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Summary. The Hydrogen Economy encompasses the production of hydrogen using a wide range of energy
sources, its storage and distribution as an economic and universal energy canier, and its end use by industry and
individuals with negligible emission of pollutants and greenhouse gases. Hydrogen is an energy carrier not a
primary energy source, just like electricity is an energy carrier. The advantages of hydrogen as a means of storage
and distribution of energy, and the methods of production of hydrogen, are reviewed. Energy sources for hydrogen
production include fossil fuels, renewables, hydropower and nuclear power. Hydrogen has many applications in
industry, for residential use and for transport by air, land and sea. Fuel cells are showing great promise for
conversion of hydrogen into electricity and their development and current status are discussed. Non-energy uses
of hydrogen and the safety aspects of hydrogen are also considered. It is concluded that the Hydrogen Economy,
especially if coupled to renewable and nuclear energy sources, is a technically viable and economic way of
achieving greater energy diversity and security and a sustainable future in this century.

1. Introduction

The use of hydrogen as an energy carrier is now
considered to be a technically viable and economic
solution to the challenge of ensuring a sustainable
future for earth's increasing population. It offers the
opportunity to set up local and national energy
networks able to distribute a clean fuel free from
carbon dioxide emissions and other pollutants.

Governments and industrial organisations in
many countries are providing increasing funds to
study and develop the various parts of a hydrogen
economy. The Australian government held a major
conference on The Hydrogen Economy in Broome
from 18-21 May 2003, with several key international
presentations, and has commissioned a National
Hydrogen Study, due to report in 2003. The major
Australian research organisation, the Common-
wealth Scientific and Industrial Research
Organisation (CSIRO), has included hydrogen as
one of its important new research areas.

The present paper reviews the important aspects
of the use of hydrogen as a new energy carrier,
including methods of production and sources of
energy, and hydrogen's many diverse applications.

2. The Nature of Hydrogen

Hydrogen is an invisible, tasteless, colourless gas
which is the most abundant element in the universe.
It is the source of energy in the universe by nuclear
reactions in the stars, and our sun supplies enormous
amounts of energy to the earth. Hydrogen exists on
earth in vast quantities combined with oxygen in the

form of water. It is also an essential element in
biological processes.

Hydrogen is already used in large quantities in the
petrochemical industries. It can be produced from a
variety of hydrogen-containing resources and it has
a great advantage in that it can easily be stored in
gaseous or liquified form and transported to its point
of use.

It is important to understand that hydrogen is not
a primary source of energy, it is carrier of energy. In
this respect it is like electricity but hydrogen has a
major advantage over electricity in that it can be
stored in large quantities.

3. Historical Background

The first recorded production of hydrogen by man-
kind, although unwittingly, was around the end of
the fifteenth century, when early European
experimenters, particularly Paracelsus (1493-1541)
dissolved metals in acids, but its classification and
description took another 200 years.

Many scientists were involved in understanding
the nature and reactions of both hydrogen and
oxygen and in abandoning the 'phlogiston theory" of
combustion. Among these were Joseph Priestley
(1733-1864) in the UK, Carl William Scheele(1742-
1786) in Sweden, and Antoine Lavoisier (1743-
1794) in France.

Henry Cavendish (1731-1810) in the UK was the
first to discover and describe some of hydrogen's
qualities, but did not name it hydrogen. That honour
went to Lavoisier in his major work "The Method of
Chemical Nomenclature ".
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Hydrogen's buoyancy was soon put to practical use
and a French physicist, Jacques Charles (1746-1823)
flew a hydrogen-filled balloon to an altitude of almost
two miles in 1783. In 1793, soon after the start of the
French Revolution, the use of captive hydrogen-filled
balloons as observation platforms was suggested.
Large scale production of hydrogen by heating steam
in a cast iron tube filled with heated iron filings
started in France soon after and a refined design soon
became the army's standard generator.

In the early nineteenth century, so-called hydrogen
gas was used to light and heat houses and street
lighting. Usually, this was not hydrogen but a mixture
of carbon-containing gases derived from wood and
coal, and the confusion arose from the fact that the
gases were lighter than air and used in balloons.

A fundamental discovery, breaking down water
into hydrogen and oxygen by electrolysis by passing
an electric current through it, was made in 1800 in
the UK by William Nicholson and Sir Anthony
Carlisle. At the same time Alessandro Volta in Italy
produced his first electric cell.

In 1820, the Rev. W. Cecil read a paper to the
Cambridge Philosophical Society entitled "On the
Application of Hydrogen Gas to Produce Moving
Power in Machinery". The engine was operated by
"the pressure of the atmosphere upon a vacuum
caused by explosions of Hydrogen Gas and Atmo-
spheric Air". He claimed that this machine solved the
problems of the lack of water for water engines and
the slowness to start up steam engines, then becoming
popular for fixed and moving machines. It is not clear
if he built the machine.

In the next 150 years, hydrogen's unique properties
were often discussed by scientists and by writers of
science fiction. The most remarkable example was
Jules Verne's description in 1874 in "The Mysterious
Island" of how hydrogen made from water would
replace coal and become the world's chief fuel.

Considerable interest was shown in the early years
of the 20th century in the practical use of hydrogen on
a large scale, and the suggestion that it could be
transported in pipelines was made in the 1930s. Its
most famous practical use was in the hydrogen-filled
Zeppelin balloons in Germany in the 1920s and
1930s. The disaster involving the airship Hindenberg
in 1937 gave hydrogen a bad name but research has
shown that this was not an explosion but a fire caused
by using highly inflammable materials in the
airship's skin (see later in section 11).

Professor John Bockris, an Australian physicist,
proposed a plan in 1962 to supply US cities with
hydrogen produced with solar energy. He published
"Energy: The Solar-Hydrogen Alternative" in 1975
and this is the first detailed overview of a future
hydrogen economy. He claimed that the term
"hydrogen economy" was coined in 1970 in a
discussion at the General Motors Technical Centre in
Michigan, USA. CesareMarchetti, an Italian, should

be given credit for describing in 1970 the potential
of hydrogen in lay terms, and describing the way in
which base-load electricity from nuclear reactors
could support this new approach.

4. The Production of Hydrogen

Hydrogen can be produced by a number of methods
from a variety of materials provided that a source of
energy is available. A list of these methods and
materials is given below, while energy sources are
discussed in section 5:
• Stripping from fossil fuels, eg. natural gas with

steam and a catalyst;
• Electrolysis of water;
• Thermal splitting of water (liquid or gaseous,

with or without a catalyst);
• Splitting of water with photosynthetic bacteria;
• Splitting of water by solar energy in photo-

voltaic and photo-electrochemical cells.
About 40 million tonnes of hydrogen are produced
commercially each year around the world. Of that,
about 10 M te is produced in the USA and used
internally in a refinery or chemical plant making
ammonia for fertiliser manufacture. This world
production is only equivalent to about 1% of the
world's energy demand. A report in 1998 in the
USA claimed that hydrogen production in the USA
had increased by 25% per year from 1993-1997.
This increase was driven by increased use in oil
refineries to remove sulphur, the use of hydrogen
peroxide to displace chlorine as a bleach in paper
manufacture, and a number of other applications in
the chemical industry.

Production from fossil fuels - The most common
method of production of hydrogen is to react natural
gas with steam at about 800-900°C in the presence
of a nickel catalyst. The result is a mixture of
hydrogen, carbon monoxide, carbon dioxide, steam
and unreacted methane. This mixture is cooled to
about 400°C and reacted with more steam over a
second catalyst to produce more hydrogen and
convert CO to CO2. The impurities are removed by
a third process to provide the hydrogen product.
One problem is that production of 1 kg of H2 also
produces about 12 kg of CO2, and this would have
to be captured and disposed of in some way to avoid
its release to the atmosphere (see below for cost).

A more recently developed process (the Kvaerner
Process) uses a plasma torch to convert natural gas
to hydrogen and carbon black at 1600°C at high
efficiency with few impurities and a saleable
byproduct, carbon black. Costs were claimed to be
6.6USc/m3 for the Kvaerner process versus 6.7
USc/m3 for the conventional process in a paper to
the 1996 World Hydrogen Energy Conference. An
estimate of the cost of sequestering the CO2

produced in the conventional process and disposing
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of it underground or in the deep ocean was an
additional 1.8 USc/m3 The capital cost of the
Kvaerner process was about double that of the
conventional process and the electricity cost was
higher, but there was a credit of 5.4 USc/m3 for the
carbon black plus a credit for steam produced.
Overall, the Kvaerner process was more economic.

It is also possible to produce hydrogen from coal
by coal gasification or coal liquefaction, which has
been studied since the 1970s, after the oil crisis, and
the US Dept of Energy has shown interest in these
processes more recently. However, it is more difficult
to handle a solid feedstock and to dispose of the large
amount of residual coal ash.

Production from water by electrolysis - Electrolysis
is a proven process for producing hydrogen and
oxygen on an industrial scale, especially if high purity
is required. It has largely been used in countries with
cheap electricity, eg Norway and Canada. The first
large industrial electrolyser was built in Norway by
Norsk Hydro in 1927, and the first in Canada by
Cominco in 1940. Large plants are now operating in
several countries mainly to produce fertilisers.

Thermal splitting of water - It is possible to split
liquid water or steam at high temperature with or
without a catalyst. The temperature required is
greater than l,000cC and it is generally considered
that a complex three-step process is required.
Research was carried out in the USA in the 1960s,
partly based on a concept of using a high temperature
nuclear reactor (H'I'R) to supply the energy, but few
practical results emerged. The concept is being
followed up again in a few countries, eg. Japan, using
an experimental HTR.

Splitting of water by solar energy in photovoltaic and
photo-electrochemical cells - Considerable research
has been carried out in recent years to use solar
energy coupled •with electrolysis to produce hydrogen.
The book "Tomorrow's Energy: Hydrogen, Fuel
Cells, and the Prospects for a Cleaner Planet" by
Peter Hoffman, MIT Press, 2001 (Ref.2), describes
the history and status of this and related concepts.

A complete facility to produce hydrogen from
solar energy to power three pick-up trucks in
California was developed by a group known as CAN
(Clear Air Now) in association with the Xerox
Corporation. This was tested from 1995-97 and used
a 48 kW array of fresnel-lens enhanced photo-voltaic
cells feeding an electrolyser, clean-up unit and
compressor to produce hydrogen at 5,000 psi (US
units). The hydrogen was used to fuel supercharged
Ford Ranger pick-up trucks with modified engines fed
from lightweight gas tanks each holding 2,600
standard cubic feet of hydrogen at 3,600 psi, equal in
energy content to 5 US gallons of petrol. Each truck
ran about 100 miles per week before refuelling.

Similar projects were undertaken in Germany even
earlier from 1986 by Solar Hydrogen Bavaria with
industrial backing and using 350 kW solar panels.
HYSOLAR, a joint venture by German and Saudi
Arabian companies, spent US$ 64M on R&D from
1986-1994, when hydrogen production commenced
and over 150 research publications were produced.
The German government stopped funding the joint
project in 1995 because "it was too long term" and
it was continued by commercial backers.

Splitting of water with photo-synthetic bacteria -
Research is underway in Japan, Europe and the
USA to split water using sunlight directly in
processes with catalysts or biological organisms,
such as blue algae. One of the first successful
experiments was by two Japanese university
scientists Fujishima and Honda in 1972. They
produced small amounts (1%) of hydrogen and
oxygen by shining visible light on an electrolysis
system that used electrodes of titanium dioxide and
platinum black (hydrogen electrode). Graetzel in
Switzerland claimed in 1996 that a cell using
titanium dioxide panels produced electricity and
hydrogen at remarkably high efficiencies of 7% in
direct sunlight and 11% in diffuse light. He stated
that several companies were working to
commercialise his concept.

5. Energy Sources for Hydrogen Production

A source of energy is essential for the production of
hydrogen. There are many sources available:

Fossil fuels, primarily coal, oil and gas;
Renewables, including hydro, solar, waves,
wind, biomass and geothermal sources; and

• Nuclear, including fission and fusion.
One of the potential advantages of hydrogen over
electricity as an energy carrier is that hydrogen can
be used to store energy produced by intermittent
and dispersed sources such as solar and wind. This
is in contrast to the direct storage of electricity as
research has nol: yet produced very large economical
batteries or other storage devices. Old technology
such the lead acid battery and more recent variants
are not economic for large scale storage.

Fossil fuels, particularly coal, supply the major
part of the world's energy for industrial and
residential needs and for transport. Large base-load
coal-fired and smaller combined cycle gas plants
supply most of the world's electricity. These are
likely to be the main source of energy for producing
hydrogen on a larger scale in the near future.

Renewable energy sources, including solar,
wind, waves and geothermal sources, are being
developed increasingly in an attempt to provide a
more sustainable future and a reduction in
greenhouse gas emissions and other pollutants.
However, they currently only supply a very small
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proportion of the world's energy needs. They are also
more costly than fossil fuels for small and large scale
production of electricity. Hydro power is a valuable
sustainable source of energy and has been used in
some countries, such as Canada and Norway, to
produce electricity and hydrogen. There has recently
been resistance in some countries to developing
additional potential sources ogf hydro power on
environmental grounds, so that this source is not
expected to increase to a large extent.

Nuclear energy currently produces about 16% of
the world's electricity and is an esential part of the
electricity supply in over 30 countries. It has been
advocated by the nuclear industry as a very suitable
source to replace fossil fuels for base-load electricity
production and to reduce greenhouse gas emissions
and other pollutants. Its main problem is public
perceptions of the risks of nuclear reactor accidents,
waste disposal and proliferation of nuclear weapons.

The economics of nuclear power vary considerably
between countries, with some countries (particularly
those without national supplies of coal and gas)
stating that nuclear is competitive. Other countries
with supplies of coal and gas close to load centres
claim that nuclear power is not competitive in their
situations. The main economic problem with nuclear
is that it has high capital costs and low costs for fuel,
maintenance and waste disposal. In contrast, fossil
fuel-fired power plants have low capital costs and
relatively high fuel costs and no account taken of
externalities, such as the cost and risk of emissions of
carbon dioxide and other pollutants.

Recent studies have shown that nuclear power is
competitive with fossil fuels and renewables for large
plants. Attention is now being paid to developing
advanced small and medium sized nuclear plants with
lower capital and generating costs. These are
expected to be even more competitive with fossil fuels
in the future.

The conclusion is that nuclear power would be
very suitable for coupling to hydrogen production in
large plants to supply increasing requirements for
national systems to supply hydrogen and electricity
with minimal emissions of greenhouse gases. The
only viable economic alternative for the near future is
to produce hydrogen by burning fossil fuels with the
consequent increase in greenhouse gases.

6. Fuel Cells: Development and Current Status

Fuel cells, in which hydrogen and oxygen are
combined to produce electricity and water, offer an
enormous potential for a revolutionary change from
a fossil fuel economy to a hydrogen economy. They
also offer a revolution in non-polluting transport for
the world's polluted cities. Fuel cells have undergone
an enormous development in recent years.

The invention of the fuel cell is credited to William
Grove (1811-1896), an English physicist and friend

of Michael Faraday who discovered electromagnetic
induction and experimented with electrolysis. Grove
reasoned that it should be possible to reverse
electrolysis and combine hydrogen and oxygen to
produce electricity. He built his first cell in 1839
and a bank of 50 cells in 1842. The idea was not
taken up again until 1886 when an American
engineer, J. J. Jacques, constructed a large system
using coal and air which produced 1.5 kW at 82%
efficiency. In 1889, Ludwig Mond and Charles
Langer, also repeated Grove's work and tried to
replace hydrogen with coal-gas made by the Mond
process and to replace oxygen with air. They are
believed to be the first to use the term "fuel cell".
However, they soon dropped the idea.

It was not until the 1930s that Francis Bacon in
England developed practical industrial fuel cells.
His developments included using hydrogen-oxygen
mixtures in an alkaline electrolyte at various
temperatures and pressures and a relatively cheap
nickel catalyst. He produced by 1959 a 40-cell unit
to provide 6 kW at 200°C and 38 bars pressure. The
company Allis-Chalmers demonstrated the first
fuel-cell-powered vehicle in the 1960s, a famous
20-horsepower tractor, based on Bacon's cells. Not
long after, NASA found that fuel cells were very
suitable power sources for short space flights as
they produced 8 times as much power per unit
weight, eg. 1.6 kWh/kg, as the best batteries then
available. NASA then awarded a large number of
research contracts for fuel cell development. Fuel
cells were then used on Gemini orbital, Apollo
lunar and later Space Shuttle flights.

In the late 1970s and early 1980s, the US
government spent about $3 50 M on development of
stationary fuel cells following the oil crisis. A
company United Technologies spearheaded the
effort with licenses from Bacon. They developed the
first mega-watt fuel cell facility in 1977. A 4.5 MW
plant was built for New York City but it never
operated due to a number of problems. The first
large plant to be operated successfully was a 4.5
MW plant in Goi, Japan, using United Technology
designs, and this operated at full power in 1984 and
ran on reformed methane. An 11 MW plant was
then built in Goi in 1991 and this ran at full power
for long periods until 1977. It was only considered
to be a development plant but it produced more than
77,000 MWh in over 23,000 hours of operation.

Meanwhile, development continued in several
countries to produce commercial fuel cells with a
range of sizes from watts (suitable to power even
cell phones and computers) to MW for large users.

One of the most sustained and successful
developments was by a Canadian, Geoffrey Ballard,
whose Ballard Fuel Cell has become famous.
Ballard and his small team developed a system
based on a proton exchange membrane (PEM), as
used by General Electric for the space craft. Ballard
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received support in the 1980s and 1990s from the
Canadian government and the US Dept of Energy and
private investors. After initial technical successes
with larger and larger cells, from hundreds of watts to
hundreds of kW, the company went public in 1993.
Several large automotive companies and venture
capital companies supported Ballard, and especially
General Motors, Daimler-Benz and Ford from the
late 1990s. A project to run buses with fuel cells to
reduce urban pollution gave the Ballard company
enormous publicity and support. The first small bus
used a 120 kW cell, had a range of about 160km with
20 passengers and was displayed over two years from
1993 in British Columbia and California. The
company then built large buses with Ballard cells
using compressed hydrogen to operate in Vancouver
and Chicago and three are also planned for Perth

All of the major car makers are carrying out
extensive R&D and expect to put fuel cell cars on the
commercial market within the next decade. These
will probably be based initially on methanol which is
converted to hydrogen on-board, rather than using
stored hydrogen directly. Although methanol is not
ideal it has the advantage of having an existing
production infrastructure and can use conventional
petrol distribution networks and it will reduce, not
remove, the problem of emissions of CO2 and other
gaseous pollutants in urban transport.

7. Hydrogen for Industrial and Residential Use

The concept of using hydrogen in industry and homes
to generate heat and electricity in place of natural gas
or electricity from a grid has been raised
intermittently over many decades. A few
experimental hydrogen-powered houses have been
built by individuals and institutions. One home
conversion of note was by Olof Tegerstrom in Sweden
in the mid-1980s. He used a 24 metre high windmill
with a 16 metre propellor to generate electricity at
about 40,000 kWh/year. He used about 1 kW to power
domestic appliances and 5 kW to generate hydrogen
by electrolysis. He used about 20,000 kWh/year in his
highly insulated home and sold some electricity back
to the grid. He also converted his car to run on
hydrogen. The capital cost was $139,000 in 1998 and
this was regarded as a down payment for 20 years of
electricity costs foregone.

The most ambitious hydrogen house was built in
Freiburg, Germany, by the Fraunhofer Institute for
Solar Energy Systems at a cost of $1.5M in 1987-
1990. Forty square metres of photo-voltaic cells with
thermal solar collectors supplied electricity and heat.
A 2 k W electrolyser produced hydrogen for long-term
energy storage and a bank of batteries were used for
short-term electricity storage. A fuel cell converted
hydrogen back to electricity. It only operated for 5
years and the project was apparently abandoned.

A large number of companies in many countries

are developing fuel cell systems for industrial and
residential use. Typical fuel cell units can be bought
to produce 200 kW, and the largest in 2001 was a 2
MW unit, using molten carbonate fuel cells.

Storage for large amounts of hydrogen is
essential if it is to be used industrially unless major
long-distance pipelines are built. Hydrogen can be
stored underground as well as in cryogenic surface
stores. The problem has been the cost of liquefying
hydrogen and storing it. The Kennedy Space Centre
in the USA has huge storage tanks for liquid
hydrogen and oxygen, but at a high cost. A
Japanese program is underway to develop large
underground storage tanks and large tankers as well
as a 500 MW liquid hydrogen burning gas turbine.

Storage of hydrogen in a solid metal (iron-
titanium) hydride and in carbon fibres or tubes has
received a lot of attention recently. These are
feasible concepts for hydrogen storage for vehicles.

8. Hydrogen for Transport: Land, Sea and Air

The early Ballard bus project and the increasing
interest by the large car manufacturers has been
referred to in section 6. The use of fuel cells is
expected to revolutionise urban transport in the next
two decades. Iceland has decided to replace its
entire fishing fleet with hydrogen-fuelled engines.
There have been several attempts to develop a
hydrogen fuelled aeroplane over many years.
Considerable research was carried out in the USA
and Russia. In 1957, an American modified B-57
twin jet plane had flown short experimental flights
with one engine operating with liquid hydrogen
fuel. In 1988, a modified Tupolev 154 airliner flew
from Moscow with the turbofan engine on the right
side modified to use liquid hydrogen. That same
year a US pilot, william Conrad, became the first
person to fly a single engine plane entirely on
hydrogen including take-off, flight and landing. He
financed this record privately.

The conclusion of aeronautical experts is that
hydrogen powered subsonic and supersonic aircraft
and spacecraft is technically and economically
feasible in the long term but requires considerable
further R&D.

9. Distribution of Hydrogen

One of the problems of using hydrogen in a future
sustainable energy economy, assuming that it can
be produced on a large scale economically, is its
distribution to the end users and that there is a
commitment by government and industry. The
options for distribution are as gaseous or liquid
hydrogen in pipelines or by tankers as used to
distribute gaseous and liquid hydrocarbons.

Hydrogen is not inherently expensive, eg.
production from natural gas is about US$8-10/GJ,
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which is equivalent to petrol at about US$8/GJ (about
US$ 1. I/gallon). The problem is that current methods
of distribution are expensive, eg. truck delivery of
hydrogen is USS15-20/GJ for gas over 160 km and
US$60-70 over 900 km. In comparison truck
transport as liquid hydrogen costs US$1-2 over 160
km and US$6-7 over 900 km.

In a small country the problems of distribution are
easily overcome, but they remain an obstacle to be
overcome for a large country like the USA or
Australia. An ambitious US-wide plan has been
discussed in recent years in which a national network
of distribution pipelines carrying hydrogen and
electricity would be constructed with feeder lines to
important cities or regions. These pipelines would be
cryogenic, and in addition cryogenic supertankers
would be used to transport liquid hydrogen by sea and
road, particularly to hydrogen refuelling stations for
cars, trucks and buses.

This may appear to be in the realm of science
fiction of the Jules Verne variety, but it must be
realised that much of the current electricity
infrastructure in large countries will have to be
upgraded or replaced in the next two decades at
enormous cost. If this is not done many cities and
countries will experience the brown-outs or black-outs
of electricity that have been experienced recently.

Hydrogen pipelines have been used in Germany
for many years, the first being a 20 km pipeline in the
late 1930s which operated for over 50 years without
any major accident. A study in 1993 reported that a
total of 750 km of hydrogen pipelines were in use ain
several countries, with one line in France covering
340 km. These are gas pipelines operating at 3,400-
100,000 kPa.

Very few comparative studies of hydrogen versus
electricity transmission over long distances have been
published. A German study in 1989 compared the
transport of electricity and hydrogen from a solar
facility in Algeria to Germany, a distance of 4,000 km
across land and water. The conclusion was that a
combination of electricity and hydrogen was cheapest,
but the investment cost was enormous at US$144B.

A study by Joan Ogden at Princeton University in
1993 concluded that piped hydrogen would not be
needed to supply fuel for all vehicles in the USA if
they contained high efficiency fuel cells supplied with
hydrogen from photo-electric driven electrolysers
using only 1% of the available desert areas for the PV
cells. The break-even gasoline price was between
US$1.29 and 1.60, which is what American drivers
were paying in the 1990s. This poses a typical
chicken and egg situation as to whether the cars come
first or the fuel infrastructure.

A good example of a commitment by a government,
industry and business to revolutionise a country's
energy system by converting to a hydrogen economy
is that of Iceland, with a population of 265,000.
Iceland has considerable resources of hydro power

and geothermal energy. It has also made hydrogen
by electrolysis for fertiliser production for many
years.

A Joint Venture has been set up by the
government with participants from a local business
consortium and three multi-national corporations,
DaimlerChrysler, RoyalDutch/Shell Group and
Norsk Hydro. Eventually, all of Iceland's fishing
fleet, cars and buses will run on either hydrogen or
methanol, probably using fuel cells. The energy
sources for hydrogen production will be hydro and
geothermal.

Another example of a government commitment
is the recent announcement by President Bush that
the US will spend $1.2B on research on hydrogen
powered vehicles.

10. Non-energy Uses of Hydrogen

Hydrogen has been used for many years in the
chemical and petrochemical industries for a variety
of applications, eg. fertilisers, oil refining, reduction
of metal ores, oxy-hydrogen torches for cutting
metals and glass, cooling of electric generators, etc.
If hydrogen is produced in the future on a much
larger scale the number of non-energy applications
is likely to increase.

11. Safety Aspects of Hydrogen

The accident in 1937 of the zeppelin Hindenberg
which caught fire and killed 36 persons gave
hydrogen a bad name. Recent research has shown
that the main cause was static electricity and highly
inflammable materials used in the airship's skin.
Before the disaster, the Hindenberg made ten round
trips between the USA and Europe and its sister
ship Graf Zeppelin made regular transatlantic
crossings from 1928 to 1937.

Extensive experiments on the safety of hydrogen
have confirmed that it is safe for widespread use in
industry and in transport. For example, deliberate
fires and simulated lightning strikes on containers
of liquid hydrogen and containers of jet fuel showed
that the resulting fires were less severe and expired
more quickly with hydrogen than with jet fuel.
Long distance pipelines transporting hydrogen
under pressure between chemical plants have been
operated safely for many years. Hydrogen is
however, perceived as dangerous by the public and
this perception must be answered if the hydrogen
economy is to be accepted.

12. Conclusions

Hydrogen is an energy carrier not a primary energy
source, just like electricity is an energy carrier.
Hydrogen can be produced from hydrocarbon-
containing materials and from water by a number
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of processes. The two processes most often used
industrially are stripping from natural gas and
electrolysis of water. A wide range of sources can be
used to provide the energy required, eg. fossil fuels,
nuclear energy, renewables (solar, wind, waves, geo-
thermal). Hydrogen can be distributed as a gas or a
cryogenic liquid by pipelines or tankers. It can then
be used in a large number of applications in industry,
residential use and in transport to replace petroleum
products. Extensive studies have confirmed that it is
safe for widespread use in industry and in transport.

Fuel cells in which hydrogen and oxygen are
combined to produce electricity have reached a high
level of development and can be obtained in a range
of outputs from watts to megawatts. Cars and buses
are already operating in several countries and further
development on the vehicles and infrastructure for
hydrogen delivery is soon expected to make them
more readily available at an affordable cost.

A number of governments and major international
companies are committing large amounts of funds to
develop what has now been called the Hydrogen
Economy. It is concluded that this concept, especially
if the hydrogen is produced from renewable and
nuclear energy sources, is technically viable and an
economic way of achieving greater energy diversity
and security and a sustainable future with minimal
emission of pollutants and greenhouse gases.
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SUMMARY OF THE PATHS TO A HYDROGEN ECONOMY
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(water)

- Steam Reforming

- On-vehicle reformer

Combustion

DISTRIBUTION >

Pipelines

Trucks
-gas
- liquid

Ships

Rail

STORAGE >

Metal tanks

Composite tanks

Metal hydrides

Chemical
hydrides

Nanotubes/fibres

ENGINE/
FUEL CELL(FC)

Vehicle FC (PEM)

Stationary FC (solid
oxide, molten
carbonate, alkaline)

Internal combustion

Hybrid engines
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S of Developments in the Applications of Hydrogen

Aiiis Chalmers. Tracks, early 1960s;
Firs! Fuel Cell Powered Vehicle (Ref.2).

Europe's First Hydrogen Refuelling Station,
Hamburg, Germany, opened in 1999 (Ref. 2)

Oiof I'egstrom's Hydrogen House and Car.
Sweden. 1998 (Re. 2).

Fuel Ceil F.voBus .for Perth Trials, 2004
DaimlerChrysler bus. Ballard 250 kW fuel cells

with 44 kg H2 oil roof at 350 bar from BP Kwinana,
top speed SO kinh, range 200 km (Ref.2)

Plan for an Australian Hydrogen Economy
Proposed in Paper by Professor Veziroglu, Clean Energy Research Institute of Miami,

at Cortfecei)ce on Tlie Hydrogen Economy, Broome, May 2003 {Ref. 3).
The present paper proposes substituting large base-load nuclear power stations in remote

areas in place of coal-fired stations and carbon dioxide capture and sequestration.
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