car or truck today. China’s per capita
car ownership is about where the U.S. was in 1939 and
Latin America is where the U.S. was in 1922. GM officials,
among others, see clean fuel cell vehicles as the only politi-
cally viable way of seeing those numbers grow in a world
increasingly worried about climate instability.

General Motors has promised to have “compelling and
affordable fuel cell vehicles on the road by the end of this
decade … and significant penetration of fuel cell vehicles
between 2010 and 2020.”

One obstacle is that automakers have yet to settle on the
best way to carry enough hydrogen around in vehicles.
One option already discussed is to carry hydrogen in gas
form in very high pressure tanks. Compressing the hydro-
gen gas requires between 6 and 12 percent of the energy
in the hydrogen, and carrying it as a gas currently imposes
some constraints on vehicle range. At present, this is the
most efficient method of carrying hydrogen on vehicles.

Regardless of where the hydrogen comes from, some pre-
dict that by the end of this decade, fuel cells cars will
become the driving force behind a hydrogen economy. It is
perhaps not surprising that auto manufacturers are investing
more than any other industry sector in a hydrogen future.

Industry analysts note that automakers are investing $500
million to $1 billion a year in the race to be first with a
hydrogen fuel cell vehicle. Virtually all the major auto man-
ufacturers – Ford, General Motors, DaimlerChrysler, Honda,
Toyota, Hyundai and BMW – have prototype fuel cell cars

and are racing to see who can produce the first commer-
cial vehicles.

For example, Toyota began leasing hydrogen-powered fuel
cell vehicles to two University of California campuses at the
end of 2002, becoming the first automaker to do so.
Honda’s FCS fuel cell vehicle is the first to be certified for
everyday use by the U.S. Environmental Protection Agency
and the California Air Resources Board. Honda is leasing
the first of five fleet vehicles to the city of Los Angeles for
its use over the next two years. Ford plans to begin fleet
sales of its fuel cell hybrid in 2004.

As these examples suggest, the first hydrogen vehicles are
likely to be used in government fleets and corporate
motor pools, since these require relatively few refueling
stations. Of course, even these vehicles may need refuel-
ing while on trips, so having only a few stations would
limit range and use.

At least one estimate suggests that hydrogen fuel cell vehi-
cles will not make up more than 5 percent of new vehicle
sales in the U.S. until after 2008. The U.S. population cur-
rently buys roughly 850,000 vehicles a year.

Automakers estimate that hydrogen would have to be
available in a third of all fueling stations for a hydrogen-
based transportation sector to take hold. The federal gov-
ernment believes the necessary infrastructure will likely not
be in place before 2015 at the earliest, but officials from
General Motors say that will not delay their goal of mass-
producing fuel cell autos by 2010.

General Motors does not see hydrogen infrastructure as
the major barrier. It has developed a prototype refueling
system that could fit in a home garage. The system relies
on natural gas as the source of hydrogen. “Reducing the
cost of the fuel cell powertrain by a factor of 10 is a higher
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Hydrogen fueled internal combustion engines, possibly
combined with hybrid vehicle technology, could prove to
be an important transitional technology while the costs
and performance of hydrogen fuel cells are optimized.
This would allow the hydrogen fueling infrastructure to
develop, without requiring all customers to pay premi-
ums for fuel cell vehicles. Both Ford and BMW have
demonstration vehicles that burn pure hydrogen in inter-
nal combustion engines.
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priority than the fueling issue,” according to Larry Burns,
GM’s vice president for research and development and
planning. General Motors’ goal is to be the first automaker
to produce and sell 1 million fuel cell vehicles at a profit.

Meanwhile, in February 2003 Stuart Energy, based in
Ontario, unveiled its first Hydrogen Energy Station able to
separate hydrogen from water using electrolysis.

HOW MUCH BETTER?
Emissions for fuel-cell powered vehicles vary depending
on how their hydrogen is obtained. The graph shows car-
bon dioxide emissions from fuel production and car oper-
ation, for a Chevrolet Silverado pickup truck running on
various engines and fuels. Figures are in grams of carbion
dioxide per kilometer.

Gasoline

Diesel

Gasoline hybrid

Fuel cell hydrogen1 from natural gas

Fuel cell hydrogen1 through electrolysis from 
conventional mix of fuels

Fuel cell hydrogen2 through electrolysis from wind
1 Compressed hydrogen gas
2 Liquid hydrogen
Source: Wall Street Journal, March 2003
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It is easy to take today’s pipelines, trucks, trains and local
power plants for granted. Energy is so central to daily life
that few people think much about how the current system
arose.

According to the chairman and CEO of Ballard Power sys-
tems, one of the world’s chief fuel cell producers, there
were just 12,000 gas stations in the U.S. in 1921; eight
years later the number had jumped to 143,000. The 1,100
percent increase suggests how quickly things can change
when economic and cultural forces are pulling in a given
direction. Today, there are 175,000 gas stations. What
comes first, cars or gas stations?

The National Hydrogen Association argues that govern-
ment and industry should begin establishing a hydrogen
infrastructure by developing refueling stations a few hun-
dred miles apart. These refueling stations could demon-
strate several different hydrogen production technologies,
including small-scale steam reforming and electrolysis using
electricity from the grid or from renewables. Sunline Transit
near Palm Springs, California is already demonstrating the
latter with its hydrogen station. The transit company uses
solar electric panels to electrolyze water and uses the
resulting hydrogen to power a fuel cell bus.

A new hydrogen infrastructure is likely to evolve from the
existing energy system. Indeed, much of what is needed is
already in place, but is designed to support fossil fuels.

Companies such as Praxair of Danbury, Connecticut and
Air Products and Chemicals of Allentown, Pennsylvania
have a limited but widely distributed hydrogen infrastruc-
ture of pipelines, storage terminals, tanker trucks and nat-

ural gas reformers. Fortune magazine has dubbed this “a
kind of hydrogen-economy starter kit.”

A central question is whether it will make more sense to
produce hydrogen in central locations and distribute it over
long distances, or produce the hydrogen at or near the
place where it will be used, thereby avoiding the economic
and energy cost of transporting and distributing it.

Based on the US DOE National Hydrogen Energy Roadmap,
the country will likely have a combination of centralized
hydrogen power plants and distributed production facili-
ties. The mix will depend largely on the economics of a
given region and its particular strengths when it comes to
producing hydrogen.

A federal report published in 2000 by the National Renew-
able Energy Laboratory, Blueprint for Hydrogen Fuel Infra-
structure Development, attempted to answer the question:
“What has to be done, beginning today, to implement a
hydrogen fuel infrastructure so that when hydrogen vehicles
become market-ready in 3-5 years, the infrastructure need-
ed for on-board direct use of hydrogen will be available?”

The report’s findings are based on a consensus among 50
representatives of major energy, auto, industrial gas and
hydrogen production companies and representatives from
state and regional agencies, national laboratories and uni-
versities.

A key finding was that there are no technical showstop-
pers to establishing a hydrogen fuel infrastructure for
direct hydrogen fuel cell vehicles. Despite a great many
outstanding issues, “fundamentally the technologies
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required are available.” The main issue is timing and coor-
dination of capital investments among auto, energy and
government interests.

The national Blueprint outlines several goals for establish-
ing an initial hydrogen infrastructure, including:

� Establishing a process, facilitated by government,
for fuel providers and auto companies to launch
and grow a hydrogen fuel infrastructure.

� Providing a modular, replicable and consistent
design for a hydrogen fuel dispensing station.

The Blueprint envisions one of three hydrogen production
options for the first fueling stations:

1. Off-site steam reforming of natural gas with tanker-
truck delivery of liquid hydrogen to refueling sta-
tions with on-site storage of liquid and gaseous
hydrogen.

2. On-site electrolysis of water with on-site storage of
the resulting hydrogen gas.

3. On-site natural gas reforming with on-site storage
of hydrogen gas.

The purpose of having standardized and modular dispensing
stations is so they can accommodate both liquid and gaseous
hydrogen for storage in either compressed gas form or as a
solid in metal hydrides as needs arise and demands change.
In addition, a standardized design will make it easier to
locate and construct the stations, which in turn will acceler-
ate the expansion of a hydrogen infrastructure.

The lack of a hydrogen infrastructure is among the most
obvious and central barriers to a hydrogen economy, but in
many respects the challenges are no different than they
have been for previous shifts in technology. The first steps
will be disproportionately expensive and difficult, but will
become easier and more affordable over time.

CHALLENGES TO TAPPING HYDROGEN’S
POTENTIAL
Although there are powerful forces behind a hydrogen
transition, some significant barriers lie ahead. According to
the U.S. Department of Energy National Renewable Energy
Laboratory, a hydrogen economy faces four main chal-
lenges to tapping the full potential of hydrogen as an
energy source:

� Delivering hydrogen to consumers at prices that are
competitive with other fuels.

� Increasing the efficiency of hydrogen production

� Improving the methods for storing hydrogen

� Reducing the cost of fuel cells and electrolyzers

A sustainable energy system must ultimately have sufficient
supply to meet real-time demand, be nonpolluting, afford-
able, reliable and be based on an inexhaustible energy
source. Hydrogen fits that description, according to Peter
Hoffman, author of Tomorrow’s Energy: Hydrogen, Fuel
Cells, and the Prospects for a Cleaner Planet. However, the
single largest barrier to shifting toward hydrogen is that
society does not yet place a sufficiently high value on each
of these attributes. If it did, he argues, public policies
would reflect the true cost of fossil fuels and would estab-
lish strong incentives for a hydrogen transition. 

The literature also cites a number of other barriers to a
hydrogen economy:

Lack of a consistent energy policy. Changing priorities
for energy research and development have led to delays
and setbacks in pursuing a coherent strategy on hydrogen.
In the absence of consistent public policy, private firms are
more hesitant to make significant investments. According
to the Department of Energy, all the technologies needed
to convert to hydrogen exist, but are not yet cost effective.
Sufficient private investment is unlikely, or will happen
more slowly, without supportive public policies.

Incentives for fossil fuel discovery and production
that put hydrogen at an economic disadvantage. The
economic playing field is tilted in favor of coal, oil and nat-
ural gas. Add to this the extensive infrastructure that sup-
ports today’s fuels, the economies of scale that those
mature industries have achieved, and the largely unpriced
costs of pollution, and the collective economic picture does
not make a switch to hydrogen attractive in the near term.

The cost of establishing a hydrogen infrastructure.
Switching to a hydrogen-based energy system would be
expensive. Yet nationally, the cost of maintaining and
improving the existing infrastructure is also estimated to be
hundreds of billions of dollars over the next several
decades. There is a window of opportunity to switch tech-
nologies as existing facilities, transmission lines and
pipelines reach the end of their useful lives. Policy-makers
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and others will need to decide whether investments in the
existing system or investments in a new hydrogen infra-
structure make the most sense. 

The national consulting firm, Arthur D. Little, Inc., suggests
that fuel cells will only achieve broad market penetration
when their price drops below $1,500 per kilowatt for the
distributed generation market, less than half the typical
cost today. Power from the most widely marketed station-
ary fuel cells currently costs between $3,000 and $4,500
per kilowatt, as compared to electricity from a diesel gen-
erator that costs $800 to $1,500 per kilowatt. Natural gas
turbines can produce energy that is cheaper still.

Now being tested are fuel cells that the U.S. Department
of Energy estimates will produce power at about $1,200
per kilowatt – comparable to a large-scale coal-fired power
plant but still too expensive for most on-site (or distrib-
uted) power uses. The department hopes to help cut costs
to as low as $400 per kilowatt by the end of this decade,
which would make fuel cells competitive for virtually every
type of power application.

Depending on how it is produced, a kilogram of hydrogen is
four to six times more expensive than a gallon of gasoline or
diesel (its energy equivalent). Since fuel cells are twice as effi-
cient as gasoline vehicles, though, GM believes hydrogen will
be competitive at twice the cost of gasoline, and that they
are within a factor of 1.3 of that competitive price. Many
believe that fuel cells must offer power at less than $100 per
kilowatt to replace the internal combustion engine.

The lack of low-cost, lightweight storage tanks and
cost competitive fuel cells. Hydrogen will need to be
stored and used as easily as gasoline or propane if it is to
be widely adopted as a fuel. Fuel cell makers and those
making high-pressure hydrogen tanks are making rapid
progress, and, as with other new technologies, costs will
fall as demand rises. Think of the first calculator, the first
computer or the first cell phone and compare their original
costs to retail costs today.

IDEAS FOR OVERCOMING CHALLENGES 
TO A HYDROGEN ENERGY SYSTEM
The National Hydrogen Association, representing automo-
bile companies, fuel cell developers, gas producers, chemi-
cal companies and others, developed a Near-term
Hydrogen Implementation Plan: 1999 to 2005 that maps
out steps for making hydrogen a major energy carrier in

three key markets: fleet vehicles, buses and stationary
power. Under this scenario, the progression might be:

1. Hydrogen used first in fleet and transit vehicles.

2. Public refueling offered at selected fleet centers.

3. Hydrogen added to existing service stations.

The National Hydrogen Association predicts that the most
promising bus markets, for example, will appear first in
areas that:

� Are out of compliance with federal air quality stan-
dards.

� Have current and potential renewable energy
capacity (such as wind)

� Have strict environmental regulations

� Adopt policy statements and incentives that
encourage clean vehicles

� Suffer from high transportation costs.

� Have dense populations

� Show strong consumer preferences for environmen-
tally friendly products and practices

� Have leaders who are able to foster and direct the
transition

Clusters or corridors of hydrogen transit fleets could repre-
sent the beginning of a broader hydrogen infrastructure,
particularly as the clusters get closer together.

Another school of thought suggests that the near-term
focus should be on establishing a viable hydrogen infrastruc-
ture that can serve both vehicles and buildings. For example:

� Use the existing natural gas pipeline system, off-
peak electricity, ethanol or methanol to produce
hydrogen.

� Install hydrogen appliances at suitably located
buildings and gas stations that either electrolyze
water or reform natural gas, ethanol or methanol. 

� Shift toward producing hydrogen from the state’s
abundant renewable energy sources, beginning
with demonstration.

The logic of using existing natural gas for the electrical and
ethanol networks is that it allows production of hydrogen
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where and when it is needed without having to buy a
whole new hydrogen infrastructure first. Hydrogen produc-
tion could grow as fuel cell sales grow. 

Participants in the National Hydrogen Vision Meeting, held
in November 2001 in Washington D.C., detailed a four-
phase transition to hydrogen. Their conclusions are plausi-
ble ways in which the transition might proceed between
now and 2040.

FIRST PHASE
Initially, the focus is on refining the technologies necessary
for a hydrogen economy and on putting in place the public
policies necessary to foster sufficient private investment.

� Research and mass production will bring down the
cost of fuel cells.

� High pressure storage tanks of 5,000 and 10,000
pounds per square inch and solid-state storage
devices will be refined.

� Natural gas steam reforming will continue to be the
main technique for producing hydrogen. 

� There will be some initial pilots to demonstrate
wind-to-hydrogen production.

� Automakers will deliver cars running on hydrogen
fuel cells and hydrogen-powered internal combus-
tion engines to build demand for a fueling infra-
structure.

� Fuel cell cars and buses will be demonstrated in
fleets first, particularly in areas with the worst air
quality.

� Fuel cells will be increasingly used in stationary
applications.

� Governments will come under increasing pressure
to reduce foreign energy imports, manage green-
house gases and improve air quality.

� International codes and standards for the safe pro-
duction, handling and use of hydrogen will be
adopted around the world. 

� Governments will put in place a predictable and 
fair framework within which commercial develop-
ment can proceed, including policies on liability 
and facility permitting.

SECOND PHASE
This phase will focus on bringing down the cost of hydro-
gen production, storage and delivery.

� Significant cost reductions in the production of fuel
cells will be made possible by the ability to mass
produce them for both stationary and mobile uses.

� The beginnings of a hydrogen delivery system will
emerge (Pipes, trains and tankers).

� Natural gas reforming remains the primary method
of producing hydrogen.

� Lighter, cheaper storage devices become more com-
mercially available.

� Local power parks and fueling stations will produce
hydrogen on-site, at least some using renewable
energies to electrolyze water.

� Hydrogen fuel cells will increasingly be used to pro-
vide both heat and power to buildings.

� Governments will play a key role in expanding the
markets for hydrogen and fuel cells by being
among the first users. Bus fleets, public motor
pools, emergency services and military applications
will demonstrate the potential.

THIRD PHASE
This phase will see dramatic reductions in the cost of
extracting hydrogen and an expansion of hydrogen’s mar-
ket share in the energy system.

� Widespread use of fuel cells in buses and govern-
ment vehicles.

� Hydrogen will commonly be produced on-site or
onboard a vehicle.

� Large-scale biorefineries will produce a range of
products including hydrogen, electricity, thermal
energy, chemicals, fuels and other industrial prod-
ucts from organic matter.

� Metal hydrides used for hydrogen storage will
become commercially viable technologies and enter
mass production.

� Other novel storage devices such as carbon nan-
otubes will be close to commercialization.
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� National policies will continue to encourage the
transition to hydrogen.

� State and local policies and standards will be in
place, including streamlined procedures for siting
and permitting hydrogen facilities.

FINAL PHASE
The transition away from fossil fuels in favor of hydrogen
will be completed during this phase.

� Hydrogen will become the fuel of choice for most
applications.

� It will be produced from renewable sources in an
environmentally sound fashion.

� Hydrogen farms that use living organisms such as
algae to extract hydrogen from water will be in use.

� To the extent that fossil fuels are still used for ener-
gy production, the carbon from those fuels will be
captured and put to productive use as industrial
feedstocks.

� A national hydrogen infrastructure will be in place.

� U.S. companies involved in the production, storage,
distribution or conversion of hydrogen will be
exporting their technologies and know-how abroad.

� There will be a diminished government role as the
market begins to function on its own.

� Hydrogen-powered vehicles will provide heat and
power at places of work during the day and at
homes at night.

KEY DRIVERS SUPPORTING A TRANSITION TO
HYDROGEN POWER
Against the backdrop of these local opportunities, there are
many national and international factors spurring the explo-
ration and development of a hydrogen-powered economy:

National Security
The events of September 11, 2001 placed national security
at the top of the country’s priority list. According to a
November 2001 Newsweek poll, 73 percent of Americans
believe the U.S. should develop new energy sources to
diminish its dependence on Mideast oil supplies. Hydrogen
proponents see a highly decentralized, hydrogen-based
system as the best way to decrease U.S. dependence on

foreign oil and establish a lasting and secure domestic
energy system.

In a speech before the National Academy of Engineering,
Admiral Richard Truly, director of the National Renewable
Energy Laboratory, described the country’s energy infra-
structure as “extremely vulnerable to disruptive acts of ter-
rorism and nature,” adding that energy security has
become synonymous with national security.

Since hydrogen can be produced from such a variety of local-
ized sources, relying on it reduces the likelihood of a new
hydrogen cartel forming, as happened with OPEC and oil.

Future Oil Prices
The last several years have seen power shortages in Cali-
fornia and considerable price volatility in other parts of
the nation. As reviewed in the journal Nature, some oil
geologists suggest that “the first sign of a permanent
downward trend” in world oil production could occur by
2005, or well before the end of the decade at the latest.
If these predictions prove accurate, that leaves two or
three years to prepare for more price shocks. This by no
means signals the end of oil, but may mean the end of
cheap oil.

Global Climate Change
The discussion around climate change has become a signif-
icant driver for energy alternatives that operate within the
earth’s natural carbon cycle (plants take up carbon while
they grow and release it when they burn or decay). The
burning of fossil fuels, in the form of oil, coal and natural
gas, has released vast quantities of additional carbon into
the atmosphere. Fossil fuel use accounts for 75 to 80 per-
cent of the human-induced carbon dioxide emissions cited
as the cause of the climate change.

Climate change has become an international issue with
potentially huge economic, environmental and social impli-
cations for Minnesota. Long-term changes in temperature
can influence the growing season, range of pests, intensity
and frequency of extreme weather events, and many other
phenomena.

According to the Minnesota Pollution Control Agency, credi-
ble scenarios predict that by 2100 the earth’s temperature
will increase by about 4 degrees Celsius (7.2 degrees
Fahrenheit). Over the past 100 years the earth’s surface tem-
perature has increased at a rate well outside the range of
natural variability for the past 1,000 years. Experts around
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the world believe that nations must reduce emissions of
gases that affect the climate by 60 to 80 percent by 2050.

The National Academy of Engineering believes that climate
change and other environmental challenges have become
so great that it has launched a new effort dubbed “Earth
Systems Engineering,” aimed at finding sustainable solu-
tions to such things as future energy production.

Population and Economic Growth 
Another factor influencing hydrogen development is a
desire for developing nations to leap-frog past the central-
ized, capital-intensive energy infrastructure that the U.S.
and other industrialized nations have, in favor of more dis-
tributed, flexible and cleaner energy options, much as they
have done with telecommunications.

The National Research council estimates that by 2050,
the world’s population will reach 9 billion and eventually
level off at even higher levels, with the majority of that
growth taking place in the developing world. In 1950,
New York was the only city with more than 10 million
people. Today there are 20 such mega cities, with more
emerging. Many experts predict significant environmental
consequences if large and growing populations and
economies, such as those in China and India, adopt
energy consumption patterns and technologies similar to
those in the U.S.

Admiral Truly suggests that if developing countries around
the world approach a standard of living anything like that
in industrial nations, per capita energy consumption
would soar. 

Air Quality and Human Health
According to the U.S. Department of Energy and the Envi-
ronmental Protection Agency, most of the major metropoli-
tan areas in the United States are out of compliance with
the Clean Air Act.

The Twin Cities are in compliance, but air quality remains a
significant concern in the state. According to the Minnesota
Pollution Control Agency, Minnesota exceeded the health
benchmarks for 10 toxic air compounds in 1999, and
motorized vehicles are responsible for 61 percent of the
excess cancer risk that these toxics represent. The agency
notes that in 2001 Minnesota experienced the worst ozone
levels in 30 years and that worst year ever for fine particu-
lates. The Journal of the American Medical Association
reported in 2002 that lung cancer deaths increase 80 per-

cent for every additional 10 milligrams per cubic meter of
fine particulates in the air.

Renewable Energy and Intermittency 
The electricity generated by any renewable energy technol-
ogy could be used to electrolyze water and produce hydro-
gen, effectively storing the energy indefinitely until it is
either burned directly, blended with other fuels or used in
a fuel cell to produce electricity.

Renewable energy sources, such as wind, are often criti-
cized for being intermittent, but hydrogen solves that
problem by offering an energy storage solution that allows
the energy to be available whenever it is needed.

Legislation requiring zero-emission vehicles. 
California has mandated that 10 percent of all new vehi-
cles sold must produce zero emissions of the six federally
regulated “criteria” pollutants. In practice, this means elec-
tric or hydrogen vehicles. Because California represents 10
percent of the nation’s car market, this mandate has
become one of the forces behind fuel cell automobiles.

In July 2002, California went a step further by becoming the
first state in the nation to require automakers selling vehicles
there to limit tailpipe emissions of carbon dioxide, a gas that
has gone unregulated until now. The regulations would not
take effect until January 2006, but give automakers until
2009 to come up with technological changes or modifica-
tions to comply with the new standards.

Significant and rapid improvements in fuel 
cell technology. 
Hardly a day goes by without some new announcement
about improvements in the size, power and overall per-
formance and reliability of fuel cells. These advances lend
momentum to an already growing industry sector and spur
additional interest. According to former U.S. Energy Secre-
tary Federico Pena, “We’re going to see fuel cells in homes,
cars and other uses much sooner than we had predicted.”

KEY FACTORS THAT MAY BOTH DRIVE AND
HINDER A SHIFT TO HYDROGEN
Fuel cells are among a fast growing family of technologies
that can make a hydrogen-powered future possible. New
developments happen so quickly that it is difficult to keep
abreast of the technology. The rapid rate of change makes
it difficult for investors to make informed decisions, and to
know what investments make the most sense. 
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At the same time that hydrogen-based energy systems are
being developed, conventional fossil fuel-based energy sys-
tems are becoming cleaner, cheaper and more efficient.
Consumers may be reluctant to purchase relatively expen-
sive hydrogen products if they believe that cheaper, more
efficient products are just around the corner, or if they feel
that the incremental environmental benefits are negligible
because of advanced pollution control technology available
in fossil-fuel based systems.

When it comes to energy, Americans want minimal envi-
ronmental impacts and low prices. The public’s awareness
of how existing technologies compare to hydrogen and
fuel cells on cost, performance, availability, safety and envi-
ronmental impacts, will be crucial to their adoption. Poten-
tially conflicting desires in many of these categories may
both drive and hinder the initial move toward hydrogen.
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Congress has supported hydrogen energy research, devel-
opment and demonstration since 1990, but more recently
the Bush administration has given new momentum to
these efforts by scrapping the Partnership for a New Gen-
eration of Vehicles – a public-private initiative that pro-
duces an 80 miles per gallon sedan but has not led to
more efficient vehicles in showrooms – in favor of pursuing
a hydrogen and fuel cell energy future.

The President’s National Energy Policy directs the U.S.
Department of Energy to explore the possibility of a hydro-
gen economy. In April 2002, the department convened a
wide range of business executives, federal and state offi-
cials, university leaders, researchers from national laborato-
ries and environmental experts to develop a National
Hydrogen Energy Roadmap. The purpose of the roadmap
is to allow these diverse interests to identify short, mid-,
and long-term actions and to set priorities and roles.

Preceding this roadmapping effort, a broad range of inter-
ests met in November 2001 to establish a common vision
for a hydrogen-powered economy, along with the time
frame for the transition and the key steps required to get
there.

Participants in the federally sponsored hydrogen visioning
meetings arrived at the following findings and conclusions:

� Hydrogen has the potential to solve two critical
energy challenges, reducing U.S. dependence on
petroleum imports and reducing pollution and
emissions.

� Hydrogen could play an increasingly important role

in the energy system, but a compete transition to
hydrogen may take several decades.

� The shift toward a hydrogen-powered economy has
already begun.

� Key barriers are the current high cost of fuel cells
and a lack of infrastructure to support hydrogen. In
addition, the nation lacks efficient, affordable
hydrogen production and lightweight, small afford-
able hydrogen production and lightweight, small,
affordable hydrogen storage options, e.g. high
pressure tanks.

� The transition to hydrogen faces a “chicken-and-
egg” dilemma should the cars, homes and cell
phones that can run on hydrogen come first, or
must the network of fueling stations, pipelines and
production facilities for hydrogen come first?

These findings, in turn, led to the three main conclusions
about what will need to happen to make a successful tran-
sition to hydrogen.

� Consistent public policy. Federal and state govern-
ments must adopt and implement a consistent
energy policy that elevates hydrogen as a priority
for meeting energy security, energy independence
and climate change goals. 

� Public-private partnership. Success will require sig-
nificant and ongoing public-private cooperation.
For example, governments could become among
the first customers for hydrogen-powered vehicles
and stationary fuel cells.
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� A clear roadmap. A broad range of interests must
collaborate to develop hydrogen roadmaps at the
national, regional and state levels.

HYDROGEN INITIATIVES AROUND THE WORLD
Countries and companies around the world are also pursu-
ing a shift toward hydrogen. Amid all this activity, Iceland,
Europe and Japan may be leading the way. Each are briefly
profiled below.

Iceland
Iceland has ambitious plans for shifting to a hydrogen econ-
omy by 2030. In 1999, the small island nation announced 
a new multi-million dollar public-private venture, New 
Icelandic Energy, to investigate hydrogen’s potential as a
clean substitute for fossil fuels. In the next 30 years Iceland
expects to convert its bus fleet, its 180,000 cars and 2,500
fishing vessels to hydrogen.

Because Iceland has the luxury of cheap, renewable electrici-
ty from geothermal and hydroelectric sources, it has become
the ideal laboratory for working out the details of a hydro-
gen system, from the design of fueling stations to how best
to educate the public. Iceland’s standards and transportation
system are similar to most other developed countries so
their results can inform hydrogen initiatives elsewhere.

The Icelandic government not only envisions their country
becoming completely energy independent, but turning
hydrogen into a lucrative export to other European countries.
At an oil price of $20 a barrel, Icelandic hydrogen would cur-
rently be two to three times more expensive than gasoline,
but fuel cells are also twice as efficient as internal combus-
tion engines running on gasoline, so hydrogen could soon
become competitive.

European Union
Begun in 1989, the multinational European Integrated
Hydrogen Project aims to establish a coordinated approach
to developing the standards, regulations and infrastructure
necessary to support a hydrogen energy system.

In October 2002, the European Union announced plans to
accelerate its hydrogen and renewable energy program by
investing $2 billion between 2003 and 2006, a 20-fold
increase over the previous five years. The Wall Street Jour-
nal reported that this increase is aimed at overtaking the
U.S. and Japan in the race to a hydrogen future.

President of the European Commission and former Italian
prime minister Romano Prodi made the announcement,
saying that shifting to a hydrogen economy (and its tech-
nological spinoffs) will be as important to Europe as the
space program was for the United States. While acknowl-
edging that a complete transition is years away, he believes
that technological advances had made hydrogen “a realis-
tic alternative to fossil fuels.”

Prodi sees Europe’s public investment focusing on basic
development of fuel cell cars and motors and guidelines
for establishing a hydrogen infrastructure. According to
The New York Times, he estimates the cost of converting
Europe ... to a decentralized energy grid based on hydro-
gen fuel cells ... at above five times the cost of installing a
mobile-phone network. “The cost is enormous,” he said,
“but it is not out of reach.”

Japan
In 1993, Japan launched the $2 billion, 28-year World
Energy Network (WE-NET) project aimed at making a tran-
sition to hydrogen. It was part of an even larger $11 billion
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EUROPE’S FIRST HYDROGEN GAS STATION 
IS IN HAMBURG
In 2001, the city of Hamburg, Germany, opened the first
private fueling station in Eur\ope to deliver hydrogen to
vehicles. Today, the station serves six shuttle vans and gets
its hydrogen from Hamburg’s chemical industry. But in the
future hydrogen may well come from Iceland, where it
will be made, emission-free, via electrolysis of water using
hydropower and geothermal energy. Companies involved
in the project, such as Deutsche Shell, expect that up to a
quarter of the world’s energy production will be delivered
to consumers as hydrogen by 2050.

INTERNATIONAL INVESTMENT IN 
FUEL CELLS AND HYDROGEN

Europe $2 billion (2003 to 2006)

Japan $220 million in 2002 (tripled since 1995)

China $120 million planned investment

Canada $116 million to date (2002)

U.S. $29 million ($40 million proposed for fiscal
year 2003)
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effort, the New Sunshine Program, devoted to developing
a full range of renewable energy technologies. The hydro-
gen WE-NET project includes 40 organizations including
universities, think tanks and corporations. Funding has
increased in most years since its launch.

The first phase, between 1993 and 1999, focused on
water electrolysis for hydrogen production, hydrogen as a
transportation fuel and on fuel cell development.

Phase two, 1999 to 2003, is focusing on commercialization
of a hydrogen fuel cell power plant, hydrogen storage tank
systems for fuel cell vehicles and hydrogen refueling sta-
tions using natural gas reformers, methanol reforming and
Proton Exchange Membrane electrolyzer.

Senior officials are urging the Japanese government to
move up its target date for the development and commer-
cial introduction of fuel cells from 2020 to 2005. These
officials believe that the consequences of stiff international
competition by 2005 “could influence the dominance of
future market competition.”

As it stands, Japan plans to have 5 million fuel cell-pow-
ered vehicles on the road by 2020, with fueling stations
totaling 10 million kilowatts of capacity.

HYDROGEN AND FUEL CELL INITIATIVES IN
OTHER STATES
At least 18 states have incentives to accelerate the com-
mercialization of fuel cells. Among the common measures
are financial assistance for fuel cell projects, tax benefits,
and allowing fuel cells to qualify as contributions toward
Renewable Portfolio Standards. These laws require electric
suppliers to obtain part of their supply from renewable
sources.

Five states are profiled below.

California
The California Fuel Cell Partnership is demonstrating a
wide range of fuel cell passenger cars and transit buses.
Because fuel cell engines have fewer moving parts than
traditional engines, the Partnership expects maintenance to
be lower. Similarly, while operating costs will depend most-
ly on the cost of the fuel, the high efficiency of fuel cells is
likely to keep operating costs low.

Individual automakers will operate the cars from a head-
quarters facility in West Sacramento. Automakers will col-

lect data on vehicle performance under a variety of typical
driving conditions. The partnership plans to hold regular
public outreach events throughout California.

The California Fuel Cell Partnership argues that because
they are breaking new ground, specific budget numbers
“are somewhat irrelevant to ultimate commercialization
and infrastructure costs.” However, each member makes
an annual contribution of about $85,000 towards facility
operating costs, program administration, joint studies, pub-
lic outreach and education. Automakers and fuel providers
are collectively investing several million more dollars in
vehicles and fueling stations. Some government agencies
contribute in-kind products and services.

Michigan
Michigan will invest $30 to $50 million over the next three
to five years to ensure that the state becomes a center of
research into alternative energies. “We don’t want to be
making buggy whips when everyone else is making the
horseless carriage,” Gov. John Engler told The New York
Times in April 2002.

Michigan has estimated that it could lose 100,000 to
200,000 jobs if there were a sudden shift away from the
internal combustion engine. Before leaving office, Gov.
Engler said he believes that such a shift is imminent.

Michigan’s NextEnergy Plan includes development of a
700-acre alternative energy research center, tax exemptions
for businesses that conduct research on alternative energy,
a venture capital fund to promote research, and tax breaks
for Michigan residents who buy automobiles or power
sources that use alternative energy.

The project will also investigate establishing microgrids, or
small power networks, to serve clusters of homes and busi-
nesses with alternative energy sources, perhaps using the
new research center as the first pilot.

New York
A subsidiary of United Technologies Corporation is building
eight fuel cell power plants for the New York Power
Authority. The $7.6 million project will place 200-kilowatt
units at wastewater treatment plants, which produce
hydrogen as a by-product. The fuel cells will be installed in
Brooklyn, the Bronx, Queens and Staten Island, according
to the U.S. Environmental Protection Agency’s National Risk
Management Research Laboratory.
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The fuel cells will represent one of the largest concentra-
tions of fuel cell generators in the U.S., but will generate
less than an ounce of pollutants for every 1,000 kilowatt-
hours of electricity, compared with as much as 25 pounds
of pollutants produced by traditional power generation.

Ohio
Ohio’s new three-year, $100 million initiative is designed to
position that state as a national leader in the growing fuel
cell industry. Gov. Bob Taft hopes to follow this with an
even more ambitious $1.6 billion, 10-year effort starting in
November 2003. The first, more modest initiative will focus
on three core areas:

� Expanding the state’s resarch capabilities among its
universities and research labs.

� Launching hydrogen infrastructure demonstration
projects.

� Making investments that expand and attract fuel
cell industries in Ohio, and the jobs they provide.

The Ohio Department of Development is investing $75 mil-
lion in financing for various fuel cell projects; $25 million
for research, development and demonstration; and $3 mil-
lion for training.

Texas
The 2001 Legislature established the Fuel Cell Commercial-
ization Initiative, which developed a statewide plan to
accelerate the introduction of fuel cells in Texas. The State
Energy Conservation Office is heading up the effort, enlist-
ing the guidance of the fuel cell industry, energy service
companies, utilities and other state and local agencies.
Texas sees fuel cells as a potential source of economic
development and a market-based opportunity to improve
air quality.
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The implications and potential of a hydrogen-based energy
system are enormous for Minnesota.

Highly distributed production of hydrogen from the state’s
domestic energy sources may avoid the transmission and
distribution costs of traditional, centralized energy produc-
tion, and could unlock the economic potential of renew-
able energy.

One way to move towards a hydrogen based energy sys-
tem is by using large, centralized plants that would reform
natural gas or gasify coal to get hydrogen, or use nuclear
power to harvest hydrogen from water. While this path
may have ancillary benefits for Minnesota, there is an alter-
native path that will better utilize Minnesota energy
resources to produce hydrogen.

A FLEXIBLE, ADAPTABLE ENERGY SYSTEM. 
Because hydrogen can be derived from both nonrenewable
and renewable energy sources, it can be adopted in ways
tailored to a given state or region’s strengths. For example,
in Minnesota shifting to hydrogen might mean accelerat-
ing development of the state’s wind, solar, small-scale
hydroelectric and biomass potential. Relying on diverse and
geographically distributed energy sources would be inher-
ently more flexible and adaptable to changing circum-
stances than the centralized, capital intensive energy
production of the last century.

A HOMEGROWN SOURCE OF ECONOMIC
DEVELOPMENT. 
Minnesota’s 3M company has been growing a world-class
fuel cell materials and components business since the mid-

1990s and the state already has established its leadership in
wind and other renewable energy technologies. Marrying
the state’s technical prowess with its renewable resource
base could help Minnesota and other Midwestern states
become net energy exporters. The same cooperative busi-
ness model that has worked so well for ethanol could allow
groups of small producers to profitably generate hydrogen
from widely distributed, renewable energy sources.

EXISTING HYDROGEN INFRASTRUCTURE IN
MINNESOTA
Minnesota already has some experience in developing a
new energy infrastructure. In 2001, the U.S. Environmental
Production Agency awarded Minnesota for successfully
establishing the largest network of gas stations in the
nation (more than 70) offering E85, an alternative fuel
blend of 85 percent ethanol and 15 percent petroleum.
This alternative fuel is designed for use in many new car
models, called flexible fuel vehicles, which can use any
combination of E85 and gasoline.

E85 is overcoming many of the same hurdles and barriers
that hydrogen is likely to face, from making vehicles that
would run on the fuel to getting gas stations to offer it.
Minnesota’s success in establishing an E85 infrastructure
bodes well for the state’s ability to lead the nation on
hydrogen. The E85 experience also suggests what is possi-
ble when public and private interests work together
toward a common goal. Finally, if hydrogen could be cost
effectively extracted from ethanol, then Minnesota’s exist-
ing network of E85 stations could quickly become its first
hydrogen infrastructure.
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The largest North and South American producer of indus-
trial gases, including hydrogen, is Praxair, Inc. Its closest
hydrogen plant is in the Chicago area, so all the hydrogen
that Praxair sells in Minnesota is trucked up as a gas in
high pressure tube trailers, 180,000 cubic feet at a time, or
as a liquid in 13,000 gallon transports.

Costs for liquid hydrogen range from $1.50 to $2.00 per
100 standard cubic foot, while gaseous hydrogen costs
between $3.75 and $5.50 per 100 standard cubic foot.

Praxair has the only hydrogen production facility in the Mid-
west, including a cylinder and tube trailer filling station in
Roseville, Minnesota. The company supplies 95 percent of
the hydrogen sold in the Midwest. The next closest hydro-
gen plants, either Praxair’s or a competitor’s, are located in
the Gulf Coast and in the Buffalo, New York area.

Although hydrogen will eventually be produced on-site,
either on the consumer’s property or at a refueling station,
in the interim Praxair has said it could provide hydrogen for
feasibility studies or demonstration projects.

END-USERS OF HYDROGEN IN MINNESOTA
Within Minnesota, Flint Hills Resources (formerly Koch
Petroleum Group) and Ashland Oil may be the largest users
of hydrogen, employed in the refining process and to
make fertilizers, but they are also hydrogen producers.

In addition, most power plants use hydrogen for cooling
their electrical generation equipment, and powdered metal

plants are a growing market, where hydrogen takes the
place of dissociated ammonia in the metal coating process.

Renewably produced hydrogen could also be used in the
manufacture of anhydrous ammonia, a process that cur-
rently uses large quantities of hydrogen produced through
the steam reformation of natural gas. The cost of natural
gas represents approximately 80% of the cost of the fertil-
izer. High natural gas costs have significant implications to
the entire food production chain in MN, as production
costs come down hydrogen produced from renewable
energy could provide a cost competitive solution.

According to Praxair, there are currently just six customers
for liquid hydrogen in Minnesota, North Dakota and South
Dakota, and Praxair services them all.

POSSIBLE HYDROGEN DEMONSTRATIONS IN
MINNESOTA 
Demonstrating fuel cells and the production and use of
hydrogen is not only the best way to prove these technolo-
gies and make a start on the infrastructure to support
them, but is also the most effective means of educating
the general public and decision makers.

There is no shortage of possible demonstration sites and
projects in Minnesota for both hydrogen production and
use. The challenge will be to identify the most strategic
sites that best demonstrate the various production options
and fuel cell applications, while offering the greatest
advances in establishing a hydrogen infrastructure in the
state. Wherever the pilots are built, they would share four
common objectives:

1. Demonstrate the production and storage of hydro-
gen, preferably from a renewable resource.

2. Demonstrate the flexibility of hydrogen in a variety
of settings for a variety of purposes, including as a
combustion fuel or in fuel cells for vehicles and
buildings.

3. Raise public awareness and acceptance of hydrogen
as an energy carrier.

4. Identify barriers to shifting to hydrogen on a broad
scale, including infrastructure needs, technical chal-
lenges and financing.

No matter where the first demonstrations take place, the
state’s tradition of effective public and private cooperation,
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LIQUID HYDROGEN
North America liquid hydrogen production campacity
market share.

Source: Praxair, 2002
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renewable energy resources, place it in a strong position to
help lead the nation and take advantage of emerging
hydrogen technologies and opportunities. Using Minneso-
ta’s indigenous energy resources for the production of
hydrogen versus non-Minnesota produced fossil fuel
sources will help develop an economic case for hydrogen
in Minnesota. Currently Minnesota imports the majority of
its energy needs. 

Wind 
Many see an initial reliance on natural gas as the main
source of hydrogen giving way to producing it via renew-
able energies like solar, wind and biomass. Royal
Dutch/Shell predicts that as much as half the world’s entire
energy supply could come from renewable sources by
2050. The production of hydrogen from electricity generat-
ed by wind turbines has significant potential in Minnesota.
Hydrogen production provides a level of flexibility in that

the hydrogen could be used for either vehicle applications
or stationary electric power. Electricity stored as hydrogen
would yield a smaller amount of energy due to losses in
the conversion process, but the flexibility of the fuel and
the ability to deliver the energy during periods that maxi-
mize the economics could overcome some, if not all of
these losses. Wind to hydrogen plants could serve the
hydrogen needs of small communities, or they could be
used to firm up wind capacity so as to releive constraints
on our electrical transmission grid.

Biomass
In addition to wind, Minnesota’s vast biomass resources
offer another potential hydrogen production option. These
resources are often characterized as “waste” resources,
but it would be more appropriate to characterize them as
under-utilized resources.

The U.S. Department of Energy’s National Renewable Ener-
gy Laboratory reports in Hydrogen from Biomass: State of
the Art and Research Challenges, that “for the near- and
mid-term, generating hydrogen from biomass [of many
kinds] may be the most practical and viable, renewable
and potentially carbon-neutral (or even carbon-negative in
conjunction with sequestration) option.”

Biomass conversion to hydrogen is not yet competitive
with steam reforming natural gas, but could become com-
petitive if done as part of a biorefinery, where a range of
value added products are produced at the same time.

This type of coproduction improves economics because the
cost of growing, harvesting and transporting biomass is
relatively high and its hydrogen content is relatively low (6
percent versus 25 percent for methane). However, to
accomplish the collection and processing of these biomass
resources into hydrogen would require the creation of jobs
at all levels of the process chain.

Options for biomass-to-hydrogen production will be gov-
erned by cost, distribution, mass and physical and chemical
characteristics of the organic matter locally available, along
with the moisture and energy content of the feedstock. 

In addition to biomass, Minnesota could explore the poten-
tial of a wide range of other hydrogen production options,
including ethanol, methanol, methane from landfills and
animal feedlots, hydroelectric power, photovoltaics and
even algae.
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MINNESOTA’S WIND RESOURCES BY WIND POWER
AT 70 METERS
Minnesota’s wind potential equals several times its cur-
rent electricity use.

Source: Minnesota Department of Commerce,
www.commerce.state.mn.us

Wind Power
Watts/Sq. Meter

100–127
127–167
167–194
194–229
229–266
366–293
293–317
317–342
342–369
369–403
403–445
445–492
492–530
530–584



DRAFT

Ethanol
Ethanol is already a high value product used as an oxy-
genate for gasoline in MN and many other states. There is
no technical reason why ethanol could not be used in fuel
cells. Because of its fairly simple molecular structure, it is
easier to reform into hydrogen than gasoline and safer to
handle than methanol. Using ethanol for the production of
hydrogen could solve some of the storage and infrastruc-
ture issues faced by pure hydrogen while increasing
demand for ethanol from production facilities in Minnesota.

A large ethanol infrastructure already exists in Minnesota,
from plants to fueling stations. The size of the ethanol dis-
tribution network is second only to gasoline as a vehicle
fuel. Tapping this infrastructure as a step toward the
hydrogen economy would likely require a much smaller
investment than a direct shift to pure hydrogen.

At its 2002 annual convention in Morton, Minnesota, the
Minnesota Corn Growers Association displayed a fuel cell
running on ethanol. The demonstration represents the asso-
ciation’s belief that ethanol as a hydrogen source for fuel
cells could be a significant benefit to farmers and rural com-
munities. The association also points out that ethanol is
much less toxic than methanol and is produced from a
renewable resource. The Corn Growers Association has

requested $400,000 from Pacific Northwest National Labs to
investigate ethanol’s potential as a feedstock for fuel cells.

Methane. 
Methane is another source of hydrogen. It is colorless and
odorless and makes up 75 percent of the natural gas many
people use in their homes. Methane is found widely in
nature, can be synthesized, and also is produced from the an-
aerobic bacterial decomposition of plant and animal matter.

Minnesota has more than 20 landfills and some 561 waste-
water treatment facilities that produce methane as a
byproduct. Fuel cells running on methane-derived hydrogen
are already operating at landfills and wastewater treatment
facilities in Connecticut, New York, Boston, Oregon and
Japan. Companies across the United States are extracting
methane from some 140 landfills and 75 may be tapped in
the future according to the Environmental Protection
Agency Landfill Methane Outreach Program. Minnesota has
a 1.5 cent per kilowatt hour payment for electricity generat-
ed from on-farm manure methane digesters that began
generating electricity after July 1, 2001 through December
31, 2015. This renewable energy incentive may make it eco-
nomical to install fuel cells at some of these facilities as well.
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COMPARING HYDROGEN PRODUCTION COSTS
The cost of hydrogen from biomas may compete with
natural gas if produced as one of many products from a
biorefinery, close to where the hydrogen would be used.
Wind costs are also expected to decline significantly by
2010.

* At a natural gas cost of $2.11 per MMBTU. An MMBTU is a 
measure of heat equal to 1,000,000 BTUs.

+ Plant-gate cost of biomass gasification/reforming
Source: Margaret Mann, National Renewable Energy Laboratory, 2003

$8.44 per
MMBTU

Hydrogen from
Natural Gas*

$18.15 per
MMBTU

Hydrogen from
Biomass+

$21.10 per
MMBTU

Hydrogen from
Wind

Connecticut dairy farm uses methane from manure
to run fuel cell. In 1977. the Freund brothers installed
an anaerobic plug flow digester to extract methane from
the more than 4,000 pounds of manure produced daily
by their cows and calves. They used that methane to run
a boiler that heats their house and offices.

Now, in collaboration with fuel cell manufacturer Tor
Energy Company, the Freunds are having a solid-oxide
fuel-cell system installed that will provide enough elec-
tricity and heat to run the farm without any help from the
electrical grid.

The fuel cell will produce about 25 kilowatts of electricity
using the methane produced by the manure digester. The
energy will power the farm, and the brothers will sell any
excess electricity to the grid. In addition, the hot water
vapor and carbon dioxide emitted from the fuel cell will
each be put to use. The water vapor will heat the buildings,
eliminating the need for the existing hot water boiler, and
the carbon dioxide will be pumped into greenhouses filled
with vegetables and bedding plants, where the gas will
revert to oxygen through photosynthesis.
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Hydroelectric. 
Falling water is another renewable energy source that
could be used to electrolyze water to produce hydrogen.
Although large dams have become controversial for their
economic, environmental and social impacts, they could
offer a source of low cost, off-peak electricity for the pro-
duction of hydrogen through electrolysis. A distributed net-
work of small run-of-the-river hydroelectric faciliies may
represent another hydrogen opportunity for Minnesota
down the road.

Photovoltaics. 
Minnesota has a good solar resource despite its northern
climate. The solar energy available here in summer is as
good or better than that in Jacksonville, Florida. Demon-
strating the potential, Humbolt State University’s Shatz
Energy Research Center in California has operated a pho-
tovoltaic array, an electrolyzer and a proton exchange
membrane fuel cell without supervision since 1993.

In 2003, the Minnesota Department of Commerce gave
approval to Xcel Energy to use a portion of their Conserva-
tion Improvement Program research and development
budget to fund a fuel cell pilot at the University of Min-
nesota Center for Sustainable Building Research. The proj-
ect will use electricity from solar panels to split hydrogen
away from water. The Minnesota Office of Environmental
Assistance has also provided a grant towards this project.

Algae
According to Tasios Melis, a University of California, Berke-
ley biochemist and founder of Melis Energy in California,
“an acre of pond scum ... could produce enough H2 to
power a car from Sacramento to Seattle – and theoretically
much farther.” His firm hopes to license the technology to
power generators, fuel wholesalers and hydrogen produc-
ers within two to five years. Melis suggests that this
method of hydrogen production has widespread applica-
tion, in part because it is low-tech. “It won’t require fancy
equipment or industrial facilities. A farmer could do it.”
Those hydrogen farmers could potentially be located in
Minnesota, though there is some question about whether
or not this climate is suitable.

Hydrogen produced from algae is a long way from being
competitive in the marketplace since it generates electricity
at about 31 cents per kilowatt-hour compared to natural
gas at 5 cents and wind power at 4 cents or less.
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Solar-derived hydrogen and fuel cells offer cheapest
option in Hawaii. Hawaii’s first independent hydrogen
fuel cell energy system is installed at Maui’s Kahanu Gar-
den. The project will employ solar panels, and electrolyz-
er and fuel cells to produce renewable, pollution-free
energy. The electricity generated by the system will be
used to run a visitor center and maintenance facility, and
my produce enough energy to sell back to the utility grid.

According to Michael Veith, cheif executive officer of H@
Power systems, “the $150,000 price tag for the system is
substantially cheaper than the estimated $200,000 to
$400,000 it would cost to tap into Maui Electric Compa-
ny’s electric grid. And we’ll continue to save because we
won’t have to [pay any electric bills,. which would aver-
age about $3,000 annually.”

Source: http://hydrogenhawaii.com/hydrogenhawaii.org/
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Just as the rest of the world looks at the potential of
hydrogen, so too is Minnesota. The state already has a
strong presence in the fuel cell industry, with companies
such as 3M, Phillips & Tempro, Entegris, Donaldson and
ICM Plastics.

In addition, the 2003 energy legislation establishes a goal
of moving Minnesota towards incorporating hydrogen into
its energy mix. The legislation:

Authorized $10,000,000 for the University of Minnesota
Initiative for Renewable Energy and Environment to sup-
port basic and applied research and demonstration activi-
ties, including hydrogen production and improvements to
fuel cell technologies. 

Directs the Department of Commerce and the Department
of Employment and Economic Development to issue a
request for proposals for the construction of a wind to
hydrogen demonstration project that demonstrates all
components of a future hydrogen economy, namely,
hydrogen production, storage, and distribution. 

Requires the Department of Employment and Economic
Development to develop a targeted program to promote
and encourage hydrogen production. 

As Minnesota considers the growing opportunities from
hydrogen, the following questions need to be considered:

� How can Minnesota businesses, government and
academia work together and leverage their respec-
tive strengths and perspectives to address critical
issues in hydrogen production, transportation, stor-
age, usage and education?

� What is the best way to produce hydrogen? Using
traditional sources such as natural gas and coal with
the hope of sequestering the carbon, or from renew-
ables such as wind, photovoltaics and biomass?

� What aspects of hydrogen development relate
specifically to current Minnesota businesses and
industries? How can transitioning to a hydrogen
economy improve economic development through-
out the state?

No matter how these issues are resolved, there are signifi-
cant implications and opportunities for Minnesota.

Hydrogen may solve the intermittancy problems posed by
wind power. By storing energy and making it available
when needed, hydrogen would allow Minnesota to fully
exploit its vast renewable energy potential.

In Minnesota, with its considerable agricultural and natural
resource base, biorefineries (the biomass corollary to oil
refineries) has the potential to produce a wide range of prod-
ucts including hydrogen, electricity, thermal energy, chemi-
cals, fuels, plastics, animal feed and other industrial products.
Other centralized plants may use wind or some other form
of renewable energy to split the hydrogen from water. 

Because of the enormous investment and long lead times
required to take advantage of hydrogen opportunities,
public policy leadership is needed. Today’s energy and
transportation systems would not have evolved without
such leadership. The railroads, the interstate highway sys-
tem and the electrical grid all exist in large part because of
government investment on the public’s behalf. 
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The task of moving to hydrogen is large enough that no
single sector of society can do it alone. This is where con-
sistent, thoughtful public policies that articulate a clear
vision can play a critical role. In addition, there must be
serious coordination and cooperation among business,
government, academic and non-profit interests to make
real progress on a hydrogen-based energy system.

Similarly, a consistent, sustained, and united commitment
to hydrogen development by private industry, Minnesota
state government, the University of Minnesota and other
centers of higher learning, and non-profit groups can help
create a transformative new economic sector. A combina-
tion of incentives, safety codes and standards and long-
term policy goals can provide businesses the predictable
investment environment needed to make the potential of
hydrogen a reality.
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