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About Hydrogen 2000, Inc.

In 1979, a documentary entitled “Fire in the Water” was aired on national television.  It presented a vision 
of the opportunity of hydrogen energy.  In that documentary, Derek Gregory, then a vice president at the 
Institute of Gas Technology and one of the earliest hydrogen pioneers, said,

“...hydrogen is an option that we have to keep open, an option that we have to work on, and 
I think that our next generation could very likely  be using hydrogen in a safe and economic way.” 

In 1980 at a conference in Riverside, California, then Congressman Charles Grassley of Iowa said the 
reason that the federal government was not supporting the development of this option was that hydrogen 
did not have a political constituency.

It has been more than twenty years since that early optimism for hydrogen.  We’ve seen major technical 
developments in renewable energy and fuel cells.  Clean, safe, efficient hydrogen vehicles and fuel cells are 
being demonstrated around the world— but the hydrogen option is still considered by many to be far in the 
future.

In 1995, William Hoagland and Geoffrey Holland enlisted a number of prominent scientific professionals and 
members of the media industry and created Hydrogen 2000, Inc., an educational nonprofit organization.  
Its ten-member board of directors and more than twenty technical and media advisors share the belief that 
hydrogen should be considered as the fuel of choice for the 21st century, because it’s clean, sustainable, 
and may be produced from a variety of energy resources— it will simply be better than what we now have. 

Hydrogen 2000’s mission is to build constituencies for a transition to a sustainable energy economy that will 
eliminate the major sources of air and water pollution, greenhouse gases, and environmental degradation.  

This unique partnership of scientific and media expertise is proving to be an effective means of educating 
the public and building support for these issues.  In 1996 Hydrogen 2000, Inc. produced a one-hour 
documentary, Element One, that has been broadcast on PBS and on stations around the world.   
Renewable Power, a half-hour educational video, is being shown at schools and universities throughout 
the country.  A 7-minute version of Renewable Power was also produced for use in presentations.  Our 
latest project is Hydrogen: The Matter of Safety, a video on hydrogen safety.
   
Our hope is that projects such as these will help build public awareness, and thus create constituencies, so 
that hydrogen will be given serious consideration in our energy future.

For information on obtaining additional copies of this brochure and accompanying video, or to find out about 
other Hydrogen 2000 productions, contact:

Hydrogen 2000, Inc. 
11684 Ventura Blvd., Suite 5108

Studio City, California  91604  USA
818-980-0725

e-mail:  h2000@earthlink.net

Boulder Office:
7253 Siena Way

Boulder, Colorado 80301  USA
303-530-1140

e-mail:  hydrogen2000inc@aol.com
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Note to Educators:  This reference guide is a companion document to 
the video, Renewable Power: Earth’s Clean Energy Destiny.   It is 
intended to provide supplemental information on each of the renewable 
technologies described in the video that can be adapted by the instructor 
to be suitable for various grade levels. It also includes suggested discus-
sion topics, sources of additional information, and key terms presented 
in the video and this guide.  
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Renewable Energy’s Link 
to The Hydrogen-Electric Economy

INTRODUCTION 

 We are living in a world of rapid and accelerating change, and tech-
nological advances are transforming the way we live.  We travel farther 
and faster.  Computers and the internet give us unprecedented access to 
vast amounts of information.  The demand for energy has gone far beyond 
heating our homes and cooking our food.  We use energy in greater 
amounts and in more ways than ever before; for transportation, communi-
cations, cooling buildings, refrigeration, and manufacturing.  As more and 
more areas of the world develop, the demand for energy will continue to 
increase dramatically, impacting the global environment in unpredictable 
ways.  We must develop an energy strategy for the world’s energy future 
that is economically and environmentally sustainable.  

 The use of fossil fuels has enabled the creation of the modern indus-
trial economies, but fossil fuels are a finite resource in a world of devel-
oping countries intent on economic growth.  Increasing consumption is 
causing concerns over pollution, global climate change, and energy secu-
rity.  Eventually, the world must transition from coal, oil and natural gas 
to sustainable energy systems based on renewable or abundant energy 
sources.  Fortunately, technological advances are emerging that enable 
solar, wind, and other renewable resources to become economically 
viable.  Electricity and hydrogen produced from these sources could one 
day become the main energy carriers that deliver the energy to meet all 
our needs. 

 More than a century ago, the author Jules Verne recognized hydro-
gen as a potential energy carrier.  Hydrogen contains no carbon that can 
form pollutants or greenhouses gases.  It can be manufactured directly 
from water, using solar, wind, or any other renewably-produced electricity.  
When used as a fuel, it produces only water and heat as a byproduct. 

Solar Driven Hydrogen Production

Hydrogen may be produced from 
solar energy in numerous ways.  All 
processes shown in this graphic convert 
the sun’s energy to electricity except 
for biomass, which can be gasified to 
extract hydrogen directly.  There are 
additional advanced processes under 
investigation that convert the sun’s 
photon energy directly into chemical 
energy.  These photoconversion 
processes are at an early stage of 
research, but may someday become 
the most efficient and cost effective 
route to a hydrogen economy.

U.S. Department of Energy

Hydrogen has been called the link to 
renewable energy.  It can be produced 
from renewable resources and act as a 
renewable fuel for many uses.  When 
consumed, it produces only water and 
heat as byproducts.
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THE EVOLUTION OF ENERGY USE

Fire, fueled by wood, plant materials, and animal waste, was early 
man’s first form of energy for cooking and heating.  Developing areas of 
the world still meet much of their daily energy needs in the same way.  

In the 19th century, technologies to use more concentrated forms 
of energy such as coal and oil were developed and the industrial age 
began.  By the end of the century, the beginnings of both the petroleum 
and electric power industries began to slowly develop, shaping the 20th 
century.  The petroleum era began in the 1890’s with the introduction of 
the first primitive automobiles.  Early autos were impractical and expen-
sive, causing critics to predict that they would never be as reliable as 
horse-drawn carriages.  The development of the internal combustion 
engine and an abundant, cheap supply of petroleum proved the critics 
wrong, and a transportation system that gave us unprecedented mobil-
ity evolved.  In just one hundred years, our transportation system was 
converted from one powered by horses to one powered by petroleum. 

Electricity was an equally transforming energy technology that built 
momentum as the inventions and discoveries of the previous two cen-
turies for the generation and transmission of electricity were adapted 
to practical applications.  The first central generating station was estab-
lished in 1882 on Manhattan Island in New York City by Thomas Edison.  
Fourteen years later, the first large-scale transmission of electric power 
took place in1896 in New York when electricity generated at Niagara 
Falls was transmitted by wire twenty miles to Buffalo.  This new technol-
ogy was an immediate success.  Everyone wanted to replace smoky, 
smelly kerosene lanterns with the powerful incandescent lamp for indoor 
lighting.  By the end of the 20th century, an astonishing array of new 
applications for electricity had been invented: from kitchen appliances 
such as refrigerators, toasters, and coffee pots to stereos, televisions, 
and computers.  Today, the electric power industry is a $800 billion dollar 
per year business.
  

The availability of cheap fossil energy in the past century, primarily 
oil and coal, enabled the creation of the modern industrial economy.  But 
fossil resources are finite, and their rate of depletion is accelerating in a 
world intent on growth.  This increased energy consumption is causing 
greater concern over pollution, global climate change, and energy secu-
rity. 

The energy landscape has evolved from less efficient, carbon inten-
sive energy sources toward more efficient and less carbon-intensive 
fuels.  This evolution continues, with the introduction of natural gas, alco-
hol fuels, hydrogen/natural gas mixtures, and even pure hydrogen, which 
doesn’t have any carbon at all, into the energy mix. 

Key Terms

Btu - the quantity of heat required to raise the temperature of one pound 
of water one degree Fahrenheit at  39.2 degrees F. 

Combustion - burning.  Oxidation with the emission of heat and light 
(flame).

The world is moving toward fuels 
that contain less and less carbon.  
The above table shows that the “up 
and coming” fuels such as natural 
gas, alcohols and hydrogen have lower 
carbon to hydrogen ratios than the coal 
and petroleum energy sources that 
we began using in the 19th century.  
Ultimately, we may operate on only 
hydrogen and electricity which contain 
no carbon at all.  Getting carbon out 
of our energy carriers will virtually 
eliminate most forms of pollution and 
greenhouse emissions.
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Kilowatt - 1,000 watts

Watt - a current flowing at one volt and amphere.  Power (watts) = I 
(amps) x V (volts). 

Watt hour - a unit of electrical energy equal to one watt of power supplied 
to or taken from an electric circuit for one hour.  A gigawatt hour is equal 
to one billion watt hours. 

Discussion Topics

1. Is using lots of energy bad?  Why or why not?
2. What are the benefits of cheap plentiful energy to society?  What are 

the drawbacks?
3. What about environmental effects, depleting valuable resources, 
4. Should we be concerned about global climate change?  Why or why 

not?
5. How has energy use changed?  What was the shift in energy 

resources?

For More Information

Renewable Energy: The Infinite Power of Texas, is a web site sponsored 
by the Texas General Services Commission’s State Energy Conserva-
tion Office.  It has a worksheet called  “What’s a Watt?” that helps the 
user understand the relationship between energy and power and auto-
matically calculate different values based on the users input.  Other 
worksheets include the Carbon Pollution Calculator, the Electric Power 
Pollution Calculator, PV Economics, and a Water Heater Calculator. 
 http://www.infinitepower.com

The National Renewable Energy Laboratory’s web site contains informa-
tion on the “true costs” of energy that are not accounted for: the costs 
associated with environmental damage or health problems caused by 
pollution.
 http://www.nrel.gov/debate/costs.html

“Origin of Electrical Power.”  A prehistory of electric power systems.  
www.si.edu/organiza/museums/nmah/csr/powering/prehist/

prehist.html

ENERGY AND SUSTAINABILITY 

The term “sustainable development” was first used at the World Con-
servation Strategy in 1980 and in the Brundtland report in 1987.  It was 
defined as “development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs.”  
There is no universal agreement on this concept, particularly with regard 
to the extent which man-made assets can be substituted for natural 
resources.  Most environmentalists interpret sustainability to mean the 
preservation of current resources, such as forests, and water, air, and 
soil quality.  Sustainability implies the ability to continually replenish 
resources.  Unlike fossil fuels and uranium, which are limited, irreplace-
able, and nonsustainable; renewable energy sources such as solar, wind, 
hydropower and biomass can be regenerated, recycled, and renewed.  
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Today the developed world meets most of its energy needs with 
coal, oil, and natural gas—finite, nonrenewable resources.  Predictions 
of when they will be depleted based on projected energy use trends and 
known reserves have been proven wrong time and again as new tech-
nologies make it possible to discover or economically recover yet more 
resources.  But once they are used up, whether it is in fifty years or five 
hundred years, there will be no more.

    
The same energy services that we receive today can be met by 

renewable energy technologies.   The characteristics of renewable energy 
technologies are:

• They are sustainable, because energy is produced from non-deplet-
able sources. 

• They are clean, and can be pollution free.

• Renewable energy resources are diverse, and one or more forms 
are domestically available in most regions, minimizing the ability of 
any country or geographic area to have a monopoly.

• Most renewable energy resources are intermittent and require stor-
age to meet variations in  demand.

Renewable technologies have inherent environmental advantages, 
but they also have some drawbacks when compared to conventional 
energy technologies.  Because they are not concentrated energy 
resources, there are costs associated with collecting and converting 
them to a more readily used form of energy such as electricity or fuels. 

For More Information

The Energy Information Administration is the most reliable source of 
information for energy statistics.  The statistical agency of the U.S. 
Department of Energy, the EIA collects and analyses data on petroleum, 
natural gas, coal, electricity, and renewable energy.  It also provides 
extensive links to other energy and statistical information, including other 
U.S. Department of Energy sites and national laboratory sites.
 www.eia.doe.gov

The National Renewable Energy Laboratory’s web site, Clean Energy 
Basics, provides information about solar, wind, bioenergy, geothermal, 
hydropower, and ocean energy.
 www.nrel.gov/clean_energy/

The U.S. Department of Energy’s web site, Clean Energy for the 21st 
Century explains clean energy and energy-efficient products and prac-
tices, including renewable energy.
 www.eren.doe.gov/cleanenergy/
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ENERGY AND GLOBAL CLIMATE CHANGE

The 1990’s were marked with a notable increase of extreme weather, 
which was also noted for containing six of the ten warmest years on 
record.  The first six months of 1998 were the hottest in recorded history.  

A clear connection has been drawn between the use of fossil fuels 
and global warming. While greenhouse forecasts are uncertain and likely 
to remain so, it is indisputable that the chemistry of the atmosphere is 
changing.  Airborne carbon dioxide has increased by one third since the 
industrial revolution began, and is on its way to doubling.  If we stopped 
using fossil fuels altogether, it would take 75 years for the levels of carbon 
dioxide in the atmosphere to be reduced by one half.  

Even skeptics agree that the earth’s atmosphere is warming, though 
they attribute it to a natural cycle.  The questions revolve around specific 
aspects of the problem within that general agreement.  How much will the 
atmosphere warm up?  What will happen?  To what extent are humans 
responsible?  And what can and should we do about it?

Another issue is the economic effects of loss to property and life 
caused by an increase in extreme weather.  Hurricane Mitch claimed 
more than 11,000 lives in Central and South America.  In 1998 alone, bil-
lions of dollars of damage occurred in the United States as the result of 
extreme weather.  According to the Worldwatch Institute in Washington, 
D.C., by 1999 insurance companies had paid out $91.8 billion in losses 
from weather-related disasters in the 1990’s; four times what was paid 
out during the previous decade.  It has been estimated that the environ-
mental and social costs associated with burning fossil fuels are over $8 
per gigajoule, or more than $1 per gallon of gasoline.

For More Information

For the text of the Kyoto Protocal, the historical agreement ratified 
in December 1997 that sets legally binding greenhouse gas emission 
objectives during 2008-2012 for industrialized countries, go to: 
 www.iea.org/clim

The Worldwatch Institute in Washington, D.C. fosters the evolution of an 
environmentally sustainable society, and conducts interdisciplinary non-
partisan research on emerging global environmental issues, including 
global climate change.  This information is widely disseminated through-
out the world through books and magazines published by the Institute, 
and through Worldwatch Issue Alerts posted on their web site.  Also 
includes links to related sites.  
  www.worldwatch.org

The web site of the Global Climate Coalition, an organization of busi-
ness trade associations established in 1989 to coordinate business par-
ticipation in the scientific and policy debate on the global climate change 
issue.  It is the leading group of skeptics in the climate change debate.  In 
recent years many of its key members, including oil companies and auto 
manufacturers, have withdrawn from the organization because they no 
longer support its mission.   

www.globalclimate.org

Source:  Munich RE

Scientists predict that extreme 
weather events such as heat waves, 
droughts, fires, downpours, and floods 
will occur more often, and with greater 
intensity as global temperatures rise.

–from “Storm Warning: Global 
Warming and the Rising Costs of 

Extreme Weather,” Colorado Public 
Interest Research Foundation
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SUSTAINABLE ENERGY SYSTEMS

When we think of solar energy, we usually think of radiant energy 
directly from the sun.  Most energy on earth originates from the sun, 
except for nuclear, geothermal, and tidal.  Even fossil fuels, which are 
the products of decayed organic material such as plants and trees that 
originally grew by the absorption of sunlight in the photosynthesis pro-
cess.  Wind, biomass, hydropower, and ocean energy are indirect forms 
of solar energy, all of which can be converted to electricity.  Wind energy 
is caused by the sun’s uneven heating of the earth’s surface.  Biomass 
energy is the result of growing plant material though the sunlight-driven 
process of photosynthesis.  Even hydropower derives from solar energy: 
the sun evaporates water from the earth’s surface, resulting in rain or 
snow which falls back to the earth and flows into rivers, whose potential 
kinetic energy can be converted into electricity.  Oceans are earth’s larg-
est solar energy collector and energy storage system.  The ocean’s ther-
mal gradients, layers of water having different temperatures, can be used 
to drive a power-producing cycle.  Each of these forms of energy can be 
converted into electricity.

 The sun is a huge fusion reactor where hydrogen is converted into 
helium, and energy is released as solar radiation.  The sun loses 360 
billion tons of material each day through radiation, and will eventually 
become depleted and die, but not for billions of years because of its enor-
mous mass.

 Solar radiation is comprised of electromagnetic waves that can be 
converted into heat and electricity.  The total solar radiation shining on 
the earth, with its diameter of 12,740 kilometers (about 8,000 miles) is 
about 250 trillion kilowatts.  This is roughly equivalent to 250,000 elec-
tric power plants.  Only about one fourth of this energy actually reaches 
the earth’s surface; the rest is reflected back into space.  The amount 
that reaches the earth’s surface is 15,000 times as much energy as the 
world’s population uses.  The U.S. land area is about 5 million square kilo-
meters (about 2 million square miles), and each square meter receives 
an average of about 3 kWh per day of energy.  In one day, this is almost 
equal to the amount of energy consumed in an entire year.  If we could 
collect and convert even a fraction of this energy into electricity or fuels 
at ten percent or greater efficiencies, only two to three percent of the land 
area of the U.S. would be needed to displace all other forms of energy. 

SOLAR ENERGY
 

At present, there are two principal ways of directly collecting the 
sun’s energy.  The first, solar thermal energy, takes advantage of the heat 
generated by the sun’s rays.  The second, photovoltaics, uses the energy 
of the sun’s photons to generate electrical energy.  In the future we 
may develop economic methods of directly converting the sun’s photon 
energy to chemical energy, a process called “photochemistry.” 

     
Solar Thermal Systems

Much of the sun’s energy thermalizes, or changes into heat energy, 
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when it enters the earth’s atmosphere or strikes the earth’s surface.  A 
sidewalk or car that becomes hot after sitting in the sun are examples of 
solar thermal energy.  Devices that capture the sun’s energy and convert 
it into useful thermal energy are called solar thermal collectors. 

There are two types of solar thermal systems: non-concentrating and 
concentrating.  Because solar energy is dispersed and not very concen-
trated (less that one kilowatt per square meter during peak sunlight), 
some solar thermal systems use mirrors, or reflectors, to concentrate 
sunlight on a receiver.  Non-concentrating systems do not use reflectors, 
and are used where the heat is used directly or high temperatures are 
not required, as in residential space and water heating, and to heat swim-
ming pools.  Concentrating systems are used for power generation, and 
increase the sun’s intensity over that of normal sunlight by focusing sun-
light striking a reflective device onto a focal point.

There are three design architectures for concentrating solar thermal 
systems: line-focus systems, central receiver systems and point-focus 
dish systems.

Line-focus systems are also known as trough systems.  In these 
systems, sunlight is concentrated by the reflective surface of a parabolic 
trough onto receiver tubes that run along the line of focus, heating the 
working fluid flowing through the tube or pipe.  The working fluid is trans-
ported to storage or to a conversion system to generate electricity in 
a conventional steam generator.  These systems normally operate at 
concentration ratios of 10 to 100 and temperatures of from 100 ˚C and 
400 ˚C .  A “collector” field of many troughs is aligned in parallel rows 
on a north-south axis so the troughs can track the sun from east to 
west during the day, with the sun continuously focused onto the receiver 
tubes.  A collector field is sized to contain as many modules—parabolic 
trough, collector and tracking assembly—as needed to form a system 
capable of generating the desired amount of power. 

Central Receiver Systems, also known as “power tower” sys-
tems.  The largest of these systems are capable of generating as much 
as 10 megawatts of electricity.  Sunlight is concentrated onto a receiver 
mounted on top of a tower by hundreds, even thousands, of reflectors or 
mirrors called heliostats.  Each heliostat is 50 to 150 square meters, and 
uses a tracking device to move with the sun.  The heat absorbed by the 
receiver is transferred to a heat transfer fluid such as molten salt, which 
is heated to 1,050 ˚F and flows to storage until power is needed.  The 
hot salt is pumped to a steam generating system, where the heat energy 
is converted to electricity by a conventional steam generator, steam tur-
bine, and electrical generator.  In this system, the molten salt retains 
heat so it can be stored for days until being used to generate electricity.  
These systems are capable of realizing concentration ratios of from 300 
to 1,500, and operate at temperatures up to 1,500 ˚C.

Point-focus dish systems hold the record for all solar-to-electric sys-
tems with a net efficiency at 29.4 percent.   Tracking mechanisms con-
tinuously adjust a parabolic dish on two axes so that they are always 
pointed at the sun, and sunlight is reflected directly into the focal point 
of the receiver.  The receiver absorbs the energy and heats a working 
fluid, similar to the line-focus and central receiver systems.  The most 
efficient of all three collector system designs, point-focus dish systems 

Parabolic Trough

Parabolic Dish

Central Receiver
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typically have concentration ratios of from 600 to 2,000 and operate at 
temperatures above 1,500 ˚C .  Dish systems that use a small generator 
at the focal point to absorb solar energy to heat a working fluid or gas to 
generate shaft work are known as Stirling engines and are used to drive 
an electrical generator.

Photovoltaics  

 Photovoltaic, or “PV” systems convert light energy into electricity.  
Sunlight, composed of particles known as photons, shine on semicon-
ductor materials and convert solar energy into electrical energy.  Known 
as the photovoltaic effect, photons interact with the semiconductor 
materials that react with sunlight and release electrons from their atomic 
structures, producing a voltage.

 PV systems, also known as solar cells, are already commonplace.  
Small calculators and wrist watches and highway warning lights and 
emergency phones are just a few examples of the simplest systems in 
wide use.  More complex systems provide electricity for a variety of uses, 
from pumping water and powering communications equipment to resi-
dential uses such as lighting our homes and powering our appliances.  
PV power is often the cheapest source of electricity in remote areas. 

 PV systems are environmentally benign in operation.  They produce 
no air pollution, global warming gases such as carbon dioxide, sulfur 
dioxide, or nitrogen oxides, or waste fuel products.   Every gigawatt-hour 
(=1 million kilowatt-hours) of electricity generated by PV systems instead 
of coal prevents the emission of up to 1,000 tons of carbon dioxide.

 Photovoltaics has the potential to meet almost any application 
requiring electricity, from small, remote applications to large central 
power stations.  Typical systems, scaled to meet specific applications, 
are stand alone systems, grid-connected systems, and bulk power gen-
eration systems.    

 Stand Alone Systems provide electricity where there is no electric 
grid.  They can be used to:  

• Power remote villages, either by replacing expensive diesel 
 generators that cause adverse environmental impacts, or to bring 
 electricity to villages where there is none

• Provide lighting, from powering security lights to lighting a single 
 home.  

• Light warning signs on highways.

• Power small appliances such as a radio or television to a single 
 home, or to power small refrigeration units for vaccines.

• Power pumps to supply water for households or villages, agriculture, 
 livestock, pond aeration, and light industry.

• Power communications, such as television and radio transmitters 
 and receivers, microwave repeaters, telephone systems, small 
 radios, and emergency phones along highways.

Solar panels on roofs could someday 
produce electricity to power buildings 
and hydrogen to heat buildings and 
fuel cars. 
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• Provide cathodic protection, to prevent metal corrosion to structures 
 that are either buried in the earth or are underwater, such as pipes, 
 tanks, well heads, bridges, and buildings.

• Power electric vehicle charging stations. 

 Grid-connected Systems - PV systems connected to the utility 
grid for high-value applications such as demand-side management and 
transmission and distribution support.  In demand-side management 
applications the use of PV systems to generate electricity during peak 
demand periods helps “smooth out” electrical demand at the main gener-
ating plant.  In transmission and distribution support, PV systems can be 
used to boost line voltages to expand a utility company’s service territory, 
avoiding the expense of upgrading or expanding its traditional transmis-
sion and distribution system (transformers, larger distribution lines). 

 Bulk power generation - large-scale electric power generation for 
the utility grid.  Currently not cost-competitive with other forms of electri-
cal generation. 

 Some major challenges for solar energy: the sun does not always 
shine and its intensity can be reduced when the sun’s rays are bent or 
reflected by water droplets and particles in the atmosphere.  For enough 
usable energy to be collected, sunlight must be collected from a rela-
tively large area.  Some systems utilize thermal storage systems so that 
electricity can be produced during cloudy periods or at night, improving 
system efficiencies.  Systems may also be hybridized with other power 
generating systems so that electricity can be produced even when the 
sun isn’t shining. 

 Currently, concentrating solar thermal systems are the most eco-
nomical of the direct solar technologies, producing electricity at $2 to $3 
per watt, or 9¢ to 12¢ per kilowatt-hour.  To be economically competitive, 
PV systems costs must be reduced to below $3 per watt.  Nonetheless, 
photovoltaics is often the most economical way to bring electricity to the 
more than two billion people living in remote and developing areas of the 
world that lack electricity.

 While photovoltaic efficiencies have improved dramatically since the 
1970’s, and cells have been developed that achieve over 30 percent 
efficiencies, innovations are being made that further reduce costs, 
increase efficiencies, and improve system reliability, durability, and ease 
of use.  Research is on-going in the areas of manufacturing technology, 
module development, and balance-of-systems (inverters, batteries, sup-
port structures, junction boxes, and control systems) components.  To 
reduce manufacturing costs, researchers are investigating the use of 
low cost materials such as amorphous silicon, and new production tech-
niques for thin films and crystalline silicon.  Advanced high efficiency 
concepts also hold promise.   

Key Terms 

Concentrator - a reflective device that focuses sunlight onto an area 
smaller than the reflective surface, intensifying the sunlight at the point of 
focus. 
 

Photo courtesy of University of Southern Florida

Hybrid vehicles now under 
development may recharge their 
batteries at PV power stations such 
as this one at the University of South 
Florida.  This electric-vehicle recharging 
station in South Florida is powered by 
a grid-connected PV array mounted 
on the roof.  When no vehicles need 
recharging, power from the modules is 
transferred to the utility line.  This is the 
first PV-powered recharging station in 
the country.

The cost of electricty from 
photovoltaics   dropped dramatically 
from 1970 to 1990 as R & D efforts 
increased cell efficiencies and reduced 
costs.
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Heliostat - a solar-focusing device with a highly reflective mirror that 
tracks the sun and focuses sunlight on a central receiver located on a 
tower.

Photovoltaics - the direct conversion of sunlight into electricity

Solar cell - a PV cell; a semiconductor device that converts light into elec-
tricity.

Solar Electricity - electricity produced by converting solar energy into 
electricity, either through heat that powers a turbine, or a PV cell that 
converts sunlight directly into electricity.  

Solar Thermal Collector - a device that receives solar radiation and con-
verts it into thermal energy, which can be used immediately or stored for 
later use.  

Discussion Topics

1. What are the three types of solar thermal electric power systems?
2. What are some applications that can be met with photovoltaics?
 (Stand alone, grid-connected)
3. What improvements are still needed in photovoltaic technology?
4. Why is storage important to solar systems?
5. How are solar thermal systems different from PV systems?

For More Information

The American Solar Energy Society (ASES) is a national organization 
dedicated to advancing the use of solar energy.  ASES sponsors the 
National Solar Energy Conference, publishes SOLAR TODAY magazine 
and Advances in Solar Energy, distributes solar publications, and has 
regional chapters throughout the country.  Their web site includes the 
history, descriptions, and terms of renewable energy. 

www.ases.org

The Florida Solar Energy Center web site has resources for teachers, 
including an award-winning science unit for grades 4-8.
 www.fsec.ucf.edu

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST).  It has extensive data on renewable energy 
technologies and sustainable energy and development information.  Of 
particular interest is the “Educational Uses of The Sun’s Joules” and “The 
Sun’s Joules Glossary to Energy Terminology.”  Detailed information is 
available on each type of renewable energy.     http://solstice.crest.org

The U.S. Dept. of Energy has several sites related to solar energy.  About 
Photovoltaics has a number of aids available, including an online quiz, a 
quick fact sheet, and quizzes that can be downloaded and printed.  
 www.eren.doe.gov/pv

Concentrating Solar Power provides a technology overview.  Also has a 
solar resource map of the U.S.                    www.eren.doe.gov/csp
 

Photovoltaic Systems are comprised 
of individual cells that are grouped 
together into modules.  Each module 
has a specific power output.  Arrays 
are combined to achieve the needed 
amount of power for a given application.  
The small system in the center photo 
provides power for a highway sign, and 
the array above provides power for a 
home.   
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WIND POWER

 About 0.25 percent of the sun’s energy reaches the lower atmo-
sphere and is transformed into wind.  Wind is caused by a combination 
of factors: the heating of the earth’s surface and atmosphere, the earth’s 
rotation, variations in terrain, and surface pressure gradients.  Energy 
from the wind has been used for thousands of years, to travel in ships, 
to power mills that grind grain, and to pump water.  Six million windmills 
pumped water and generated electric power in the western United States 
from 1880 to 1930.  Windmills have been replaced with modern wind 
turbines with more advanced designs, and there is more than 13,900 
megawatts of wind energy installed worldwide, with 47,000 megawatts 
expected to be in place by 2004.  Wind energy is the fastest growing 
renewable energy technology, and it will continue to grow as new turbine 
designs further reduce the cost of wind power and make it economical in 
more and more locations.

 Wind power is converted into usable energy by wind turbines that 
power an electric generator when the blades are turned by moving air.  
The best sites for wind turbines are usually in the plains, mountain 
passes and along coastlines.  It is an enormous resource.  According to 
one estimate, the states of North and South Dakota alone have enough 
wind energy to meet 80 percent of the electricity needs of the U.S.

 Because wind turbines are modular, wind power systems can be 
scaled for any size application.  They may be grouped together into a 
wind farm to generate bulk electrical power.  Small turbines are often the 
least expensive source of power for remote sites.  Common applications 
include telecommunications, rural villages and irrigation water pumping.  
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Remote power systems using small wind turbines have been installed in 
more than 70 countries around the world. 

Wind Turbines

 There are two types of wind turbines: 

 Horizontal-axis turbines (HATs)  - have a horizontal drive shaft; the 
most common type of turbine.

 Vertical-axis turbines (VATs) - Have vertical drive shafts and long 
curved blades that are attached to the tower at the top and bottom, simi-
lar to an eggbeater.  

 The three basic components of a wind power system are the blades, 
the generator, and the tower.  The blades or rotors catch the wind con-
verting the horizontal movement of the wind into a rotational force turning 
the shaft.  Two or three blades make up the rotor.  Blades are made from 
fiber glass, polyester, or epoxy resins, and can have diameters ranging 
from 25 to 50 meters.  The generator converts this movement into elec-
tricity.  The tower lifts the turbine up high to take advantage of the stron-
ger, more consistent winds above ground level.  Towers can be either a 
solid steel tube or a truss type.

Wind turbine technology has improved dramatically in recent years.  
New graphite composite materials developed for the space program and 
later incorporated into airfoil design for commercial aircraft made wings 
more flexible, lighter and thinner, and these advances were incorporated 
into wind turbine blades to make them more efficient at capturing the 
energy in wind.  Variable pitch blades and better gearing and generator 
components also increased their performance.  In areas of high wind, 
the cost of wind generated electricity can actually be less expensive than 
conventional grid electricity.  These improvements have also allowed tur-
bines to become larger thus making them more economic. 

The current cost of modern wind turbines is about 90¢ per watt of 

At the DOE/NREL National Wind 
Technology Center, experts from NREL 
and industry test state-of-the-art wind 
turbines and blades for performance 
and reliability before use in the field.  
The NWTC is strategically positioned 
on a high windy plain at the base 
of the Colorado foothills.  As more 
sophisticated designs capture more of 
the wind’s energy, electricity costs from 
wind plants will continue to plummet.  
Industry partners from the United Sates 
and around the globe will benefit from 
the expertise of NREL research staff 
plus knowledge gained from more than 
15 years of sophisticated analysis.  
Shown here, technicians install a blade 
on a horizontal axis wind turbine at 
the National Wind Technology Center 
at Rocky Flats.  

Photo Credit: Gretz, Warren

The power that can be extracted 
from wind increases with the 3rd power 
of the speed : 
      P = 1⁄2rAV3 ; where rAV is the air 
mass flow and V is the wind speed.
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output.  In many areas of high wind resource, this translates to a cost 
o f less than 4¢ per kilowatt hour.  This is competitive with conventional 
energy prices, but it is still more than the cost of producing electricity 
using conventional power generation.  In many parts of the country, utili-
ties are offering “green power” programs that allow the consumer to elect 
to pay a premium for such renewable energy.  Consumer response to 
these programs has been higher than predicted, and these programs 
have been very successful.

Because the wind blows intermittently, wind power needs cheap effi-
cient energy storage to ensure that energy is available when needed.  
Large amounts of electricity are difficult to store and systems are being 
developed that use renewably produced electricity to drive a reversible 
chemical reaction, storing the energy as chemical energy.  The most 
common chemical reaction for storage is the electrolysis of water to form 
hydrogen and oxygen.  Hydrogen can be stored and used in a fuel cell to 
produce electricity when needed.  

Environmental concerns over large-scale use of wind energy are 
aesthetics, the possibility that the blades can kill birds, and the low fre-
quency noise that large wind turbines generate. These concerns are 
being addressed and wind energy is becoming more accepted.

Key Terms

Blades - the part of the turbine that catches the wind.

Nacelle - the casing that houses the turbine components.

Rotor - all the blades and the center hub that the blades are attached to.

Discussion Topics

1. What is the potential for wind energy in the U.S.?
2. What factors will limit the use of wind energy?
3. What technical advances have contributed to the commercial appli-

cation of wind energy?
4. What are some concerns that have been expressed about large 

scale wind farms?
5. Is there a “green pricing” program in your area?  Would you pay 

more for renewably produced electricity?

For More Information

The web site of the American Wind Energy Association (AWEA)  includes down-
loadable fact sheets and a list of educational publications for teachers.  
                  www.awea.org 

The Danish Wind Turbine Manufacturers Association has an extensive 
site on wind energy, which includes nine “Guided Tours,” from Wind 
Energy Resources, How Does a Wind Turbine Work, to Modern Wind 
Turbine History.           www.windpower.dk/tour/
 
EcoNet Energy Resources, a nonprofit environmental electronic network, 
has assembled an extensive selection of wind energy links with AWEA’s 
help.                www.igc.apc.org/energy/wind

Although California is the leader in 
installed wind energy, there are many 
states that have greater potential.
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EnronWind offers curriculum, activities, and worksheets, as well as edu-
cational links.
 www.wind.enron.com

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST).  It has extensive data on renewable energy 
technologies and sustainable energy and development information.  Of 
particular interest is the “Educational Uses of The Sun’s Joules” and “The 
Sun’s Joules Glossary to Energy Terminology.”  Detailed information is 
available on each type of renewable energy. 

http://solstice.crest.org

The U.S. Department of Energy’s wind energy site includes resources for 
teachers and students.  

www.eren.doe.gov/wind/

The National Wind Technology Center contains a wind resource data-
base that includes wind resource maps of all 50 states.  It also contains 
links to other sources of information on wind energy.  
 www.nrel.gov/wind/database.html

HYDROPOWER

 The sun powers the hydraulic cycle that makes hydropower pos-
sible.  In the hydraulic cycle, water is lifted into the atmosphere by evapo-
ration and transpiration.  It rises until it hits cooler air, which causes it 
to fall back to the earth as rain or snow, some of which snow flows into 
rivers that contain potential and kinetic energy that can be captured and 
converted into electricity. 

 Hydropower was first used by humans thousands of years ago when 
they diverted water to irrigate crops.  Later, it was used to turn water-
wheels to produce mechanical energy to grind grain and saw wood.  Old 
style water wheels used the weight of the water directly while modern 
hydraulic turbines use the kinetic energy of flowing water. 

 Natural river flow is highly variable, so hydroelectric plants use dams 
to control the rate of flowing water, to raise the level of the water increas-
ing the potential energy available for power generation, and to store 
water to compensate for the natural variability of water flows.  These 
same dams may also provide irrigation, flood control, and recreation.  

 Hydraulic turbines convert the kinetic energy of an elevated water 
supply.  Water is channeled to a waterwheel or turbine, where it hits 
the buckets on the wheel, causing it to turn, and converting the kinetic 
energy of the water into mechanical energy.  An alternator or generator 
connected to the turning shaft converts the mechanical power into elec-
trical energy that can be used immediately or stored.  If the electrical 
energy produced is direct current (DC) electricity, it must be inverted to 
alternating current (AC) electricity before it is put on the electric grid.  

 The most economical systems are those with “high head and low 
flow.”  “Head” refers to the height of the falling water from the headwater 
to the low point, the “tail water” in meters or feet.  The amount of kinetic 

Photo: DOE/NREL

Hydropower produces 10 percent of 
the nations energy.  
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energy in the flowing water is determined by its flowing velocity.  When 
flowing water strikes the turbine blade its velocity decreases and this 
change in kinetic energy is imparted to the turbine blades.

 There are three types of hydropower systems:  

Impoundment hydropower - when water is stored in a dam and 
released to meet power generation needs or to maintain a constant water 
level.  

Diversion hydropower - where part of the river is channeled through a 
canal or penstock to a turbine, and a dam may or may not be needed. 

Pumped storage - when water is pumped during periods of low demand 
from a lower reservoir to an upper reservoir to meet electricity demand 
during peak periods.

 Hydropower systems are extremely efficient, with operating and 
maintenance costs one-third those of nuclear and fossil fuel powered 
systems.  Hydropower technologies have been around for centuries, and 
while the technology isn’t expected to advance significantly, an efficiency 
increase in hydropower machinery  of only one percent  would provide 
an additional 3.3 billion kilowatt-hours of power.  

 Hydropower is the only renewable power technology used on a 
large scale today.  Where it is available, it has the potential to play a 
key role in the world’s future energy supply.   It accounts for 81 percent 
of renewably produced electricity in the U.S. alone.  There are 2,800 
installations in the U.S. with more than 72,000 megawatts (MW) electric 
capacity, and a 1988 federal survey showed that there are enough unde-
veloped sites to double that capacity.  Worldwide, as much as 40 to 60 
percent of the world’s potential is unused.  This is not likely to change 
much, at least in the U.S. where economic, environmental and regula-
tory concerns will limit any new development.  While many of these same 
constraints exist in other countries, the projected growth worldwide of 
hydroelectric and other renewable energy use is estimated at 62 percent, 
half of it in developing countries. 

 Use of hydropower avoids burning fossil fuels that would release 
an additional 37 million tons of carbon dioxide into the air each year.  
However, building dams for water storage impacts on aquatic habitat, 
and large dam projects can also cause disruptions by displacing people 
and flooding areas treasured for their historic or scenic value.  The 
industry has been working to minimize the biological impact of power 
plants through such things as fish ladders that allows fish to migrate 
upstream.  But, even though the demand for electricity is increasing, the 
U.S. Department of Interior has been decommissioning selected hydro-
electric dams across the county and restoring rivers to their original 
state. 

 There is renewed interest in small-scale hydropower.  The same 
1988 federal survey identified 5,000 potential small-scale sites capable 
of producing an additional 22,000 MW, some of which may be economi-
cal and not have environmental or regulatory constraints.  There are 
three categories of small-scale hydro:

Hydropower is a well-developed 
energy technology.  
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Small - output capacity between 1,500 kW and 30,000 kW, enough to 
power a small town.

Mini - output capacity between 100 kW and 1,500 kW.

Micro - output capacity up to 100 kW, enough to power several homes.  

Key Terms

Kinetic energy - Energy available as a result of motion that varies directly 
in proportion to an object’s mass and the square of its velocity. 

Head - the height of the falling water from the headwater to the low point, 
the “tail water” in meters or feet.  A unit of pressure for a fluid, commonly 
used in water pumping and hydro power to express height a pump must 
lift water, or the distance water falls. 

Discussion Topics

1. Explain the hydraulic cycle. 
2. What are the environmental advantages of hydropower?  
3. What are the environmental disadvantages?  
4. How do water turbines extract potential and kinetic energy from 
 flowing water?

For More Information

The web site of the National Hydropower Association, a national trade 
association representing the interests of the hydropower industry, offers 
a “Hydro for Kids” Curriculum.   

www.hydro.org

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST).  It has extensive data on renewable energy 
technologies and sustainable energy and development information.  Of 
particular interest is the “Educational Uses of The Sun’s Joules” and “The 
Sun’s Joules Glossary to Energy Terminology.”  Detailed information is 
available on each type of renewable energy, including hydropower.
 http://solstice.crest.org/renewables/

The U.S. DOE Hydropower Program provides additional facts on hydro-
power.  
 www.inel.gov/national/hydropower/
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BIOMASS

Less than one percent of the energy in sunlight that reaches the earth 
per year is “captured” by the photosynthesis process necessary for plant 
life, yet it is responsible for the growth of 220 billion metric tons of living 
matter.  Biomass is a diverse form of renewable energy, encompassing 
all organic matter that can be converted to usable energy.  This includes 
wood and wood waste, corn, agricultural residues and waste, crops 
grown specifically for energy, aquatic plants, and municipal waste.  

Wood has been the primary fuel for cooking and heating for most of 
human history.  The emergence of more efficient, concentrated forms of 
energy is a relatively recent development.  Data from the World Bank 
shows that wood is still the predominant fuel used by the world’s popu-
lation.  Half the world still cooks with wood.  Fifty to 60 percent of the 
energy in developing countries in Asia and 70 to 90 percent of the devel-
oping counties in Africa comes from wood.  Biomass ranks fourth as the 
largest energy resource used after coal, oil, and natural gas.  

Besides being used directly for heating or cooking, some biomass can be 
converted into valuable transportation fuels such as ethanol, methanol, 
and hydrogen, and to generate electricity.  

The basic method for converting biomass is to burn it to produce heat.  In 
direct-fired power plant systems, heat energy from biomass is converted 
to mechanical energy in a steam or gas turbine, which turns a generator 
that produces electricity.  These systems are about 20 per cent efficient.  
Biomass gasifers heat biomass to 850 ºC and break it down into gases 
that can be used at efficiencies over 40 percent in modern power plants 
that use combined-cycle (combined gas turbines and steam turbines) 
power generation systems.  In co-firing, biomass is substituted for coal, 
an option that is 33-37 percent efficient.  The advantage is that existing 
power plant equipment can be used with minor modifications and it 
reduces sulphur dioxide, nitrogen oxide, and other greenhouse gases 
emitted when coal is burned.  Modular systems can use all of these tech-
nologies, but on a smaller scale suitable for village, farm, remote areas, 
and light industry.  

Some Sources of Biomass Energy

Biomass is a diverse resource.  
Bottom row, left to right:   hybrid 
cottonwood tree farm, municipal solid 
waste, and switchgrass.  Below:  corn 
field and rapeseed .  Corn can be used 
to produce ethanol, and rapeseed can 
be used as a feedstock for biofuels.

Photo: Gretz, Warren

Photos, left to right: Gretz, Warren
Photo: Oak Ridge National Lab
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 Biomass Conversion Processes include:

• Direct Combustion or burning

• Pyrolysis, or heating in insufficient of oxygen producing a gas, fuel 
 oil or charcoal

• Anaerobic Digestion - use of microbes to produce methane (natural 
 gas)

• Gasification - a high-temperature gasifying process that decom-
 poses organic compounds such as wood, agricultural waste, and 
 other biomass into hydrogen and carbon monoxide.  

• Alcohol Fermentation - converting starch into sugar and fermenting 
 it to produce ethanol

 At 7,800 MW, the U.S. has about half of the world’s installed genera-
tion capacity.  This is projected to grow to from 22,000 MW to 50,000 
MW by 2010.  Electricity can be produced from biomass economically 
in areas with a ready supply of cheap biomass, but because biomass 
is generally a less concentrated form of energy than fossil fuels, better 
energy crops and more efficient conversion technologies will increase its 
competitiveness.  Energy crops are crops grown specifically for energy 
production.  These include fast growing grasses such as switchgrass and 
fast growing trees such as poplar and willow.  Growing energy crops does 
not have to compete for land used to grow food, because they can be 
grown on idle lands or lands too poor for food crops.  They can also be 
grown in buffer strips adjacent to food crops, and absorb eroded soil, fer-
tilizer and pesticide run-off, providing land, habitat and soil conservation 
benefits.  
  
 Biomass emits pollutants when burned, but it is generally less pol-
luting than fossil fuels, and can be extremely clean in some cases.  It pro-
duces carbon dioxide, but there is no net gain in the atmosphere since 
the carbon dioxide emitted at the power plant is recycled when it is used 
by growing plants in the photosynthesis process.  Gasified biomass pro-
duces the least emissions because it can be cleaned and filtered before 
it is burned.  Municipal solid wastes that might otherwise go to landfills 
can instead be used as biomass fuel, through a number of combustion 
and conversion process to produce liquid and gaseous fuels. 

Key Terms 

Biomass - wood and plant material waste

Bioenergy - useful renewable energy produced from organic matter, 
either used directly or processed into liquids and gases. 

Biofuels - fuels made from cellulosic biomass resources, including etha-
nol, biodiesel, and methanol. 

Biogas - a combustible gas from decomposing waste, typically consisting 
of 50 to 60 percent methane. 

Biomass - renewable organic matter of all types: woods and wood 

Biomass power plants combust 
wood or other plant material to 
generate electicity
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wastes, including forest and mill residues, agricultural crops and wastes, 
animal wastes, aquatic plants, fast-growing trees and plants, and munici-
pal and industrial wastes. 

Biomass fuel: biomass that has been converted into liquid, solid, or gas-
eous. 

Pyrolysis: the thermal decomposition of biomass at temperatures exceed-
ing 200 °C in the absence of oxygen.  

Discussion Topics

1. What are some of the benefits of biomass?
2. Do the benefits to be gained from using biomass outweigh the envi-
 ronmental impacts?  Why or why not.
3. Given the world food shortage, should agricultural land be used to 
 grow energy crops?  Why or why not.
4. If you were a farmer in the U.S., would you answer the above ques-
 tion any differently?  Why or why not.

For More Information

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST).  It has extensive data on renewable energy 
technologies and sustainable energy and development information.  Of 
particular interest is the “Educational Uses of The Sun’s Joules” and “The 
Sun’s Joules Glossary to Energy Terminology.”  Detailed information is 
available on each type of renewable energy, including biomass.
 http://solstice.crest.org/renewables/

The National Renewable Energy Laboratory website has information on 
biomass technology, as well a Biomass Resource Information Clearing-
house. 

http://nedc.nrel.gov/biomass/

The U.S. DOE BioPower Program provides additional facts on biomass. 
 www.eren.doe.gov/biopower/

OTHER FORMS OF RENEWABLE ENERGY

 While not specifically covered in the video Renewable Power, geo-
thermal and ocean thermal energy conversion are both renewable forms 
of energy.  

Geothermal 
 Geothermal energy comes from the heat or thermal energy gener-
ated by natural processes beneath the earth’s crust.  It includes not only 
underground reservoirs of hot water, but soil and near-surface rocks (five 
to 50 feet deep).  More abundant than fossil fuels, it has 50,000 times the 
energy of the known oil and gas reserves on earth.  Geothermal energy 
has been used for centuries, but in recent years geothermal heat pumps 
have been developed that use the energy extracted from soil tempera-
ture to heat and cool buildings, greatly expanding its potential.  Geother-
mal can be used to generate electricity or produce heat directly.  Steam U.S. Department of Energy

Photo: Goff, Fraser, Los Alamos National Laboratory 

First flow test operations of a hole 
drilled into Sulphur Springs subsystem, 
Valles Caldera, New Mexico.
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or hot water from wells can be used to rotate turbines to generate elec-
tricity.  It can also be channeled and used for space heating and hot water 
needs.  

Ocean Thermal Energy Conversion
 Solar energy exists in the oceans as waves and gradients of tem-
perature and salinity.  While more than 250 billion barrels of oil equiva-
lent per day are absorbed by tropical seas, the energy stored is diffuse, 
and difficult and expensive to utilize.  Ocean Thermal Energy Conver-
sion, or OTEC, is a technology that converts sunlight into electricity using 
the ocean’s thermal gradients.  When the temperature between the warm 
surface water and cold deep water differs by 20 ºC, a significant amount 
of power can be produced.  Most of the research being done in this field 
is conducted in Europe.
 
For More Information

The Geothermal Energy Association, a trade association in the U.S., 
includes a “Facts and Figures page. 
 www.geotherm.org

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST).  It has extensive data on renewable energy 
technologies and sustainable energy and development information.  Of 
particular interest is the “Educational Uses of The Sun’s Joules” and “The 
Sun’s Joules Glossary to Energy Terminology.”  Detailed information is 
available on each type of renewable energy, including geothermal.  
 http://solstice.crest.org

Te National Renewable Energy Laboratory web site includes information 
about geothermal energy.
 www.nrel.gov/otec/what.html

An introduction to OTEC is available on the National Renewable Energy 
Laboratory web site. 
 www.nrel.gov/otec/what.html

For a history of OTEC and how it works, go to the Natural Energy Labora-
tory of Hawaii’s web site
  www.bigisland.com/nelha/otec.html

The U.S. DOE Geothermal Program provides additional facts on geother-
mal energy, and has an extensive listing of web resources.  
 www.eren.doe.gov/geothermal/
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Overview of Hydrogen and Hydrogen 
Technologies

Hydrogen is what is fused at the center of our sun that provides 
the heat and light that sustains life here on earth.  Used as an energy 
carrier with new technologies, hydrogen will allow society to develop a 
sustainable, pollution-free energy future.  Hydrogen can meet all energy 
needs from combustion to electricity.  Air pollution can be dramatically 
reduced by replacing or supplementing fossil fuels with hydrogen.  The 
only carbon-free fuel, it is also the only zero-emission fuel when used to 
power a fuel cell.  

Renewable energy and hydrogen fuels form a complementary 
partnership.  If renewable energy is ever to become a major energy 
source, it must be available on demand.  Sunlight, wind and hydropower 
all vary intermittently, seasonally and even daily.  Demand for energy 
fluctuates as well: matching supply and demand can be accomplished 
only with storage.  Solar energy, wind energy, and hydropower primarily 
produce heat and electricity that are difficult to store in sufficient 
quantities.  Hydrogen produced from renewable energy essentially 
“stores” it, maximizing the potential contribution of renewables to the 
energy mix by providing load-leveling capability to power companies and 
an entry into the transportation fuels market.  

HYDROGEN PRODUCTION

Hydrogen does not exist freely in nature, but it can be obtained from 
fossil fuels, biomass, or water.  Even when produced from natural gas, 
hydrogen has substantial environmental benefits.  Hydrogen production 
methods include: 

 
Natural Gas Steam Reforming - a two-step process in which 

natural gas is exposed to hot steam to break it down into its constituent 
elements: hydrogen, carbon monoxide and carbon dioxide.  In the second 
step, steam is used again to break down the carbon monoxide into 
hydrogen and carbon dioxide.  This is the method most commonly used 
today.

Electrolysis of water - the use of electric energy to split water 
molecules into hydrogen and oxygen.  Also a common production 
method, but typically used for small quantities for specialty applications 
that require high purity.  

Partial oxidation of hydrocarbons - the incomplete combustion of 
hydrocarbons with insufficient oxygen, producing hydrogen. 

Gasification of biomass - a high-temperature gasifying process 
that decomposes organic compounds such as wood, agricultural waste, 
and other biomass into hydrogen and carbon monoxide.  

Biomass Pyrolysis - a low-temperature process of gasifying 
biomass.

Hydrogen is the first element on 
the periodic table.  A hydrogen atom 
has one proton and one electron.  A 
hydrogen molecule is made up of 
two hydrogen atoms that share two 
electrons.
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Biological processes - photobiology describes a class of biological 
systems that produce hydrogen: microorganisms produce oxygen 
and sugar from sunlight and carbon dioxide, the normal process 
of photosynthesis, but also can produce hydrogen under certain 
conditions.  

Photoelectrolysis - still in early stages of development, this is a 
one-step process in which sunlight absorbed on a semiconductor splits 
water into hydrogen and oxygen.

ELECTROLYSIS

The cleanest way to produce hydrogen is by electrolysis using 
electricity produced from a renewable source such as water, wind, and 
sunlight.  In electrolysis, water is split into its constituent components, 
hydrogen and oxygen, by passing direct electrical current through it.  An 
electrolyte, typically a 30 percent solution of potassium hydroxide, is 
added to speed up the process by increasing the concentrations of ions 
in the solution.  Applying a direct current between the two electrodes 
causes chemical reactions to take place both at the anode and at the 
cathode that decomposes the water into hydrogen (cathode) and oxygen 
(anode).  The cathode inserts electrons into the solution, and the anode 
strips them out

The reactions are:

 2H20 + 2e -------------> H2 + 2OH ( - ) (Cathode)

 4OH ( - ) -----------> O2 + 2H20 +4e (Anode)

The overall reaction is :

 2H2O +2e ----------> 2H2 + O2

Hydrogen and oxygen are produced in a pure state, and physically 
separated when formed at the electrodes.

An electrolyzer is a device that processes water to produce hydrogen 
and oxygen.  An electrolysis system contains three modules: electric 
power conditioning equipment, gas conditioning and electrolyte recovery 
equipment for liquid and electrolyte system, and electrolysis cell modules 
or stacks.

Electrochemical reactors, or electrolysis cells, consist of a container, 
the cell body, two electrodes (an anode and cathode), and an electrolyte 
sandwiched in the middle, fixed in a porous material.  Some cells have a 
diaphragm or membrane between the anode and cathode compartments 
to separate the products.  After water is fed through a membrane and 
becomes water vapor, it goes through the porous electrode into the 
electrolyte, driven by the concentration gradient between the water and 
the electrolyte. 

Commercial electrolysis cells were first available in the late 19th 
century.  Early electrolytic products included metals such as aluminum, 
potassium and sodium; and chemicals such as bleach, chlorine, bromine 

U.S. Dept. of Energy

Electrolysis cells use electrical 
energy to drive a chemical reaction.  
The most common form of electrolysis 
is the electrolysis of water to form 
hydrogen and oxygen.  The gases form 
at the electrodes and are removed from 
the cell.
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and sodium hydroxide.  Over the years a wide variety of similar products 
have been produced electrochemically.  Among those still produced today 
are chlorine, sodium hydroxide, sodium chlorate, aluminum, copper, 
magnesium, zinc, oxygen, and hydrogen.

  
At the beginning of the 20th century, the first unipolar cell and the 

first bipolar, filter press type cell were introduced.  Large electrolyzer 
installations in the first half of the century were used mostly for 
the production of synthetic fertilizers.  After 1950, the use of large 
scale electrolyzers declined.  Today, small electrolyzers, or “hydrogen 
generators” are used to produce small volumes of relatively high purity 
hydrogen and oxygen for a variety of specialized applications:

• Electrical power generating plants
 - Cooling generators in power plants
 - Hydrogen plants for energy storage
 - Hydrogen plants for energy transmission
• Semiconductor/electronics industry
• Generating metallurgical atmospheres
• Fat and oil processing
• Chemicals
• Pharmaceuticals
• Laboratory supply
• Producing hydrogen and oxygen in submarines and space 

 stations
• Filling weather balloons 

Electrolyzers are receiving renewed attention for storing electric 
energy as hydrogen and for producing hydrogen for fuel use in highly 
efficient, non-polluting applications, such as fuel cell electric vehicles

Electrolysis is the most mature of the water splitting technologies.  
Commercial units operate with electricity-to-hydrogen efficiencies of over 
80%, although many older systems operate at lower levels.  However, 
hydrogen produced by electrolysis is still the most expensive form of 
commercial hydrogen.  Advanced electrolysis systems offer the potential 
of achieving electricity-to-hydrogen efficiencies of up to 90%, which will 
help lower hydrogen production costs.  Electrolytic processes consume 
more than 6% of the total electricity generated in the United States.

The two mature electrolysis technologies commercially available 
today are the Unipolar and Bipolar alkaline electrolyzers.  The Unipolar 
is the least expensive, is generally more efficient, and is more modular 
than the Bipolar.  The Bipolar has the advantage of operating at elevated 
pressure, thus reducing compression costs.  Both technologies generally 
use a 20-30% solution of potassium hydroxide, iron for the cathode, a 
nickel or nickel-plated anode and an asbestos diaphragm to separate the 
compartments. 

Another type of electrolyzer currently under development is the 
Polymer Electrolyte Membranes (PEM) electrolyzer that uses solid 
membrane electrolytes made up of an acid resin.  An advanced bipolar 
design developed for the space program, such electrolyzers can be 80 
to 90 percent efficient, so the cost of the produced hydrogen is largely 
a function of the cost of electricity used.  It requires a more refined 
manufacturing process due to close tolerances, making it more costly 

Photo courtesy of Proton Energy Systems

Small electrolyzer systems are being 
developed to generate hydrogen for 
home use.  In the future, people may 
refuel their hydrogen fuel cell vehicles 
right at home with units such as these.
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than a unipolar system. 

Improvements in the cost-effectiveness of electrolyzer technology 
are key to the practical production of hydrogen from off-peak electricity 
or electricity generated from photovoltaics, wind or hydropower. 

HYDROGEN PROPERTIES AND CHARACTERISTICS

Hydrogen is the simplest and most abundant element in the Universe.  
Its clean, pollution free, and inexhaustible in supply.  Some characteristics 
of hydrogen are:

• Hydrogen is colorless, odorless, and has no taste. 

• Hydrogen burns with a pale blue flame that is virtually invisible in 
 daylight.

• Hydrogen is the lightest of all elements.  With a specific gravity 
 of 0.0696, or about 1/16th that of air, it has a very high diffusion 
 rate.  This causes it to be buoyant and rapidly disperse when 
 released in air, two great safety assets in open environments 
 because a leak or release is quickly diluted and rendered 
 harmless.  In contrast, hydrogen diffuses four times faster than 
 methane, and ten times faster than gasoline vapors.

• Hydrogen contains the highest energy per unit weight of any 
 fuel.  One pound of hydrogen has three times the energy content 
 of one pound of gasoline, making it the fuel of choice for the 
 space program where weight is crucial.

• Hydrogen, like natural gas, has a wide flammability range; 4% to 
 75% by volume with air (gasoline 1.4% to 7.4% by volume in air). 
 Actual limits vary with pressure, temperature, and water vapor 
 content.

• Hydrogen has a low ignition energy—as little as 0.017 millijoules 
 in contrast to 0.25 millijoules for other hydrocarbon fuels.

• Hydrogen has a small molecular size, allowing it to leak more 
 easily through porous materials, cracks, or defective joints than 
 other common gases at equivalent pressures. 

• Hydrogen is generally non-corrosive and non-reactive with typical 
 container materials.  At certain temperature and pressure 
 conditions, it can diffuse into steel and some other metals, 
 causing a phenomenon known as ‘hydrogen embrittlement.’  
 Because of this, the integrity of hydrogen handling equipment 
 must be designed and maintained to high safety standards.

• Hydrogen is nontoxic and nonpoisonous.  In contrast, the 
 combustion products of diesel and other conventional fuels, 
 along with methanol, are more toxic from an inhalation 
 standpoint.  

• As with any gas, asphyxiation is possible if hydrogen displaces 

Courtesy NASA/Stennis

Hydrogen burns with a virtually 
invisible flame.  This presents a hazard 
to personnel who may walk into a flame.  
Corn straw brooms have been used to 
detect this hazard.  The broom is easily 
ignited by the hydrogen flame.
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 oxygen.  

• There are few significant environmental hazards associated with 
 the accidental discharge of hydrogen.  In contrast, spills of 
 gasoline or diesel that can enter a waterway, drainage system, 
 or sewer system pose a serous risk of fire or explosion, especially 
 in a waterway with an unvented covered section where vapors 
 can accumulate.

• Storage of liquid hydrogen poses a frostbite hazard if skin 
 comes in contact with the super-cooled pipes, tanks, valves, or 
 other components.

 
CURRENT USES OF HYDROGEN

Hydrogen was first recognized as a distinct element in 1766 by the 
English chemist, Henry Cavendish, who called it inflammable air.  His 
new discovery was found to form water on combustion with air, which led 
to it being named hydrogen, which means ‘water former.’  Hydrogen was 
little used until the mid-nineteenth century when ‘town gas,’ a mixture of 
hydrogen, methane, carbon dioxide, and carbon monoxide made from 
coal was used for cooking and lighting.

Today, hydrogen is an important chemical commodity.  In the U.S. 
alone, more than eight million tons are produced annually, mostly by 
steam reforming natural gas.  Hydrogen has been transported safely 
both as a cryogenic liquid and as a compressed gas by rail, barge, truck, 
and pipeline for decades for use in the aerospace, food, petrochemical, 
and semiconductor industries.  Industry has an excellent safety record 
with hydrogen because they understand the risk and how to manage it. 

The space program also has a long history with hydrogen.  NASA 
uses about nine thousand tons annually, mostly as a fuel in manned and 
unmanned booster rockets.  NASA was the first to use fuel cells powered 
by hydrogen as a dependable source of electric power and water on 
manned missions.

Hydrogen is most commonly used as a gas, and is generally piped 
directly from production to consumption.  When hydrogen is stored, it is 
stored in either a compressed state under high pressure (for example, 
it is typically stored at 2,400 pounds per square inch in tube trailers) or 
as a cryogenic liquid at below minus 253 degrees Celsius (20 degrees 
above absolute zero).  When volume is a consideration, hydrogen may 
be stored as a liquid.  One and a half million cubic feet of hydrogen as a 
liquid can be stored in the same space it takes to store 100,000 cubic feet 
of hydrogen as a gas.  Electronics plants, NASA, and food processors 
typically store hydrogen as a liquid. 

HYDROGEN SAFETY

Concern about hydrogen safety has been a major barrier to its 
acceptance, however recent experience has shown that, while it is more 
easily ignited than currently used fossil fuels such as gasoline or natural 
gas, it also has properties that reduce the hazard of fire or explosion.  

Hydrogen has been stored and 
transported safely by industry for many 
years in rail cars, barges, trucks and in 
pipelines.  
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Hydrogen gas dissipates much more rapidly and undetected leaks are 
less likely to result in a large cloud of flammable gas, and because it 
is less dense, a hydrogen gas cloud of equal volume to one of natural 
gas or propane will contain less energy.  Finally, because hydrogen 
produces virtually no soot during combustion, this greatly reduces the 
radiant energy from a hydrogen flame.  

Hydrogen as a fuel is a new idea for most people.  It is not 
uncommon for people to associate hydrogen with the hydrogen bomb 
or the Hindenburg airship incident, and mistakenly conclude that using 
hydrogen as a fuel is inherently dangerous.  The association of hydrogen 
energy with the hydrogen bomb is in name only; hydrogen does not 
form a fusion reaction under normal conditions, and it is not radioactive.  
The most recent research on the Hindenburg incident provides strong 
evidence that exonerates hydrogen as causing the accident.  A more 
likely scenario: a natural static discharge from a thunderstorm ignited the 
highly flammable covering whose coating contained aluminum powder 
and red iron oxide, the primary chemical compounds found in solid rocket 
boosters. 

Only one hundred years ago, gasoline was also viewed as too 
dangerous.  An 1875 report by the U.S. Congress’ Horseless Carriage 
Committee warned that the “stores of gasoline... would constitute a 
fire and explosive hazard of the first rank.”  Those with concerns were 
soon won over as equipment and procedures were developed, allowing 
gasoline to become an acceptable fuel.  Likewise, hydrogen systems can 
be designed that are safe and pose even less risk than gasoline systems.  
The transition to hydrogen should be easier than the transition from 
horse and buggy to gasoline powered automobiles because industry 
and NASA already have decades of experience safely handling large 
quantities of hydrogen.

Well-engineered hydrogen powered vehicles and hydrogen refueling 
systems can be expected to be at least as safe as gasoline, natural gas, 
and propane vehicle systems.  In some cases, such as a collision in an 
open space, a hydrogen powered vehicle poses less of a hazard than 
a traditional gasoline-powered vehicle because of the reduced risk of a 
flammable fuel leak.  

Standards for safe system design and procedures for handling 
hydrogen are similar to existing standards and procedures in use for 
other flammable gases.  A key consideration in all hydrogen systems 
is adequate ventilation.  Because hydrogen is colorless and odorless, it 
is more difficult to detect than other fuels.  NASA and industry employ 
sensors to detect leaks in hydrogen containment systems, and both 
have excellent safety records.  Hydrogen safety systems are designed 
to include tripping automatic pressure relief valves and other devices to 
minimize the hazard. 

Safety Advantages

There are two characteristics of hydrogen that give it a safety 
advantage over other gaseous and liquid fuels:

• Hydrogen is nontoxic and nonpoisonous, and its combustion products 
are heat and water vapor.  In contrast, the combustion products of 

The most recent research on the 
Hindenburg incident provides strong 
evidence that rules out hydrogen as 
causing or contributing to the accident.  
The more likely scenario:  A large 
concentration of static electricity built up 
on the airship and discharged across 
the outer covering shortly after the 
inner metal frame was grounded.  
The covering fabric was made of 
a cotton substrate and doped with 
chemical compounds.  The primary 
dopant was cellulose butyrate acetate 
combined with iron oxide and powdered 
aluminum, a composition not unlike 
that used in solid rocket propellants.  
The static discharge triggered a 
reaction of the highly volatile chemical 
combination.  
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diesel and other conventional fuels, along with methanol, are more 
toxic when inhaled.  

• There are few significant environmental hazards associated with the 
accidental discharge of hydrogen.  Spills of gasoline or diesel that 
can enter a waterway, drainage system, or sewer system pose a 
serous risk of fire or explosion, especially in a waterway with an 
unvented covered section where vapors can accumulate. They also 
can kill wildlife and organisms living in the water.  

Dr. Michael Swain, a researcher at the University of Miami, has 
studied the comparative safety of hydrogen and other fuels for more than 
a decade.  He found that one of the characteristics of burning hydrogen 
gives it a safety advantage over hydrocarbon fuels: its relatively low heat 
radiation.  When hydrocarbon fuels such as gasoline and diesel burn 
in air, they produce high temperature carbon soot, which radiates heat.  
Because hydrogen does not contain carbon, it doesn’t produce radiant 
energy. 

In properly designed systems, hydrogen is not inherently more 
dangerous than fuels like gasoline, LPG, and natural gas, and in some 
ways, hydrogen may be safer than the hydrocarbon fuels we have used 
in large quantities for nearly a century.

HYDROGEN STORAGE

 Hydrogen is more easily stored than electricity, but not as easily 
as liquid fuels such as gasoline.  It is most commonly used as a gas, 
and is generally piped directly from production to consumption.  When 
hydrogen is stored, it is stored in either a compressed state under 
high pressure (for example, it is typically stored at 2,400 pounds per 
square inch in tube trailers) or as a cryogenic liquid at below minus 253 
degrees Celsius (20 degrees above absolute zero).  When volume is 
a consideration, hydrogen may be stored as a liquid.  One and a half 
million cubic feet of hydrogen as a liquid can be stored in the same space 
it takes to store 100,000 cubic feet of hydrogen as a gas.  Electronics 
plants, NASA, and food processors typically store hydrogen as a liquid.  

Hydrogen can also be stored by chemically combining it with other 
elements in the form of metal hydrides.    A metal hydride consists of 
pure or alloyed metals that can combine with hydrogen.  When heated, 
the hydrides break down and release the hydrogen.  This cycle may 
be repeated as needed to safely store hydrogen but because hydrogen 
is only 1-5 weight percent of a metal hydride, such compounds are 
extremely heavy and are best for applications where weight is not 
important. 

Discussion Topics

1. How is hydrogen different from the fuels we currently use?
2. What characteristics does hydrogen have that are advantageous 
 for use as a vehicle fuel? What characteristics are disadvantageous?  
 Why?

Examples of hydrogen storage

Top:  A dewar for cryogenic liquid 
hydrogen storage at the Kennedy Space 
Center.  Liquid hydrogen is the fuel of 
choice for the space shuttle, because of 
its high energy-to-weight ratio.  

Bottom:  A compressed gaseous 
hydrogen storage tank for onboard 
vehicular storage.  Such tanks are 
constructed of advanced graphite 
composite materials capable of safely 
storing hydrogen at pressures exceeding 
5,000 pounds per square inch. 
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For More Information

The California Hydrogen Business Council web site includes articles and 
information on hydrogen production, vehicles, storage, fuel cells, and 
more.                 www.ch2bc.org

The Hydrogen Information Network Home Page is the Department of 
Energy’s web site for information on hydrogen as a fuel and energy 
source.  Includes a section on hydrogen basics and frequently asked 
questions.                 www.eren.doe.gov/hydrogen/

The Hydrogen & Fuel Cell Letter is a monthly newsletter reporting on 
the activities in the international hydrogen and fuel cell communities, 
covering events and developments in this emerging field as they occur.
 www.hfcletter.com

The National Hydrogen Association is a membership organization that 
fosters the development of hydrogen technologies and their utilization in 
industrial and commercial applications and promotes the transition role of 
hydrogen in the energy field.  Its members include automobile companies, 
fuel cell developers, gas producers, chemical companies, and others.  
The web site includes More About Hydrogen, Why Hydrogen?, and a 
video clip of the Hindenburg.
 www.ttcorp.com/nha/

Solstice is the Internet information service of the Renewable Energy 
Policy Project and the Center for Renewable Energy and Sustainable 
Technology (REPP-CREST). Detailed information is available on each 
type of renewable energy, including hydrogen.  

http://solstice.crest.org/renewables/
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How Hydrogen and Fuel Cells Supply 
Pollution-Free Energy 

Hydrogen energy systems are developing rapidly.  In major cities 
world-wide, there are demonstrations of fuel cell electric buses fueled 
with hydrogen.  Auto industry giants in the U.S., Germany, and Japan 
have invested hundreds of millions of dollars to develop efficient, non-
polluting fuel cell cars.  The “Big Three” automakers plan on having 
fuel cell cars available to consumers as early as 2004.  Major oil compa-
nies, including Royal Dutch/Shell group, Texaco, Atlantic Richfield, and 
BP/Amoco are positioning themselves to supply hydrogen for transporta-
tion fuels.  Supporting infrastructure to manufacture, transport, store, and 
dispense hydrogen is being demonstrated, and required standards are 
being developed to guide the safe design of these systems.

 Its not just the transportation sector.  In the near term, we may 
see an even greater impact on stationary applications.  Fuel cell power 
plant field tests are being conducted or planned for 2000 and 2001 by 
companies such as Ballard Power Systems, Plug Power, NiSource, GE 
Fuel Cell Systems, International Fuel Cells, Inc./ONSI Corp., and others.  
These demonstrations will be in homes, schools, office buildings, and 
hotels; any place needing power generation.  International Fuel Cells 
already has power plant systems operating in 84 U.S. cities and in 11 
other countries in Europe and Asia. 

FUEL CELLS

 Fuel cells are solid state devices that convert hydrogen and oxygen 
directly into electricity.  They have no moving parts, and are highly effi-
cient, very reliable, and non-polluting.  Fuel cells operate like batteries, 
except that instead of storing the chemical energy inside, they use an 
external source.  The beauty of fuel cells is that unlike batteries, they 
never have to be recharged, and can essentially be a continuous source 
of electric power.  As long as they are supplied with hydrogen, they’ll 
keep producing electricity.  Hydrogen goes in one side, oxygen in the 
other, and electricity and water come out.  A fuel cell essentially works in 
reverse of an electrolyzer.  It combines hydrogen and oxygen to produce 
electricity, with heat and water as byproducts.  
 
 Although fuel cells were discovered more than 150 years ago, it 
wasn’t until they were developed for the space program to provide elec-
tricity in space that they had a practical application.  Although highly effi-
cient, fuel cells are still very costly.  Prices are expected to drop when 
they are manufactured in large quantities.

 With fuel cell and hydrogen technologies, it would be possible to 
turn essentially every building and every car into a potential generator 
of electricity.  It would be conceivable to run the entire global economy 
without any of the power plants of the sort used today.  
 
Types of Fuel Cells

 There are several types of fuel cells suitable for different applica-
tions.  They are named for the different materials they use as an electro-
lyte.    

How a PEM Fuel Cell Works

In a fuel cell, hydrogen and oxygen 
are combined to form water, and in 
doing so, generate an electric current.  
Hydrogen PEM fuel cells consist of 
two electrodes separated by a proton 
exchange membrane.  Hydrogen and 
oxygen are fed to the fuel cell on 
opposite sides of the membrane.  

The protons migrate directly through 
the membrane while the electrons travel 
through an external circuit connected 
to an electrical load.   On the other side 
of the membrane, the proton and the 
electron combine with oxygen to form 
water.  The result is electricity and pure 
water.
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Alkaline Fuel Cells (AFC) - the oldest fuel cell technology, still used in 
the space-shuttle program but too costly for most commercial applica-
tions.  Uses alkaline potassium hydroxide as the electrolyte, has high 
energy densities, and can start cold.

Phosphoric Acid Fuel Cells (PAFC) - the most advanced fuel cell tech-
nology, the PAFC was developed for power generation.  They are too 
large for most transportation applications except for heavy-duty vehicles 
such as locomotives.  Must heat up to 200 ˚F to operate, so are slow 
starting.  They use natural gas as a fuel, but it must be reformed to form 
hydrogen, which adds to the complexity.  

Proton Exchange Membrane Fuel Cells (PEM) - also referred to as 
polymer electrolyte, solid polymer, and solid polymer electrolyte fuel 
cells.  Uses a thin, solid polymer membrane as the electrolyte.  PEM 
fuel cells have distinct advantages over the others, including the ability to 
quickly adjust output to meet shifts in power demand.  The PEM fuel cell 
is the technology that automakers are developing.  They operate at low 
temperatures (80 ˚C or 180 ˚C) so have a quick start-up time at normal 
temperatures.  They are highly efficient, have high power densities, and 
are very reliable.  They are also being developed for power generation.

Molten Carbonate Fuel Cells (MCFC) - this technology is suitable for 
stationery power generation because of its potential high fuel-to-electric-
ity efficiencies.  Natural gas is the primary fuel used, but MCFC’s can use 
any hydrogen-rich gas, including coal-based fuels and gas from landfills, 
because of their very high operating temperature (1200 ˚F).  The fuel 
must first be reformed before it is used by the fuel cell.  

Solid Oxide Fuel Cells - use a solid ceramic electrolyte that outlast 
liquid-electrolyte fuel cells.  This technology can be used for large-scale 
central electricity generating stations as well as be scaled down to units 
as small as five to ten kilowatts.  They operate at very high temperatures, 
usually 1,000 ˚C, so they can be used as co-generators to provide both 
electricity and heat.  SOFC’s tolerate fuel impurities because they break-
down at high temperatures. 

FUEL CELL APPLICATIONS

 Because of their high efficiency, high reliability and low emissions, 
fuel cells are being considered for a number of transportation and sta-
tionary electric power generation applications: for vehicles, portable 
power, defense systems, spaces systems and remote sites.  The specific 
requirements of each of these applications will determine which type of 
fuel cell should be used.

Power Generation
 The main criteria for power generation applications are reliability, 
high efficiency, long lifetime, fuel availability, and low emissions, all of 
which can be met by fuel cells.  Where the fuel cell is to be placed at the 
point of use, such as on a building, the “footprint,” or area required, is also 
an important consideration.  

 For large-scale power generation, fuel cells may not compete with 
combined cycle gas turbines, or mature technologies such as conven-

Photo courtesy of Ballard Power Systems

Stationary fuel cells provide electrical 
power from fuels such as natural gas 
or hydrogen.  Such systems are used 
to provide backup power for hospitals 
or other buildings.
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tional, hydroelectric, or nuclear power plants, where they are available.
 
Transportation
 PEM fuel cells are expected to compete favorably to be the power 
plant for the next generation of electric vehicles, making a major impact 
in transportation.  They have a number of demonstrated benefits over 
the internal combustion engine, including their high efficiency and low 
or zero-emissions.   Current internal combustion engine vehicles have 
total operating efficiencies under 15 percent while fuel cell efficiencies 
are expected to be two to three times that.  Electric vehicles are 80 to 90 
percent efficient and fuel cell efficiencies are expected to be close to 50 
percent.  The total system efficiency is the product of each component, 
or 40 to 50 percent.  

 The major barriers in the near-term are their cost and the lack of 
an established infrastructure for hydrogen.  A significant development 
effort will be required before fuel cell transportation technologies reach 
the mature status of the current internal combustion engine.  

 One of the technical issues to be resolved is how to store hydrogen 
onboard a vehicle.  Only about 10 pounds of hydrogen are needed to 
provide a range of over three hundred miles, but this would require the 
use of high pressure (5,000 psi) storage tanks, or the use of heavy 
metal hydrides or liquid hydrogen which must be maintained at cryogenic 
temperatures.  To avoid this problem some vehicle manufacturers are 
developing fuel cell vehicles that include a reformer to separate other 
hydrogen-rich fuels into their constituent components to generate hydro-
gen for the vehicle’s fuel cells.  This side-steps the hydrogen storage 
issue, but introduces additional complexity that will increase cost and 
reduce reliability.  In addition, these vehicles will not be zero emission, 
since the other constituents will be vented to the air. 

Portable Power Systems
 An emerging market for proton exchange membrane fuel cells is for 
portable power systems.  In these applications, fuel cells will compete 
with lithium ion or nickel metal hydride batteries.  The main advantage 
that fuel cells have over such batteries is the long charging times that 
batteries require.  In contrast, fuel cell systems may be recharged in a 
few minutes by refilling a small cartridge with gas or charging a metal 
hydride.  Power levels for these applications typically range from 25 to 
250 watts.  Some portable power applications are notebook computers, 
highway signs and lights, communications equipment, and portable elec-
tronics such as video cameras.  It may be some time before fuel cells will 
be competitive with batteries for portable power such as consumer elec-
tronics, since the cost of electricity is not as important as the first cost 
or convenience of use.  Eventually, fuels cells for these applications are 
projected to be as cheap or cheaper than batteries and have significant 
performance benefits.

Space and Defense Applications
 The first fuel cells were developed for use in space missions by 
NASA.  The selection of fuel cell technology was driven by the need for 
high efficiency, high reliability and high specific energy where weight is 
important.  In space, fuel cells work in concert with photovoltaic systems 
and electrolyzers that collect and store solar energy as hydrogen which 
can be converted to electricity by fuel cells as needed.  Alkaline fuel 

Fuel cells power plants are being 
demonstrated by several automotive 
companies for the next generation of 
electric vehicles.  If fueled by hydrogen, 
these vehicles have zero emissions.
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cells are used for space applications because of their higher efficiencies 
and size and weight in relation to the required power output.  The fuel 
cell stack in the current systems have to be replaced after only a few 
missions at very high cost.  For this reason, NASA is considering using 
proton exchange membrane fuel cells in the future.

 The military has a keen interest in applying fuel cell technology to 
provide their electric power needs for communications and other elec-
tronics during mobile operations and for remote locations.  Other uses 
include submarines and remote controlled equipment such as unmanned 
mine sweeping underwater vehicles.
 
 Although proton exchange membrane fuel cells are more expensive 
than most current power generation equipment, it is generally accepted 
that costs will decrease to the point that they are competitive.  

EARTH’S CLEAN ENERGY DESTINY: THE HYDROGEN-ELECTRIC 
ECONOMY

 In the coming decades, hydrogen and fuel cells will assume a 
greater role in meeting the world’s energy needs. Hydrogen, like elec-
tricity, is a clean energy carrier.  When derived from renewable energy 
sources, hydrogen has the potential of providing an inexhaustible supply 
of energy to fuel our cars, homes and industry without generating pollu-
tion or greenhouse gases of any kind.  It can also be economical and 
have a relatively high margin of safety when produced, stored, and dis-
pensed properly.

Discussion Topics 

1. How is a fuel cell like an electrolyzer?  How is it different?
2. How is a fuel cell like a battery?  How is it different?
3. Which are better to power vehicles: fuel cells or batteries?  Explain 
 your reasons. 

For More Information

The American Society of Mechanical Engineers Magazine Online has 
an article entitled “Fueling the cells” available on their website.

 www.memagazine.org/backissues/dec00/features/cells/cells.html

Fuel Cells 2000 is a nonprofit educational organization that promotes the 
development and commercialization of fuel cells and related pollution-free, 
efficient energy generation technologies, storage and utilization methods, 
and fuels. The web site features an On-line Fuel Cell Information Center.          
                  www.fuelcells.org

The U.S. Fuel Cell Council is an industry association dedicated to fos-
tering the commercialization of fuel cells in the United States.  The web 
site includes a fuel cell glossary, and a “virtual library” of information on 
fuel cell technology.                                                 www.usfcc.com

The U.S. Department of Defense Fuel Cell Program website offers an 
extensive list of “helpful websites.” 

www.dodfuelcell.com/helpfulsites.html
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