
“Energy can be neither created nor destroyed,” say our 
science books, “but can only be transformed from one form to 
another.” Humankind and nature have been engaged with this 
transformation since life began on this planet. Nature does this 
with plants absorbing sunlight, an infinitely large energy resource, 
and producing oxygen and energy in useable forms—not very 
efficiently, but extensively. Humans are engaged in a similar task 
of transforming energy into forms they want from the sources 
that contain it and using this energy for their needs. With time, 
we have learned to produce and use energy more efficiently and 
economically from a variety of resources: coal, hydropower, oil, 
natural gas, nuclear, and so on. The energy contents of these 
resources vary, but the new ones are richer. Along with this search 
for new resources, humans have also learned to be more efficient 
in tapping them. Compare, for example, the animal-dung-fueled 
cooking stove with an efficiency of a few measly percent with 
a modern gas-fueled stove. An efficient fuel and better design 
enabled by excellent materials made this difference.

For wider distribution and ease in usage, energy is now 
transported over long distances through electricity grids or gas 
pipelines from central locations. In many societies, individual 
needs are supplied through these centralized systems. Yet we 
are getting increasingly accustomed to using energy not just for 
basic needs of life but for enriching it. The world’s primary energy 
consumption increased to 14 terawatt-years per year, almost 50 
times the pre-industrial level of about 0.3 terawatt-years per year. 
The world population grew about five times in the same period.

Every source of energy is like a tributary flowing into a river 
of energy where all resources combine. Like rivers that enrich 
agricultural lands, energy streams—wherever they have flowed—
have also created regions of human development and economic 
prosperity. Like the geography atlas, the energy atlas of the world 
is also uneven. There are regions of deprivation and of unmet 
needs. There are also countries that are racing to produce more 
and more energy. The statistics are compelling: Sub-Saharan 
Africa consumes one-tenth of the energy that North America 
enjoys. China, in 2006 alone, built more electric power plants than 
the total installed capacity of Great Britain. Even among developed 
countries, there are unfulfilled needs for more energy.

With all countries clamoring for more energy, are there dangers 
of energy tributaries running dry? Some analysts suggest that oil 
wells might be depleted within 70–80 years. Natural gas might 
run out a little later. The present reserves of uranium might be 
adequate for only 80–90 years. Yet the fears of energy running 
out might be based on the present economic models. If higher 
costs are acceptable, oil could be extracted from oil sands, and 
lean uranium ores could be mined to recover the metal. There are 
also no imminent dangers of running out of coal, which remains 
a vital workhorse for energy generation. Moreover, one hour of 
solar radiation has energy equivalent to the world’s annual primary 
energy consumption.

If we analyze the energy challenges of today, running out of 
resources does not emerge as the major worry. Yet there is another 
worry, greenhouse gas emissions, that is becoming more insidious 
and urgent. Energy production from fossil fuels results in CO2
emissions. Coal expels the most, almost 1 kg for every kilowatt-
hour of power produced. The current greenhouse gas concentration 
in the atmosphere is about 430 parts per million (ppm), up from 
280 ppm in the pre-industrial years. If the present trend continues 
unchecked, the concentration could well cross 800 ppm by the 
end of the century. CO2 is a long-lived greenhouse gas, difficult to 

capture and mitigate. The recent report of the Intergovernmental 
Panel on Climate Change (IPCC) has concluded that most of the 
observed increase in globally averaged temperature since the mid-
20th century is very likely (the emphasis is by the IPCC) due to the 
observed increase in greenhouse gas concentrations. If nothing is 
done to mitigate the CO2 problem, the consequences could turn out 
to be catastrophic for human life and well-being. It is paradoxical 
that the people living in the developing countries, who consume 
far less energy and emit less CO2 than the developed countries, will 
experience the more serious effects. Although one might argue at 
length about the nature and extent of environmental damage, it 
is also important for the scientific community to develop various 
options to contain CO2 pollution.

Are there ways to control the greenhouse gas emissions without 
harming the environment? What are the energy technologies that 
emit no or minimal CO2? Are there technologies and policies 
that help to minimize energy demand and consumption? These 
questions along with a few corollaries shape the theme for 
discussions on energy.

Many new energy-saving technologies are now emerging. 
Light-emitting diodes that can replace incandescent bulbs, electric 
cars and hybrids that substitute for petrol engines, and high-
voltage direct-current transmission of electric power instead of 
alternating-current transmission are some of the energy-saving 
options. There are also concerns about the availability of more 
efficient energy storage systems. Storage is going to become 
increasingly important because some of the renewable resources 
generate power only intermittently.

We began this discussion by citing a list of energy-providing 
materials and their limitations. The criteria for their choice have 
been based on their availability, accessibility, and affordability. To 
this list, we must now add three other imperatives: The sources 
must be sustainable, they should emit a minimum of CO2, and 
they should not pose dangers to global security. The “no CO2” 
resources have to be made efficient, economical, and available. 
There will be new materials and newer technologies, but these 
might not come quickly. After all, it took more than a century for 
electricity to become pervasive, and old materials and technologies 
will continue to serve until the new ones stabilize.

This special volume of MRS Bulletin on energy is the first of its 
kind in which the magazine addresses a major societal issue. This 
issue has contributions from energy experts from many countries 
and reflects not only the growing global concerns on energy but 
also the opportunities that materials researchers can tackle. Some 
of the new materials are already available, and many are or will be 
under development. Nuclear fusion might still be many decades 
away, but already, there are experiments with new materials to 
make fusion safe and viable. Hydrogen, as is often said, is not a 
fuel, but as a carrier of energy, perhaps it would make a difference 
when combined with fuel cells. Solar cells might turn out to be 
relevant in forms that we can now only imagine and work toward.

In a recent article in the New York Review of Books, physicist 
Freeman Dyson extolled biotechnologies that might in the future 
provide plants with solar photovoltaic “black” leaves that absorb 
every wavelength of light and are more efficient in transforming 
sunlight than natural leaves. We hesitate to go that far, but we do 
believe that materials research has the potential to provide some 
happy surprises in addressing what is now turning out to be the 
most critical problem for our society. Hence, this volume.

V.S. ARUNACHALAM AND E.L. FLEISCHER
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Materials and Energy
Energy and materials have a continual and mutually enrich-

ing relationship. Materials produce energy or enable energy to 
be transferred into useful forms. Energy, in turn, has made pos-
sible the production of a broad range of materials for society. 
Materials for energy come in a near continuum: Naturally 
occurring materials release energy through chemical or nuclear 
reactions. These are the fuels we extract from the ground, often 
burned to release their energy in the form of heat.

Then there are the engineered materials that tap externally 
available energy and transform it into useful forms. Photovoltaic 
silicon converts solar energy into electrical power. Wind tur-
bine blades made out of fi ber-reinforced plastic transform wind 
energy into mechanical or electrical power.

Materials also store and deliver energy—the batteries, wires 
and switches, hydrogen, and biofuels that convert energy from 
other forms.

Materials then work to realize the ultimate objective of pro-
ducing energy—its use. This might be tungsten fi laments in 
light bulbs illuminating a century of nights or high-temperature 
turbine blades rotating in a jet engine. Materials thus have a 
synergistic relationship with energy, all the way from its gener-
ation to its ultimate use.

For the past few centuries, affordable energy, mainly from 
fossil fuels, has enabled industrialization and human develop-
ment in all parts of the world. This growth continues, now with 
the developing countries playing a major role in generating and 
consuming increasing amounts of energy. To support this 
growth, new resources have to be harnessed and existing ones 
improved. Adding to these demands are the growing concerns 
about the sustainability of various energy sources and the chal-
lenges of managing waste, pollution, and greenhouse gas emis-
sions left in their wake. There are also matters of energy 
security, with resources unevenly distributed around the world 
and nations vying for energy resources to support their 
growth.

How can technology and materials research address these 
issues? This question forms the basis for this issue of MRS
Bulletin. Whereas the articles discuss the attractions and 
research challenges in specifi c energy areas, we are conscious 
that all of these areas have to be seen in a broader context of 
developing options for generating and using energy effi ciently, 
economically, equitably, and pristinely. There are connections 
that can be built between technologies which can be useful in 
setting the agenda not only for research but also for focused 
development. The scaling of some of the new technologies, and 
the emergence of innovations could eventually lead to their 
competitiveness in a market dominated by well-established but 
polluting energy giants.

Energy and Human Needs
The choice of materials for energy production has been dic-

tated by the availability and accessibility of the source, its eco-
nomic viability, and the convenience it offers. There has been a 
gradual movement toward cleaner fuels from coal to oil to natu-
ral gas. Yet, coal remains an important fuel because of its con-
tinuing widespread availability and the large infrastructure for 
its conversion into useful forms of energy. Thus, there is no one 
unique global fuel for energy generation (Figure 1).1

However, the impact of energy in improving the quality of 
life and economic prosperity is global. There is a modest but 
positive correlation between the gross domestic product (GDP) 
of a country and the amount of energy it consumes. Generally, 
developed countries consume more energy than developing 
countries, but over time, developed countries learn to produce 
and use energy far more effi ciently, and the energy intensity 
trends downward (see Figure 2).

When a country is on the path of rapid growth, it needs far 
more energy per unit of growth than does a mature industrial-
ized economy.2 Compared to China, India is yet to reach this 
threshold of development or to post the same high growth rates. 

The Global Energy Landscape and 
Materials Innovation
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Although developed countries already have well-established
sources for generating large amounts of power, they too face
energy challenges as they outgrow current energy infrastruc-
tures. The U.S. electrical transmission and distribution system,
for example, has had an increase in the frequency and size of
power outages in recent years.

There is also a welcome and positive correlation of the human
development index (HDI)—measuring income, education, and
health—with energy use (Figure 3). Norway, ranked 2nd in HDI,
scores very high in both per capita annual electricity consumption
(26,657 kWh) and per capita GDP [PPP] ($41,420).3 Ethiopia,
ranked 169th in HDI, has a per capita GDP [PPP] of about $1,000
and consumes a mere 36 kWh per capita—equivalent to the con-
sumption of a 40 W electric bulb burning for a few hours per day.3

Industrialization increases the demands for energy dramati-
cally. The world’s total primary energy consumption grew 20
times between 1850 and 2000 to the present value of about
15 Terawatt years per year.4 Currently, industrialized countries
consume a disproportionate share of energy compared to devel-
oping countries. The United States, with a population of 300
million (4.8% of the world’s population), consumes more than
21% of the world’s energy production. India, with a population
of one billion (16% of the world’s population), consumes just
3.45% of global energy generation.2 The article by Lave in this

issue explores the economics of energy and how economics,
both on a global scale and within individual technologies, adds
to the materials research challenges.

If all countries of the world were to enjoy the same level of
prosperity as the developed nations, would the world run out of
energy? Although one might argue that the world has enough
energy sources to meet these needs—coal, at the present rate of
consumption, will last for 164 years2—it is quite likely that
such demands will deplete some energy sources rapidly and
make others prohibitively costly. India and China having a
combined population of 2.4 billion account for only about 12%
of world oil consumption.5 Personal car ownership in China is
9 per 1,000 eligible drivers as compared to 11 in India and 1,148
in the United States.6 However, China and India are likely to
emerge as the fi rst and second largest car markets in the world 
in the coming decades.5 The recent announcement by Tata
Motors of India that they would soon be marketing a $2,500 car
is expected to boost India’s automobile density signifi cantly. If 
car ownership in India and China reaches half the present U.S.
level, then another 100 million barrels per day (BPD) will be
added to the present world oil consumption of about 83 million
BPD.6 This scenario describes the magnitude of just one of the
many energy challenges the world faces. New discoveries and
innovations will be needed to meet such challenges.

Energy and Environment
All energy technologies leave an environmental footprint,

some more than others. Nuclear power, for instance, produces
both long-lived and short-term radioactive waste from which the
public needs to be shielded. Even biofuels that are seen as benign
can adversely affect the food and feed chains by diverting crops
for energy generation. Large hydroelectric dams displace popula-
tions and fl ood agricultural lands. Moreover, a major environmen-
tal concern relates to the emission of greenhouse gases contributing
to global warming. All combusted fossil fuels emit CO2, a long-
lasting greenhouse gas that is not presently captured and removed
from the stack emissions. There have been a number of scientifi c 
studies to estimate the extent of global warming. These studies
suggest that a temperature rise of 0.6 ± 0.2°C has already taken
place in the 20th century. A report of the Intergovernmental Panel
for Climate Change estimates a temperature increase of 1.8–4.0°C
in the next century.7 This, of course, depends on the climate model
used and the assumptions made about global emissions over
the next century. Such temperature increases are likely to cause
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Figure 1. World total primary energy supply (2004) by
source.  Mtoe is million tons of oil equivalent.1
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 irreversible damage to life on Earth. For example, rising sea levels 
would pose serious risks for people living in coastal cities such as 
London, New York, Mumbai, and Shanghai and a few low-lying 
countries. Because of such concerns, many countries, and even 
some states and cities, have adopted regulations for limiting CO2
emissions. There are also emerging trends toward carbon “trad-
ing,” giving benefi ts to industries with lower CO2 emissions and 
making higher emitting industries pay. Awareness is also growing 
among consumers to minimize their energy dependence by opting 
for energy-saving devices such as compact fl uorescence bulbs 
and choosing hybrid cars and biofuels. See Table I for a compari-
son of CO2 emissions from various energy resources.

Reduction of CO2 in the atmosphere can be achieved by adopt-
ing technologies that do not emit CO2 or by capturing CO2, com-
pressing it into a supercritical fl uid, and injecting it deep 
underground in specially chosen geological formations or depleted 
oil wells. (See the article and sidebar by Benson and Orr in this 
issue.) It would also be desirable to artifi cially emulate nature’s 
photosynthesis to capture CO2 from the atmosphere and turn it 
into fuel. Work on this materials challenge is in its early stages.

Energy Security
Some important sources of energy—such as oil, gas, and 

 uranium—are not equitably distributed across continents. 
A heavy dependence for resources on just a few countries poses 
energy security issues. Price and supply volatility for oil and, to 
a lesser extent, natural gas adds an economic risk. These concerns 
have encouraged many countries to opt for harnessing domestic 
or dedicated resources. Brazil, for instance, has become the larg-
est producer of ethanol from sugarcane as a fuel for vehicles. 
Similarly, Denmark is using wind power to generate 20% of its 
electricity and plans to increase wind power to 50% by 2025.8,9

In addition to the competition for resources to ensure that 
the needs of citizens and countries are met, another security risk 
relates to how spent nuclear waste is handled and the potential 
for its use in developing nuclear weapons. The materials chal-
lenge here is one of developing safe long-term storage or fi nd-
ing ways to more effi ciently use the nuclear materials to result 
in safer and nonfi ssionable waste.

Human-development, environmental, and security concerns 
converge to make energy a major political and economic issue 
both locally and globally. The solutions nations pursue to sat-
isfy their energy demands often have consequences that tran-
scend their immediate needs and will require innovations in 
technology and policy that are yet to be realized.

Energy Flows and Cycles
It is convenient to model the energy system as a directional 

fl ow with all possible energy resources fl owing into it as tributar-

ies. This fl ow then branches into distributaries as it is consumed in 
many ways. Along this path, energy is transformed into convenient 
forms, stored where necessary, and transported in time to the places 
of ultimate use. Throughout the process, some of the stream is lost 
as waste, and some is recycled. Energy tributaries—a few large 
and some modest in size—come from biomass, coal, oil, gas, sun-
light, wind, water, and nuclear materials and are fed to their desti-
nations by electrical grids, pipelines, railways, trucks, and ships.

An energy fl ow diagram, when marked with appropriate data, 
provides an integrated view of where the energy comes from, how 
it is used, and where energy is lost along the way.10 A conceptual view 
of energy fl ows is provided after the Preface in this issue. In addition, 
Figure 4 shows two quantitative examples of energy fl ows, one for 
the United States and one for India, highlighting the differences of 
these fl ows for a developed and a developing country. Biomass, for 
instance, continues to be a major fuel for primary energy generation 
in India. What will be the consequences for energy security and 
greenhouse gas emissions when developing India opts for more effi -
cient fuel? The low automobile penetration in India is refl ected in the 
modest consumption of gasoline in preference to diesel, as diesel has 
many applications from truck transport to standby power generation. 
Agriculture in India consumes around 30% of electricity generation, 
mainly for pumping underground water for irrigation. In this sector, 
system losses and ineffi ciencies and proper utilization of govern-
ment subsidies are diffi cult to monitor. Can solar energy help? What 
might be the long-term consequences of underground reservoir 
depletion? These energy fl ow diagrams enable us to locate such 
areas of concern and identify research opportunities to make a tribu-
tary contribute more to the energy fl ow and distributaries work to 
minimize waste and CO2 emissions.

Resources (Energy Tributaries)
The resource base for energy production is large and impres-

sive. From biomass to nuclear fusion, the total energy avail-
ability can be far higher than the global consumption today. The 
various fuel resources differ in their energy content, prices, con-
version effi ciency, waste, and CO2 emissions.46, 53–55

Tables II and III summarize the energy content and present 
availability, respectively, of various energy resources. Evidently, 
enough resources are available so that the world will not “run 
out of energy.”4 However, some of the fuels show high price 
volatility (oil and natural gas), whereas others are more stable 
(coal and to some extent uranium) (Figure 5).

Table IV compares the cost of electric power generation 
from some of these resources. Still others are covered in the 
article by Sims in this issue. Some of the resources tend to be 
highly polluting, with coal, for example, emitting around 1 kg 
(2.24 lb) of CO2 for every kilowatt-hour of power generated 
(Table I). There is also environmentally clean solar energy, but 
it has yet to realize its full potential.

It is convenient to divide the resources into three categories: 
(1) those presently in use, (2) emerging technologies, and (3) 
long-term opportunities. In the fi rst category, we consider 
options and technologies for improving effi ciency and environ-
mental performance for sources such as biomass, hydro and 
geothermal power, coal, oil, gas, and uranium. In the second 
category, which overlaps the fi rst, are solar thermal and photo-
voltaics, wind power, nuclear breeder reactors, and biofuels. 
The third category includes harnessing the power of nuclear 
fusion and extraction of methane hydrates from ocean beds, 
technologies that are yet to be fully explored and developed but 
that embody extensive energy reservoirs.

Coal
Coal continues to be the most heavily used fuel in the world for 

electric power generation. About 50% of the electricity in the United 

Table I: Average Lifecycle CO2 Emissions from Different 
Energy Sources.

Energy Source Lifecycle CO2 Emissions 
(g per kWh)

Coal 1,000

Oil 800

Natural gas 400–500

Solar 13–730

Wind 7–124

Nuclear 2–60

Source: References 46 and 53–55.
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States and 80% of that in China are generated from this resource. In
2006 alone, the use of coal increased by 4.5%, and China contrib-
uted the maximum, around 8.7%, of the total increase.11

The attractions of coal are many: It is cheap and widely
available, and the cost of power from it is low, at under 5 cents

per kilowatt-hour (¢/kWh).
Innovations in fl ue gas cleanup 
have led to the trapping of pollut-
ants such as particulates, mer-
cury, nitrogen oxides, and sulfur
dioxide. However, CO2 emis-
sions continue to be vented to the
environment. Apart from inject-
ing CO2 into the ground, as pre-
viously described, a few options
are available for containing this
CO2. These options include lock-
ing up the CO2 by reacting it
with minerals such as basalt to
produce carbonate minerals,
although the kinetics for such a
reaction is expected to be slow
and might not prove to be practi-
cable. Studies are also being con-
ducted on the possibility of
injecting carbonic acid deep into
the oceanic sediments for the liq-
uid to form clathrates. In such
structures, CO2 is trapped in a
cage of ice crystals that appears
to settle down on the sea fl oor. 
However, its long-term stability
and impact on marine ecology
are not known. Although these
options are being evaluated for
their technical and economic
 viability, the role of coal in a car-
bon-constrained energy portfolio
will also depend on the costs of
CO2 sequestration. Cost calcula-
tions based on a few assumptions
suggest that the price of electric-
ity would increase by 50–100%
if CO2 capture and sequestration
stages were incorporated into
new plant designs;11 a recent
study suggests that the increase
could be as low as 30%.12

Table V shows how the capital
cost and cost of energy change
when sequestration stages are
included in coal-fi red power 
plants.11 These costs should
decrease with increased experi-
ence and learning.

Whereas the installation of
CO2 sequestration systems in
existing units is diffi cult and eco-
nomically unattractive, it might
be possible to erect such systems
as an integrated unit in newly
commissioned plants. There are a
few technology options for
designing new plants amenable
for CO2 capture, including inte-
grated  gasifi cation combined-

cycle (IGCC) plants and oxygen-fi red pulverized coal combustion 
power plants.11 The IGCC process involves gasifying coal to a
combustible gas (syngas)  consisting of a mixture of CO, H2,
CO2, H2O, and other trace species. The syngas is combusted in
a gas turbine, and the waste heat is used to power a steam genera-

b
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tor. IGCC power plants can operate at higher effi ciencies (40–
45% higher heating value) than conventional coal plants (35%).
Ultrasupercritical pulverized coal units use steam at high pres-
sures and temperatures, leading to higher effi ciencies of up to 
46%.11 These conditions would require development of oxida-

tion- and corrosion-resistant high- temperature materials for gas
turbines. See the article by Powell and Morreale in this issue on
coal combustion technologies for an in-depth look at the materi-
als and processes associated with coal.

Also being studied is underground gasifi cation, where the 
coal seams themselves would form in situ gasifi ers expelling 
carbon monoxide and hydrogen (syngas) used in a gas turbine.13

Preliminary economic analysis suggests that carrying out gas-
ifi cation underground could prove to be more economical than 
building gasifi ers above ground. The environmental conse-
quences of underground gasifi cation require further analysis.

Coal gasifi ers can also be integrated with high-temperature, 
ceramic-based, solid-oxide fuel cells. These fuel cells can uti-
lize the syngas directly from the gasifi er. Details of these pro-
cesses and the materials challenges involved both in building
the combustors and turbines and in purifying hydrogen are dis-
cussed in the article by Crabtree and Dresselhaus in this issue.

Oil/Gas to Biofuels
Oil industry professionals use a construct known as Hubbert’s

peak to estimate the amount of recoverable oil from known
reserves. This construct is based on the observation that the rate
of extraction from a fi nite source peaks when half of the oil 
reserves have been exploited, and then the extraction declines to
uneconomical levels.14 Based on known reserves, it has been
estimated both that the peak for world production of oil should
have already occurred15 and that it will not occur in the near
future.16 In either scenario, without new oil discoveries or meth-
ods of extraction, oil production would start to decline after the
peak has been reached. There is even less unanimity on when
world oil production will reach its peak when new discoveries
of accessible oil are included in the discussion: Saudi Arabia

Table III: World Energy Resources and Availability.

Resource Energy Potential (TWy)

Oil and gas (conventional) 1,000

Oil and gas (unconventional) 2,000

Coal 5,000

Methane clathrates 20,000

Oil shale 30,000

Uranium (conventional) 370

Uranium (breeder) 7,400

Sunlight on land 30,000 per year

Wind 2,000 per year

Fusion (if successful) 250,000,000,000

Source: Reference 57 for uranium and Reference 4 for all other resources.
Note: Current world energy use is about 15 TWy per year.

Table V: Costs and Effi ciencies of Coal Power Plants with and
without Carbon Capture and Sequestration.

Energy Source Capital Cost
per kWh

Cost of Energy
(¢/kWh)

Effi ciency
(Higher
Heating
Value)

Coal (subcritical) $1,280 4.84 34.3%

Coal with CCS
(subcritical)

$2,230 8.16 25.1%

Coal
(supercritical)

$1,330 4.78 38.5%

Coal with CCS
(supercritical)

$2,140 7.69 29.3%

Source: Reference 11.
Note: CCS, carbon capture and sequestration; subcritical, operating at steam
temperatures and pressures below the critical point (generally at 540°C and
16.5 MPa); supercritical, operating at steam temperatures and/or pressures
above the critical point (generally at 540–566°C and 25 MPa).
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Figure 5. Prices per unit energy of various fuel resources
(nominal $/million BTU).51,52

Table IV: Costs of Electric Power from Several Sources.

Resource Overnight
Construction Cost

($/kW)

Levelized Cost of
Energy (¢/kWh)

Coal 1,300 4.2

Natural gas 500 5.6

Nuclear 2,000 6.7

Source: Reference 29.

Table II: Higher Heating Values of Various Energy Resources.

Resource Higher Heating Value (MJ/kg)

Hydrogen 142.0

Natural gas 50.0

Light diesel 46.1

Gasoline 47.3

Ethanol 29.7

Methanol 22.7

Biomass (e.g., wood) 10–20

Coal 14–30

Source: References 11 and 56.
Note: The higher heating value of a fuel is the amount of heat released (MJ)
through combustion from 1 kg of fuel source, assuming that the water released
in combustion has been condensed to liquid form.
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reports no end in sight for at least 60 more years. The recent BP
Statistical Review of World Energy quotes the proven reserves-
to-production ratio to be 40.5 years, with the reserves estimated
to be over one trillion barrels.17 Regardless, the rate of use of oil
consumption continues to grow, with nations vying with one
another to sign agreements for guaranteed supply. The world
consumption has grown to 83 million barrels per day from 48
million barrels per day in 1970.18 A recent report by the National
Petroleum Council addressed some of the “hard truths” facing
the oil and gas industry this century, and these fi ndings are 
addressed in the article by Holditch and Chianelli in this issue.

Natural gas entered as an attractive alternative fuel and has
replaced oil for many applications. The cost of liquefying natu-
ral gas has come down signifi cantly in recent years, and trans-
portation of liquefi ed natural gas aboard large ocean-going 
tankers has extended the availability of natural gas beyond the
limits of pipelines. The CO2 emission is low (about 500 grams
per kWh as compared to 1,000 grams per kWh for coal), and
the proven reserves-to-production is over 60 years at the pres-
ent rate of consumption.17 The Russian Federation is the largest
producer and also the largest consumer of natural gas. As in the
case of oil, the Middle East has large reservoirs of natural gas.
When the price of natural gas was low, many countries chose it
for electric power generation. However, as the demand for this
resource increased, so did its price.

If the oil extracted from conventional wells becomes scarce
and costly, are there other options? Canadian and Venezuelan
 oil- containing sands are seen as potential substitutes. Oil sands
 contain clay, sand, water, and bitumen (a very heavy condensate
of oil), and the Canadian reserves alone are estimated to contain
around 175 billion barrels of oil.19 Because of the low concen-
tration of  hydrocarbons, the extraction processes are more
involved, including mining of the sands and technologies for
stripping bitumen from them and refi ning the heavy oil. The 
environmental sustainability of such extraction processes has
been questioned because of the demands made on water, energy
for extraction, and disposal of waste sands. Availability of
appropriate structural materials that can resist hot corrosion and
high temperatures can also be an issue.

Yet another stash of fossil fuel deposits is described by Rath, in
a sidebar to the article on oil and gas in this issue. Methane
hydrates—essentially ice-like cages with methane trapped inside—
line most of the continental shelves, kept cool in ocean sediments
and permafrost regions. Estimates suggest that this resource
exceeds twice the amount of all other recoverable and nonrecover-
able fossil fuels. However, the risks, benefi ts, and methods of 
extracting these deposits are still being weighed, so this resource is
not ready to contribute to energy needs in the near future.

There is also the option to produce liquid fuel from coal,
using Fischer–Tropsch (FT) synthesis. This process involves
the gasifi cation of coal, mentioned earlier, to produce syngas. 
Using the water–gas shift reaction to adjust the ratio between
CO and H2 in the syngas to desired levels and using appropriate
FT catalysts, synthetic fuels (popularly known as synfuels)
ranging from light hydrocarbons to waxes can be produced.
However, the process of making liquid fuels involves CO2
emissions. Without carbon capture and sequestration, synthesis
of liquid fuels from coal emits about 50% more CO2 than use
of conventional gasoline or diesel.11 The advantage of FT syn-
thesis for some countries appears to be the ability to use a plen-
tiful, locally available raw material (coal) to produce liquid
fuels, thereby reducing dependence on nondomestic oil sources.
China is known to be building two plants with South African
collaboration, each with a capacity of over 80,000 barrels a day.
If India and China opt for this route, CO2 emissions from the
two countries would increase signifi cantly.

Are there alternate strategies for replacing fossil fuels using
sustainable sources without CO2 penalties? Many countries are
now exploring such opportunities for making biofuels from
agricultural produce and wastes, as described in the article on
biofuels by Farrell and Gopal in this issue.

Brazil has been the fi rst country to commercially produce 
large amounts of ethanol from its sugarcane harvests as a substi-
tute for gasoline. Various grades of fuel ranging from 5% ethanol
in gasoline to nearly 100% ethanol are now in production and
use. Brazilian industries are also manufacturing fuel-fl exible 
vehicles that can run on gasoline, ethanol, or any mixture of the
two. Because ethanol is corrosive to some of the materials used
in the automobile engine, engines resistant to such deterioration
have been produced. Whereas Brazil is producing ethanol from
sugarcane where the ratio of energy output to input is greater
than fi ve, this ratio for ethanol produced in the United States 
from corn is more modest at 1.34,20 for net energy production of
4–5 MJ per liter.21 Questions have been raised about the desir-
ability of diverting produce now used for human consumption
and animal feed from the food chain to ethanol production. For
example, there have been reports about the escalating cost of
corn and scarcity of soybean planting, which was abandoned
because of the attractive marketability of corn for ethanol. Also
recent studies have suggested that a “biofuel carbon debt” could
result, depending on the type of vegetation that the biofuel crops
replace.22,23

However, the real race for plant-based ethanol is in develop-
ing an economically viable and socially sustainable route for
producing it from cellulose (see the sidebar by Wyman in this
issue). If successful, the energy payback can be as high as 14:1.
Several technological pathways are available, some of which
are shown in Figure 6.24 A few large-scale experiments on the
production of cellulosic ethanol have been reported.25,26 These
developments are of increasing interest because such processes
would not interfere with the food chain and the energy inputs
for cultivation would be minimal. Moving toward even greater
levels of engineering, Gust et al., in a sidebar to the biofuels
article, discuss engineered and artifi cial photosynthesis to learn 
from and enhance what Nature creates.

Meanwhile, a number of initiatives to use the fruits of oil-
bearing plants to produce biodiesel have been launched.
Jatropha, a hardy plant that grows wild in many parts of the
tropics, is attracting a great deal of attention. The energy input
required to grow this plant is not large, nor is this crop in the
food chain. Detailed economic analysis of the manufacturing of
jatropha-derived diesel is not yet available. Even though the
acreage required for cultivating jatropha is large—for India, it
would be the third largest after rice and wheat—it has been
suggested that wastelands could be brought under jatropha
cultivation.27
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Figure 6. Conversion pathways for ethanol from cellulosic biomass
feedstock.24
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The specifi cations for solar photovoltaics developments are 
multifold. The cells have to be effi cient and stable, and the cost 
of manufacturing should be competitive. Semiconductor pho-
tovoltaics are showing recent impressive effi ciency gains. The 
fi rst generation of solar sells based on single-crystalline silicon 
can attain conversion effi ciencies of 10–15%, and solar cells 
made from cadmium telluride (CdTe) can attain even higher 
effi ciencies, around 20%. Multijunction thin fi lms, with several 
layers matched to capture different wavelengths of light, can 
achieve 40% conversion effi ciency.36,37

The solar cell family includes thin fi lms, amorphous struc-
tures, and polycrystalline materials, each providing its own 
advantages either in cost or in the effi ciency of conversion. 
Furthermore, quantum-dot structures with very high effi cien-
cies approach theoretical limits. Organic photovoltaics, on the 
other hand, compensate for their low effi ciencies with the 
promise of lower manufacturing costs.

Although the performance of solar power is impressive, its 
costs continue to be daunting: an average of $0.25 per kilowatt-
hour versus $0.05–0.08 for various biomass-based fuels.38

Figure 7 compares the costs and performance of solar energy 
to those of biofuels and wind from the same land mass.39

The U.S. Department of Energy specifi es that the initial 
capital cost to the end user of grid-tied photovoltaic systems 
should be reduced to $3.30 per peak watt from $6.25 per peak 
watt in 2000.38 Another requirement has to do with toxicity con-
cerns about materials used in the manufacturing of photovoltaic 
modules. The use of CdTe, which can be toxic at high levels of 
lung exposure, is a case in point.

To make photovoltaics affordable, it is necessary to bring 
down the manufacturing costs by using polycrystalline materials 
and thin fi lms that can be grown into long amorphous ribbons, 
amenable to large-scale production.

A major competitor to inorganic photovoltaics is the emer-
gence of organic-based photovoltaics, which have very different 
operating mechanisms. Excitons—closely bound electron–hole 
pairs—are fi rst generated and then decomposed into free charge 
carriers at interfaces. The active layers of such systems have to 
be kept very thin because of the low mobility of charge carriers. 

A few new schemes attempt to solve some of the intrinsic defi -
ciencies of organic photovoltaics and include the incorporation 
of dyes that enable better absorption and conversion of the solar 
spectrum, organic–inorganic composites, and nanocomposites 
that help add more charge carriers. Even though some of the ini-
tial problems, such as rapid degradation of performance, have 
been overcome, many technical and manufacturing challenges 
remain to be addressed. The effi ciency has to be improved to 
better than the 5% presently obtained in laboratories, the operat-
ing lifetime has to be raised without degradation of performance, 
and the manufacturing of polymers containing mixtures of inor-
ganic nanostructures will have to be manufactured effi ciently and 
cheaply at a large scale. Considering the speed with which liquid 
crystal displays (LCDs) are replacing conventional displays 
(some have predicted that LCDs will soon become as cheap as 
acrylic paints used for painting homes), organic semiconductors 
are ripe for becoming a similarly disruptive technology.

Because of the cyclical nature of solar radiation, it is necessary 
to install adequate storage systems to match supply and demand. 
In an earlier article in MRS Bulletin, Smalley recommended dis-
tributed storage systems to provide for base-load needs.40 The 
attractions of sustainability and clean energy without any green-
house gas emissions make solar energy a compelling option.

As research continues toward achieving higher effi ciencies, 
lowering costs, and developing novel materials, diverse regions 
of the world are embracing current solar technologies. A side-
bar by Palucka covers the California Solar Initiative, a $3.3 
billion program to generate 3 GW of electricity by 2017 by 
encouraging solar cell installations on the roofs of residential 
and commercial buildings. Soboyejo and Taylor, in a sidebar 
about off-grid solar power, focus instead on the two billion 
people on the planet who do not have reliable electric services. 
They describe how simple solar-electric systems can help 
some of the rural populations in Africa, Latin America, Asia, 
and island nations obtain basic services.

Wind Energy
In contrast to solar power, wind power is a mature technology, 

contributing over 73 GW of capacity in 2006.41 The global annual 
wind energy generation at locations with wind speeds in excess 
of 6.9 m/s at 80 m above ground is estimated to be around 72 ter-
awatt-years.42 Thus, 20% of this resource can meet the world’s 
total energy requirements; however, several practical barriers 
prevent its full potential from being tapped.42 Because of its 
dependence on wind speed, the locations where wind power gen-
erators can be installed are limited. Although there have been 
impressive innovations in control engineering in directing the 
fans toward the wind direction and even altering the pitch of the 
blades to suit wind speeds, the limiting factors of this energy 
resource are inherent to the nature of wind power itself, namely, 
their dependence on location and the intermittence of power gen-
eration. The effi ciency of wind power is about 20%. Off-shore 
turbines are an option, but they might prove to be expensive 
because of the challenges of accessing these locations and the 
harsh environments that must be tolerated.

To increase effi ciency, wind turbine rotor diameters have 
increased to as long as 110 m. Such sizes demand materials with 
stable mechanical and environmental properties. Composites 
such as fi ber-reinforced plastics and foam structures are now 
the mainstay. Carbon composites have also become popular 
because of their availability—made possible as a result of their 
use in the aerospace industry. However, the needs of wind 
energy turbines are different from aerospace requirements. The 
blades have to be stiff to prevent excessive defl ection and strong 
to prevent buckling failure. Fatigue can become a major prob-
lem because of alternating stress due to rotation. The article by 
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Figure 7. Gross energy output (million kWh per hectare) and cost 
(cents per kWh) of resource produced from 1 hectare of land for several 
renewable sources of energy.39 In the case of wind and solar, the output 
resource is electricity, whereas in other cases, it is the energy 
contained in biofuel.
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Nuclear Power
After many years, nuclear power is re-emerging from the 

shadows in the United States, whereas France already obtains 
78% and Japan 27% of their electric power from nuclear sources.28

Nuclear power reactors do not emit CO2, and the entire nuclear 
cycle has a modest CO2 footprint. Although fears still linger after 
the Three Mile Island (1979) and Chernobyl (1986) accidents, 
the safety record and energy production of nuclear power plants 
since that time provide a new perspective. Worldwide, 443 power 
reactors with an installed capacity of 370 GW of electrical power 
have produced over 2,600 billion kWh annually without a major 
accident in over 20 years.28 However, reactor safety is still an 
important factor in nuclear plant development, along with issues 
concerning nuclear waste disposal and prevention of nuclear 
weapons proliferation. Cost is also an issue. Nuclear power sta-
tions tend to be at least 15–30% costlier than conventional coal 
generation and are also capital intensive.29

Nevertheless, nuclear power is an established technology 
that has the resources and the potential to meet a signifi cant part 
of global energy needs in the coming decades, until the world 
fully realizes the potential of other low-CO2-emitting energy 
sources. The world uranium reserves are estimated to be 4.7 
million tons. At the current annual rate of use, the present 
proven resources are adequate for over 85 years of operation.30

If the capacity is increased to 530 GW electrical, the annual 
consumption of uranium would be 100,000 tons, adequate for 
about 40 years.

Materials options can help extend the service life of pres-
ently operating reactors. Most of the nondestructive testing 
technologies specially developed for examining the integrity of 
structural components suggest that the lifetimes of the presently 
operating nuclear reactors (specifi cally light water reactors) can 
be extended by about 20 years. Economists estimate that this 
extension of service life alone is equivalent to 40% of the cost 
of building a new reactor.31 The lessons learned from the life 
extension exercise suggest that, for newly designed light water 
reactors, the steel of the pressure vessel that contains the core 
and its components could be compositionally tailored to handle 
high temperatures and radiation levels without failure. 
Components that are more tolerant to radiation will reduce deg-
radation, allowing the reactors to operate up to a burn-up of 
over 100,000 megawatt-days per ton of uranium fuel,29 almost 
double that of current reactors.

Furthermore, there are ways to extend the useful energy 
extracted from nuclear materials. Light water reactors and pres-
surized heavy water reactors use natural uranium or slightly 
enriched uranium containing about 4% of the 235U isotope as the 
fuel. In natural uranium, the isotopic content of 235U is ~0.7%. 
The rest of the fuel is 238U, which is not fi ssionable. However, 
during irradiation in the reactor, 238U is transmuted to plutonium, 
which is fi ssionable and can be used as a fuel. In the open-cycle 
system, the spent fuel is not reprocessed to extract plutonium. 
Instead, it is treated as nuclear waste and safe-guarded. In the 
closed-cycle system, the spent fuel is reprocessed to extract plu-
tonium which can amount to a few kilograms for every ton of 
spent fuel. The plutonium can be used as the fuel for enriching 
uranium—substituting for 238U—or as a highly enriched fuel in 
itself. In highly enriched fuel, it is possible to transform more 
235U into plutonium and thus “breed” more plutonium in the 
reactor. Such reactors, known as breeders, can also be designed 
to produce 233U—another fi ssionable isotope of uranium—from 
the naturally occurring element thorium; this approach is under 
study in India, a country rich in this resource. See the article in 
this issue by Raj et al. for more information on nuclear power.

A prototype fast breeder of 500 MW capacity is presently 
under construction in India. Breeder reactors offer opportuni-

ties for extending the fuel resource base by at least a factor of 
60. However, some major concerns arise in terms of reprocess-
ing the spent fuel. Plutonium is an ideal material for nuclear 
weapons, and reprocessing of the spent fuel could make this 
material more readily available to terrorists and to states keen 
on acquiring nuclear weapons. This concern is discussed by 
Hecker in a sidebar to the article on nuclear power in this issue. 
The other major concern about the safe handling of nuclear 
wastes is discussed in the sidebar by Ewing.

For nuclear power without the issues regarding radioactive 
uranium and plutonium, one can turn to nuclear fusion. In 
fusion, nuclei of smaller atoms are fused into a larger nucleus, 
releasing a large amount of energy. The ITER project, which is 
an international program to demonstrate the scientifi c and tech-
nological feasibility of fusion energy, is a next step toward 
determining the materials that would be needed to contain such 
a reaction, although results from this project are not expected 
for decades. According to ongoing progress reports, the ITER 
program (http://www.iter.org/) expects to be able to build a pro-
totype fusion power plant of 1.5 gigawatts electrical, based on 
magnetic confi nement of plasma by about 2050.

The economics might prove to be the determining factor in 
choosing nuclear power. Recent studies have suggested that, 
depending on local conditions, nuclear power has the potential to 
become cost competitive and could be a major route for contain-
ing CO2 emissions.32 In addition to accounting for CO2 reduction 
and decommissioning costs, the economic analysis would also 
have to account for the risks and uncertainties associated with 
nuclear waste and the potential for nuclear weapons proliferation. 
Such a detailed cost analysis is not presently available.

Solar
Unlike other resources, solar energy is almost limitless. 

Several parts of Earth receive good solar radiation of about 
600–800 watts/square meter. An hour of solar radiation on 
Earth provides 14 terawatt-years of energy, almost the same as 
the world’s total annual energy consumption.33,34 Solar energy 
is nonpolluting and is available on all continents. If only it were 
easy to capture the solar radiation and store the energy effi -
ciently, there would be no global scarcity of renewable and 
clean energy. Presently, solar collection contributes only a tiny 
amount (about 0.03%)17 to the world’s energy needs, but the 
annual growth of solar cell market is impressive, at about 40% 
per year, led in particular by Germany and Japan. The article by 
Ginley, Green, and Collins in this issue focuses broadly on a 
range of solar developments.

There are two routes for solar energy generation: solar ther-
mal and solar photovoltaics. In the solar thermal approach, the 
sun’s radiation is converted to heat that is either used directly, 
for instance, for passive water heaters, or concentrated, known 
more commonly as concentrating solar power (CSP). In CSP 
technologies, the heat is used to operate a steam generator to 
produce electricity. In solar photovoltaics, semiconductors are 
used to convert solar radiation into electric energy, which can 
be either used locally in autonomous systems or connected to 
central power grids.

The effi ciency of CSP plants can be around 15–20%, but the 
installation and generation costs are high, almost fi ve times 
those of coal.35 To generate about 12 terawatt-years of energy, 
large land areas are needed, around 50–75 million hectares. 
More information on CSP can be found in the sidebar by Mehos 
in this issue. Thermal energy from the sun can be converted into 
energy using thermoelectric materials. Waste heat from other 
industrial processes can also be used to generate thermoelectric 
energy. Thermoelectric materials are covered by Tritt, Böttner, 
and Chen in another sidebar in this issue.
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Hayman, Wedel-Heinen, and Brøndsted in this issue discusses 
the materials issues related to wind power.

Carriers, Storage, and Transformations
Hydrogen as a Fuel?

To many, calling hydrogen a source of energy is wrong, as 
free hydrogen does not occur in nature but rather has to be 
derived from other primary energy sources. Instead, it should 
be seen as an energy carrier just like electricity. Unlike electric 
power, however, hydrogen can be stored, though not yet at high 
energy density. Despite these limitations, the use of hydrogen 
as a prime mover is being pursued in laboratories and pilot 
experiments, because hydrogen, once produced, is a clean fuel 
and its use is nonpolluting. Its energy content on a weight basis 
is almost triple that of natural gas. It is also an ideal fuel for fuel 
cells, which can, under many conditions, generate electric 
power more effi ciently than a combined-cycle gas turbine.43

The challenges, then, are to generate hydrogen effi ciently with 
minimum CO2 emissions and to store it effi ciently. The density 
of hydrogen is so low that, even in its liquid state, its volumetric 
energy density is one-third that of gasoline. The use of hydro-
gen as a fuel for transportation would require technologies that 
can store enough hydrogen to provide power for a distance of 
300–400 miles (480–640 km).44 This goal calls for storage 
either as a liquid (although 30–40% of its energy is sacrifi ced 
in liquefying it) or as complex metal hydrides that would be 
able to store the gas with a volumetric density of 81 kg/m3 and 
release it effi ciently near 70–100°C. Such storage materials 
would also need to be recyclable and to have rapid kinetics for 
hydrogen release and absorption. Presently, no chemical com-
pounds have emerged that meet all of these conditions.

Crabtree and Dresselhaus, in an article in this issue, estimate 
that the world hydrogen production will have to increase from 
the present 60 million tons to 600 million tons to power the 
global fl eet of cars and light trucks by 2030. Where would we 
get this hydrogen? Because hydrogen is not a primary energy 
source, it has to be produced from other sources such as coal, 
natural gas, or water. Some of these sources contain carbon, 
meaning that the hydrogen production process would involve 
CO2 emissions. Steam reforming of natural gas is a commer-
cially available technology and accounts for the bulk of hydro-
gen production today. Our estimates based on results in 
References 45 and 46 suggest that about 2,000 million tons of 
natural gas would be required to generate the desired quantity 
of hydrogen. Present world production of natural gas is about 
2,100 million tons, and thus, this process would double the 
demand for natural gas. This process would also involve about 
5,000 million tons of CO2 emissions, which would have to be 
captured and sequestered. One potential advantage of this 
option, though, is that CO2 emissions are concentrated at the 
source and hence more amenable for capture.

Coal gasifi cation followed by the water–gas shift reaction is 
another technology option for hydrogen production. We esti-
mate that it would require about 4,500 million tons of coal to 
produce 600 million tons of hydrogen based on results in 
References 45 and 46. Present world coal production is 6,400 
million tons. This process is more carbon intensive than the use 
of natural gas; CO2 emissions would be in excess of 10,000–
15,000 million tons and would have to be sequestered.

Extracting hydrogen from water is theoretically the “heart” 
of the hydrogen economy. Water molecules could be split to 
generate hydrogen, which would then be oxidized in a fuel cell 
to produce electric power at high effi ciency, emitting pure water. 
However, electricity for splitting water molecules must come 
from renewable sources, or it will be coming from the very fossil 
fuels that hydrogen aims to replace. About 31,000 billion kWh 

of electricity would be required to produce 600 million tons of 
hydrogen from water. Present world electricity generation is 
about 18,000 billion kWh, and electricity from renewable 
sources is a mere 370 billion kWh. Clearly, renewable sources 
are nowhere near the level required to make the required amounts 
of hydrogen. Both major innovations for generating hydrogen 
free from CO2 and commercially viable technologies for storing 
it are needed before hydrogen can substitute for fossil fuels.

Fuel Cells
Hydrogen as a fuel or carrier of energy is never discussed 

without invoking fuel cells, its prime mover. Fuel cells have a 
high effi ciency of about 50–60% and low emissions. They are 
modular and can be distributed. They cause no noise pollution. 
But they are expensive. For fuel cells to become competitive, 
the cost must be reduced to the same level as that of an internal 
combustion engine, taking into account the cost of fuel and the 
effi ciency of operation. In a fuel cell, electro-oxidation of 
hydrogen takes place at the anode, thereby liberating protons 
and electrons; the protons migrate through the electrolyte to the 
cathode and participate in the electro-reduction of oxygen. 
Electric power generation results from the fl ow of electrons 
through an outside circuit. Electrolytes are available through 
which protons, hydronium ions, hydroxide ions, or carbonate 
ions are mobile, giving rise to different types of fuel cells. Fuel 
cells are complex because of the restrictions imposed on mate-
rials, that is, the electrodes and electrolytes used and their 
design. A number of auxiliary components are needed such as 
systems for gas purifi cation to eliminate CO and CO2, pressur-
ization, and cooling. Often, it is an auxiliary component, and 
not the fuel cell itself, that fails. However, recent breakthroughs 
in both electrolyte and electrode materials for solid electrolyte 
systems are envisioned to greatly simplify fuel cell design.

Solid-oxide fuel cells are reliable for continuous operation. 
Although they have to be operated at high temperatures, around 
600°C, a 100 kW system can typically run for 20,000 h without 
degradation. A variety of hydrocarbons can be used as fuel, and 
yttria-stabilized zirconia is commonly used as the electrolyte. 
The other candidate electrolyte materials are doped ceria, doped 
lanthanum gallate, and doped barium zirconate. Current 
research focuses on direct electrochemical oxidation of fuels at 
anodes, where the hydrocarbon fuels react directly with oxygen 
ions without intermediate reaction steps involving water. 
Electrolytes are being replaced with solid acids with properties 
intermediate between those of normal acids and normal salts. 
Research on materials for solid-oxide fuel cells and polymer 
electrolyte membrane fuel cells are expected to result in simpler 
designs and more reliable operation. Large-scale deployment of 
fuel cells awaits advances in hydrogen production, storage, and 
use, as well as understanding of phenomena at the nanoscale. 
The growth of the fuel cell industry will depend on how effi -
cient and robust the cells become and how the scale of produc-
tion brings down the cost.

Energy Storage and Flow
Energy must be moved from its source to where it is needed. 

In the case of liquid fuels, transportation occurs by means of 
pipelines, trucks, and other carriers. In the case of electricity, 
movement occurs through the electrical grid. For renewable 
sources, storage systems are needed to convey the energy pro-
duced to the grid and for use in mobile electronics. in each case, 
there are losses along the way. The collective electrical trans-
mission and distribution losses are on the order of 7%, although 
they vary from country to country. There are losses in the case 
of petroleum and natural gas due to spills and leakage, with 
environmental consequences. In all cases, conversion of matter 
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to facilitate transport or storage adds further to the ineffi cien-
cies of getting energy from source to use.

With the increase in demand for electricity and multiple 
sources of energy feeding into the fl ow, the grids must become 
versatile. In their article in this issue, Amin and Stringer present 
the concept of a smart, self-healing grid that quickly senses and 
switches the fl ow as needed. Such a system would identify surges, 
downed lines, and outages; control damage instantaneously; bal-
ance loads reliably and dynamically; and be less vulnerable to 
terrorist attack. Although upgrading the grid to digital technology 
will have the most signifi cant effect, materials are important 
enablers. Nanomaterials for small but sensitive sensors, piezo-
electric materials that respond to electrical signals, and semicon-
ductors that can endure high powers and high temperatures are 
entering the mix, bringing strength and agility to the grid. The 
future might hold opportunities for wires strengthened with car-
bon nanotubes, superconducting wires with no losses, or systems 
in space to capture and beam energy back to Earth. Additionally, 
the concept of micropower sources, for example, salvaging 
energy from the environment for self-suffi cient wireless sensor 
nodes and networks, have a role, which is considered in the side-
bar by Steingart, Roundy, Wright, and Evans.

Although electricity is a versatile transporter, it cannot be 
stored like fuel. Batteries are a convenient way to tap into elec-
trical energy and carry bits of it away from the outlet, but their 
capacity and power is insuffi cient for handling the demands of 
large power generators. Remarkably, one of the most cost-
effective ways to store large amounts of energy is to use it to 
pump water uphill, recovering as much as 75% of the energy as 
hydropower as it later fl ows downhill. However, this option is 
impractical, for instance, for driving a car.

Battery technology has progressed through lead acid and 
nickel–cadmium systems, to nickel–metal hydride batteries, 
and now to lithium-based systems and systems based on nano-
materials. (See the article by Whittingham in this issue.) 
Sodium–sulfur systems are being used for large-scale applica-
tions, and supercapacitors are beginning to fi nd a role when 
high power is involved. Whether for portable applications such 
as cells phones and hybrid cars or for static applications such as 
backup systems, load leveling, and storing energy generated by 
alternative energy devices, the growing demands on energy 
storage require leaps in storage capacity and power output, as 
well as reductions in cost, paralleling Moore’s law in the semi-
conducting industry that has guided rapid doubling of comput-
ing power for many decades. Recent progress in batteries 
includes development of compounds with crystal structures that 
promote Li ion mobility, use of silicon nanowire anodes that 
can contain higher amounts of Li without breaking during 
charge/discharge cycles, and “just-in-time” batteries in which 
silicon nanograss is used as an electrode. The contact angle of 
a liquid on the nanograss is modifi ed so as to isolate the liquid 
electrolyte, and electrochemical reactions do not take place 
until power is actually needed.

Catalysts
In addition to the fl ow and storage of energy, reactions and 

transformations among types of energy occur. Although not a 
source, carrier, or user of energy, catalysts play an important 
role in facilitating the transformation of materials. From the 
refi ning of oil and breakdown of cellulose to the liquefaction of 
coal and operation of fuel cells, this unique brand of materials 
orchestrates the chemistry of reactions while remaining hidden 
from view. By opening new reaction pathways and forming 
intermediary compounds in a chemical dance, catalysts speed 
reactions by orders of magnitude, lower energy barriers, and 
increase effi ciency. They take many forms, such as porous 

materials and oxides, and face challenges of their own. The 
article by Gates et al. in this issue covers the basics of catalysts, 
particularly as applied to oil and biofuels. The table in that arti-
cle lists the catalysts used in petroleum refi ning, sulfur and 
nitrogen removal, the water–gas shift reaction, and methanol 
synthesis, for example. The recent approach of modifying the 
subsurface of a platinum catalyst while retaining the platinum 
skin holds much promise. In the solar route to splitting water to 
produce hydrogen, a few photocatalysts are under scrutiny. 
There is also the possibility of catalytic conversion of CO2—a
case of a distributory (or adversary) turning into a tributary?

Energy Use and Effi  ciency
In earlier sections, we focused on energy generation and 

distribution, the so-called supply side. There is also another 
dimension for increasing the availability of energy, namely, the 
demand side. Here, achieving effi ciency in delivery and con-
sumption is the imperative. Judkoff, in his article in this issue 
on buildings, provides an example of a commercial building 
that uses 65% less energy than other buildings under equivalent 
building codes; it saves energy through a range of features 
including photovoltaics, passive heating, and sensors. Likewise, 
Kusakabe, in a sidebar to the buildings article, describes a 
“super-green factory” in Japan that makes use of a distributed 
power system that reduced CO2 emissions signifi cantly. 
Bonfi eld, in another sidebar, details the role of materials scien-
tists in seeking low-environmental-impact alternatives to the 
raw materials for construction.

The majority of innovations for improving effi ciency tend 
to be incremental, but there are a few exceptions. For instance, 
high-strength low-alloy steels can substitute for heavy steel in 
automobiles. A more radical innovation involves integrating the 
automotive bodies with the frames, which reduces the weight 
of the vehicles signifi cantly and thus saves energy.47 The article 
in this issue by Carpenter et al. on road transportation explores 
lightweight materials for power trains, hybrids, and tires. 
Reducing the weight of materials while maintaining strength 
and durability is particularly important for air travel. The side-
bar to the transportation article by Banerjee focuses on the 
unique materials needs in aviation. 

The hybrid engine is an outstanding example of radical 
innovation. Here, the electric motor, under certain driving con-
ditions, substitutes for the internal combustion engine and also 
improves energy effi ciency by charging the battery with the 
energy dissipated during braking. More importantly, CO2 emis-
sions are reduced when the electric motor takes over. With all-
electric automobiles, now under development and in use in 
small numbers, no CO2 is emitted during driving, although total 
CO2 emissions depend on the electricity source. Even if energy 
from coal-fi red power stations were used for charging, the CO2
production would be shifted from tailpipes to large generating 
stations, which would facilitate carbon capture and sequestra-
tion by centralizing the CO2 emissions. However, the benefi ts 
of this approach would be dependent on the ability to achieve 
such capture. Large-scale substitution of hydrogen for gasoline 
and fuel cells for internal combustion engines will have to wait 
for the development of effi cient storage and distribution sys-
tems for hydrogen. Fuel cells will also have to become more 
robust and cost-effective.

Another case ripe for substitution is the switch from 
 incandescent light bulbs with more effi cient light sources such 
as light-emitting diodes (LEDs). Lighting consumes more than 
20% of generated energy in many countries. Tungsten fi lament 
bulbs continue to be fragile, with a lifetime of a mere 1,000 h 
and an effi ciency of 5%. Compact fl orescence lamps have an  
effi ciency of over 15%, but contain mercury. LEDs have 
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 effi ciencies of 30% and above and can last as long as 100,000 
hours of continuous operation—but they cost more, and thus, it
takes years to recover the cost of the bulb. The illumination from
LEDs is also more directional than that from fi lament bulbs, so 
further developments might be needed to obtain a quality of light
acceptable to the consumer. The article by Humphreys in this
issue discusses in detail the materials issues that must be resolved
to enable the generation of white light with acceptable charac-
teristics and a higher effi ciency of around 50%.

As described by Gielen, Newman, and Patel in their article
in this issue, industry accounts for one-third of the primary
energy supply and provides opportunities for innovation not
only to improve effi ciency but also to reduce carbon emissions. 
Achieving increased effi ciency and reduced emissions in 
industry feeds back to the very start of the energy cycle: indus-
try refi nes the energy sources and makes the materials that sup-
ply new (and old) technologies. The iron and steel industry
consumes over 19% of the total industrial energy supply. Many
pilot-plant experiments have been aimed at improving the
energy effi ciency in iron making by substituting blast furnaces 
with reactors that would not require the coking of coal or iron
ore agglomerates or sinters. A recent innovation, Finex®—
developed by a South Korean Corporation, Posco—for
instance, operates with ordinary coal and iron ore fi nes. Even 
coke oven batteries in integrated steel plants can be made more
energy effi cient by utilizing coke oven gases for hydrogen 
recovery, methanol synthesis, and electric power generation.
Coke oven gases could also possibly be used for direct reduc-
tion of iron ores.

Cement manufacturing competes with iron and steel in
annual CO2 emissions, at around 1.7 trillion kg per year. A large
fraction of the emissions comes not from energy generation but
from the process itself, specifi cally the making of clinkers at 
high temperatures. When the process is not optimized, CO2
emissions can be as high as 1 kg of CO2 for every kilogram of
cement produced. Many attempts have been made to minimize
energy consumption and reduce CO2 emissions by opting for
substitute materials such as blast furnace slag and fl y ash from 
coal-fi red power stations instead of clinkers.

If these innovations enhance performance and are energy-
effi cient, why are they not widely adopted as they are devel-
oped? The dissemination of innovations is a complex process.
Some, such as the Internet, have had a remarkable penetration
into the market. These are the disruptive technologies that pro-
vide goods and services in new ways in areas where none
existed or where those that did exist were not profi table. Most 
innovations, however, are incremental and tend to be costly in
the beginning. They are perceived as being for the public good
rather than for private profi tability. For instance, minimizing 
CO2 emissions, in the absence of commercial benefi ts, might 
not be seen by fi rms as necessary for a company’s profi tability. 
According to Paul David, a professor of economics at Stanford
University, even electricity took more than 100 years to become
commonplace in the U.S. industrial infrastructure.48

Part of the reluctance to implement new technologies might
relate to the associated efforts required to create new supply
chains and develop appropriate inspection protocols and struc-
tures. With an industry as immense as energy, even small
changes involve large risks. New processes, to start with, are
not economical and might also not realize their full potential.
Unless there are market externalities, barriers associated with
the new technologies might not be surmounted. The externali-
ties can be in the form of tax incentives or the imposition of
taxes that make the old processes less competitive and give
newer technologies a boost toward the benefi ts of mass pro-
duction. Both Germany and Japan are providing incentives to

sustainable energy generators whereby electricity grids are
mandated to buy power from such providers at costs that are
attractive to the producers of power. In Bangalore, India, new
home builders are mandated to install solar water heaters in
preference to heaters powered by electricity. Externalities can
also take into account costs to society that are not explicitly
paid during production. Carbon pricing, for instance, can make
newer innovations competitive if they have reduced carbon
dioxide emissions. Will such incentives make solar energy
competitive? Solar energy proponents maintain that there has
not been a suffi cient increase in the scale of production nor has 
there been clearly defi ned market support from many govern-
ments that could have brought the cost of the resource down.
Likewise, what factors might make LEDs commonplace for
general lighting? Both the market support and new technolo-
gies that can bring down the learning curve dramatically
(Figure 8) are part of this process.

The articles in this issue describe many of the scientifi c chal-
lenges in materials research that can enhance performance and
lead to disruptive innovations. It might be too early to fully
know which technologies will be the winners and which the
losers. But understanding the energy landscape can guide the
development of well-chosen experiments—in the laboratory
and in the marketplace—that will build into the energy infra-
structure far into this century.

A Concluding Note
The Industrial Revolution of the 18th and 19th centuries was

enabled by the discovery of energy resources and the making of
materials to harness that energy. Over many years, the list of the
materials and properties that we seek has grown: from coal and
iron to uranium, silicon, nickel-based superalloys, and so on.
The underlying science for these enablers is the thermody-
namic, electrical, electronic, catalytic, and mechanical proper-
ties of materials. But the vision of enriching human society with
40 terawatts of power in 30 years calls also for our understand-
ing of materials properties that were hitherto unexplored and
tailoring those properties for the performance we require. This
list is diverse and includes nanomaterials, biomaterials, materi-
als for catalysts and hydrogen storage, and materials that effi -
ciently and economically convert solar energy into usable
forms. The sheer scale of the scientifi c challenges in the energy 
sector is overwhelming. The driver for the coming decades is

b

b

Figure 8. Learning curves of energy technologies to show
the impact of technology breakthroughs (green line).
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not just the harnessing of new energy sources, but also the 
development of energy technologies from source to use with 
optimized effi ciency and no or minimal CO2 emissions. There 
should also be an improved understanding of the behavior of 
materials and structures that can sequester CO2 or convert it 
into benign products—for coal might have to be used for many 
more decades. How materials scientists and engineers respond 
to these challenges will determine how successful our society 
is going to be in generating sustainable and pollution-free 
energy for the world in the coming decades.
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served as an advisor to 
Cornell University’s 2004 
“Too Small To See” 
science exhibition. From 
2003 to 2004, she was a 

part of the Institute for 
Community Leadership in 
Education. Fleischer was 
an AAAS Mass Media 
Science and Engineering 
fellow in 1989, and is a 
scientific member of 
the Böhmische Physical 
Society, and is a column 
editor for the Council of 
Science Editors’ 
Publication Science Editor. 
Fleischer also is a member 
of the American 
Association for the 
Advancement of Science, 
American Chemical 
Society, American 
Physical Society, 
Materials Research 
Society, and Council of 
Science Editors.

George W. Crabtree, 
organizing committee 
member for this issue of 
MRS Bulletin, can be 
reached at Materials 
Science Division, Argonne 
National Laboratory, 9700 
S. Cass Ave, Argonne, IL 
60439, USA; tel. 630- 
252-5509, fax 630-252-
8042, and e-mail 
crabtree@anl.gov.

Crabtree is a senior 
scientist at Argonne 
National Laboratory. He 
received his BS degree 
from Northwestern 
University, Evanston,  
IL, in science engineering; 
his MS degree from 
University of Washington, 
Seattle, in physics;  
and his PhD degree  
from University of Illinois 
at Chicago in solid state 
physics. At Argonne, 
Crabtree has worked on 
the electronic behavior of 
transition metal, organic, 
heavy fermion, and high-
temperature supercon-
ducting compounds, and 
on materials for energy 
conversion.

David S. Ginley, 
organizing committee 
member for this issue of 
MRS Bulletin, can be 
reached at National 
Renewable Energy Lab, 
MS 3211, SERF W102, 
15313 Denver W. Pkwy., 
Golden, CO 80401, USA; 
tel. 303-384-6573, fax 
303-384-6430, and e-mail 
dave_ginley@nrel.gov.

Ginley is the group 
manager in Process 
Technology and Advanced 
Concepts at the National 
Renewable Energy 
Laboratory (NREL). He 
received his BS degree in 
mineral engineering 
chemistry from Colorado 
School of Mines in 1972, 
and his PhD degree in 
inorganic chemistry from 
Massachusetts Institute of 
Technology in 1976. He is 
an adjunct professor of 
physics at University of 
Colorado at Boulder, and an 
adjunct professor of 
materials science/physics at 
the Colorado School of 
Mines (CSM). Ginley’s 
research interests include 
basic science and 
application of transparent 
conducting oxides, 
ferroelectric materials, 
organic materials and nano-
materials, and the 
development of next- 
generation process 
technology for materials 
and device development 
including combinatorial 
methods, direct write 
materials, composite 
materials and non-vacuum 
processing. PV related 
projects include direct write 
optoelectronic materials 
and contacts, organic 
photovoltaics (OPV), 
nanomaterials for PV, new 
TCOs for PV, thin-film 
template layers for high-
quality PV thin films, and 
high throughput 

methodologies for PV 
materials and device 
development. He has over 
300 papers and 25 patents. 
He is a fellow of the ECS on 
the board of directors of the 
MRS and is an associate 
editor of the Journal of 
Materials Research. 

Colin J. Humphreys, 
organizing committee 
member for this issue of 
MRS Bulletin, can be 
reached at the Department 
of Materials Science and 
Metallurgy, University of 
Cambridge, Pembroke 
Street, Cambridge, CB2 
3QZ, UK; tel. +44-1223-
334457, fax +44-1223-
334437, and e-mail colin.
humphreys@msm.cam.
ac.uk.

Humphreys is the 
Goldsmiths’ Professor of 
Materials Science at 
Cambridge University in 
the United Kingdom. He 
graduated with a degree in 
physics from Imperial 
College, London, and 
earned his PhD degree 
from the Cavendish 
Laboratory Cambridge. 
Before joining Cambridge 
in 1990, Humphreys was 
a lecturer in the Materials 
Department at the 
University of Oxford, and 
then head of materials 
engineering at the 
University of Liverpool. In 
addition to his position at 
Cambridge, Humphreys is 
a professor of experimen-
tal physics at the Royal 
Institution in London and 
a fellow of Selwyn College, 
Cambridge. He also is 
director of the Rolls Royce 
University Technology 
Centre at Cambridge, on 
Ni-based superalloys for 
turbine blades for 
aerospace engines, and 
director of the Cambridge 
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Gallium Nitride Centre. 
Humphreys’ research 
interests include all 
aspects of electron 
microscopy and analysis, 
semiconductors 
(particularly gallium 
nitride), ultra-high-
temperature aerospace 
materials, and supercon-
ductors. Humphreys’ 
hobby is reconstructing 
what happened in ancient 
historical events using 
modern-day science. He 
was president of the 
Institute of Materials, 
Minerals, and Mining in 
2002 and 2003. He then 
served as the chair of its 
managing board. 
Humphreys is a fellow of 
the Royal Academy of 
Engineering; a member of 
the Academia Europaea; a 
liveryman of the 
Goldsmiths’ Company; a 
member of the Court of 
the Armourers and 
Brasiers’ Company; a 
Freeman of the City of 
London; a member of the 
John Templeton 
Foundation in the USA; 
and the honorary 
president of the Canadian 
College for Chinese 
Studies in Victoria, 
Canada. In addition, 
Humphreys was president 
of the physics section of 
the British Association for 
the Advancement of 
Science from 1998 to 
1999, and a fellow with 
the Public Understanding 
of Physics, Institute of 
Physics, from 1997 to 
1999. He has received 
medals from the Institute 
of Materials, the Institute 
of Physics, and the Royal 
Society of Arts; and given 
various memorial lectures 
throughout the world. In 
2001, Humphreys 
received an honorary DSc 
degree from the University 

of Leicester. Other awards 
include the European 
Materials Gold Medal, the 
Robert Franklin Mehl Gold 
Medal from The Materials, 
Minerals, and Metals 
Society in 2003, and the 
CBE in the New Year’s 
Honours for 2003. In 
addition, Humphreys is 
the author of The Miracles 
of Exodus: A Scientist 
Reveals the Extraordinary 
Natural Causes Underlying 
the Biblical Miracles.

Keiichi N. Ishihara, 
organizing committee 
member for this issue of 
MRS Bulletin, can be 
reached at the Department 
of Socio-environmental 
Energy Science, Graduate 
School of Energy Science, 
Kyoto University, 606-
8501 Yoshida, Sakyo-ku, 
Kyoto, Japan; tel. +81-75-
753-5464, and e-mail 
ishihara@energy.kyoto-
u.ac.jp.

Ishihara is a professor 
in the Department of 
Socio-environment of 
Energy Science, Graduate 
School of Energy Science, 
at Kyoto University in 
Japan. He received his 
BS, MS, and PhD degrees 
from the Department of 
Metal Science at Kyoto 
University in 1981, 1983, 
and 1986, respectively. 
Ishihara has worked at 
Kyoto University since 
1986. In addition, he is a 
member of the Technical 
Committee of New Energy 
and Industrial Technology 
Development Organization, 
Japan.

Kathleen C. Taylor, 
organizing committee 
member for this issue of 
MRS Bulletin, can be 

reached by e-mail at 
kctylr@aol.com.

Taylor is the retired 
director of the Materials 
and Processes Laboratory 
of General Motors 
Corporation. She received 
her AB degree from 
Douglass College and her 
PhD degree in physical 
chemistry from 
Northwestern University. 
Currently, Taylor serves on 
the board of directors of 
the National Inventors Hall 
of Fame, the US 
Department of Energy’s 
(DOE) Hydrogen and Fuel 
Cell Technical Advisory 
Committee (HTAC), and 
the DOE’s Basic Energy 
Sciences Advisory 
Committee. She has 
been president of the 
Materials Research 
Society and chair of the 
board of directors of the 
Gordon Research 
Conferences. Taylor also 
serves on the National 
Research Council’s 
committee for a review of 
the FreedomCAR and Fuel 
Research Program. Also, 
she was elected to the 
National Academy of 
Engineering in 1995, is a 
fellow of SAE 
International, and is a 
foreign member of the 
Indian National Academy 
of Engineering. Taylor’s 
honors include the 
Garvan Medal from the 
American Chemical 
Society.

Rahul Tongia, organizing 
committee member of this 
issue of MRS Bulletin, can 
be reached at the 
Department of 
Engineering and Public 
Policy, Carnegie Mellon 
University, Baker Hall 129, 
Pittsburgh, PA 5213, USA; 
e-mail tongia@cmu.edu, 

and www.cs.cmu.
edu/ rtongia.

Tongia is a faculty 
member in the Departments 
of Engineering and Public 
Policy, and the Program in 
Computation, 
Organizations, and Society 
in the School of Computer 
Science at Carnegie Mellon 
University in Pittsburgh, 
PA. Tongia received his ScB 
degree in electrical 
engineering from Brown 
University, and his PhD 
degree in engineering and 
public policy from Carnegie 
Mellon. He has extensive 
experience working with, 
and advising, a number of 
multilateral organizations 
such as the United Nations 
and World Bank, as well as 
Electric Utilities in the USA 
and India. Tongia’s work is 
interdisciplinary, spanning 
infrastructure technology 
and policy, with a focus on 
developing regions. In 
addition, he is a senior 
fellow at the Center for 
Study of Science, 
Technology, and Policy 
(CSTEP), in Bangalore, 
India.

Michael C. Driver, co-
project leader for the 
organizing committee in 
this issue of MRS Bulletin, 
can be reached at Materials 
Research Society, 506 
Keystone Dr., Warrendale, 
PA 15086-7573, USA; tel. 
724-779-3004, ext. 401, 
and e-mail driver@mrs.org.

Driver is the director 
of information services 
(publishing) at the 
Materials Research 
Society, where his main 
responsibilities are with 
MRS Bulletin, the Journal 
of Materials Research, and 
MRS Symposium 
Proceedings. Driver 
received his BSc degree in 

physics, with honors, and 
his PhD degree in 
electronic and electrical 
engineering—both at the 
University of Birmingham, 
England. When he worked 
in industry, Driver’s 
research interests 
included semiconductor 
devices, particularly 
gallium arsenide and 
silicon nitride transistors, 
cadmium-zinc-telluride 
gamma ray detectors, and 
monolithic integrated 
circuits for power at 
microwave frequencies. 
Also, Driver is a life fellow 
of the Institute of 
Electronic and Electrical 
Engineers (IEEE).

Paul Drzaic, chair of 
MRS Bulletin editorial 
board, can be reached at 
Unidym Inc., 1430 
O’Brien Ave., Suite G, 
Menlo Park, CA 94025, 
USA; tel. 650-462-1935, 
fax 650-462-1939, and e-
mail pdrzaic@unidym.com.

Drzaic is Chief 
Technology Officer at 
Unidym Inc. in Menlo 
Park, California, 
developing electronic 
materials and devices 
using carbon nanotube 
technologies. Drzaic 
joined Unidym after 
serving as vice president 
for advanced develop-
ment at Alien Technology 
Corporation, helping 
develop novel, flexible 
RFID devices. Prior to 
Alien, Drzaic, was the 
first director of 
technology at E Ink 
corporation, leading the 
team of engineers and 
scientists that produced 
the first active matrix 
electronic paper 
prototypes, for which he 
has been recognized by 
national awards. Drzaic 
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Massoud Amin Dipankar Banerjee Sally M. Benson Peter Bonfield Harald Böttner

has 52 patents, 20 
journal publications, and 
a monograph on liquid 
crystals. He is president-
elect of the Society for 
Information Display 
(SID), is a Fellow of the 
SID, and has held several 
leadership positions 
within the Materials 
Research Society. He 
earned a BS degree in 
chemistry from the 
University of Notre Dame 
and a PhD degree in 
chemistry from Stanford 
University.

Massoud Amin can be 
reached at University of 
Minnesota, 1300 S. 
Second St., #510, 
Minneapolis, MN 55454, 
USA; tel. 612-624-5747, 
fax 612-624-7510, e-mail 
amin@umn.edu, and 
http://umn.edu/ amin.

Amin is a professor 
of electrical and 
computer engineering, 
directs the Center for 
the Development of 
Technological Leadership, 
and holds the Honeywell/
H.W. Sweatt Chair in 
Technological Leadership 
at the University of 
Minnesota. Before joining 
the University of 
Minnesota in March 2003, 
Amin was with the Electric 
Power Research Institute 
(EPRI), where he initiated 
and developed the smart 
self-healing grid, and led 
the development of more 
than 24 technologies 
transferred to industry. 
After September 11, 2001, 
he directed all security-
related research and 
development, and twice 
received Chauncey 
Awards at EPRI, the 
institute’s highest honor. 
Amin is a member of the 
Board on Infrastructure 

and the Constructed 
Environment at the U.S. 
National Academy of 
Engineering, a member 
of the Board on 
Mathematical Sciences 
and Applications at the 
National Academy of 
Sciences, and a senior 
member of IEEE.

Dipankar Banerjee can be 
reached at the Defence 
Research and 
Development Organisation, 
310, DRDO Bhavan, Rajaji 
Marg, New Delhi 110011, 
India; tel. +91-11-
23016640, fax +91-11-
23016706, and e-mail 
dbanerjee@hqr.drdo.in.

Banerjee is chief 
controller of research 
and development at the 
Defence Research and 
Development Organization 
(DRDO), India, and 
coordinates its aeronau-
tics and materials 
programs. He graduated 
from the Indian Institute 
of Technology, Madras, in 
metallurgy, and obtained 
his PhD degree from the 
Indian Institute of Science, 
Bangalore. Banerjee 
started his career at the 
Defence Metallurgical 
Research Laboratory at 
Hyderabad in 1979, and 
was the director of the 
laboratory from 1996 to 
2003. Banerjee is known 
for his contributions to the 
science, technology, and 
application of titanium 
alloys. He received India’s 
national award—Padma 
Shri—in 2005, and is a 
fellow of the Indian 
Academy of Sciences and 
the Indian National 
Academy of Engineering.

Sally M. Benson can be 
reached at Stanford 

University, Global Climate 
and Energy Project, 4230 
Jerry Yang and Akiko 
Yamazaki Environment 
and Energy Bldg., 473 Via 
Ortega, Stanford, CA 
94305, USA; tel. 650-725-
0358, and e-mail 
smbenson@stanford.edu.

Benson is a research 
professor in the Energy 
Resources Engineering 
Department in the School 
of Earth Sciences at 
Stanford University, and 
the executive director of 
the Global Climate and 
Energy Project. She 
received her MS and 
PhD degrees from the 
University of California 
in materials science 
and mineral engineering. 
Benson joined Stanford 
in 2007 after working at 
Lawrence Berkeley 
National Laboratory in a 
number of capacities, 
including Earth Science 
Division Director, 
Associate Laboratory 
Director for Energy 
Sciences, and Deputy 
Director for Operations.

Peter Bonfield can be 
reached at Building 
Research Establishment, 
Bucknalls Lane, Watford 
WD25 9XX, UK; tel. +44-
1923-664200, fax +44-
1923-664785, and e-mail 
bonfieldp@bre.co.uk.

Bonfield is the chief 
executive of Building 
Research Establishment 
(BRE). A materials engineer 
with a PhD degree in 
fatigue of wood compos-
ites, his fifteen-year career 
in construction has focused 
on driving innovation and 
improved sustainability 
across all construction 
sectors. Most recently, 
Bonfield established a five-
year contract with Marks 

and Spencer to help with 
delivery of its £200 million 
eco-plan. Bonfield is 
currently on part-time 
secondment to the Olympic 
Delivery Authority, where 
he has helped create the 
sustainable development 
strategy for the Olympics. 
In addition, Bonfield is a 
former international road 
racing cyclist and Ironman 
triathlete. He has acted as 
bike coach for two UK 
competitors in the women’s 
triathlon in the Athens 
Olympics.

Harald Böttner can be 
reached at Fraunhofer 
Institute for Physical 
Measurement Techniques, 
Heidenhofstra e 8, D-
79110 Freiburg, Germany; 
tel. +49-761-8857-121, 
and e-mail harald.
boettner@ipm.fraunhofer.
de.

Böttner is head of the 
Department Thermoelectric 
Systems at the Fraunhofer 
Institute for Physical 
Measurement Techniques 
in Freiburg, Germany. He 
graduated in chemistry 
from the University of 
Münster (UM), Germany, 
and also received his PhD 
degree from UM in 1977. 
In 1978, Böttner joined the 
Fraunhofer ISC, Würzburg. 
He moved to his current 
position in 1980. Böttner 
developed IV-VI infrared 
semiconductor lasers 
through 1995. From 1995 
to 2003, he worked with 
semiconductor gas 
sensors. He started 
working with activities in 
thermoelectrics in 1989. 
Böttner’s research 
activities are focused on 
thin film and nanoscale 
thermoelectrics, as well as 
microelectronics-related 
device technology. He has 

authored or co-authored 
approximately 20 patents 
and more than 100 papers 
in journals, proceedings, 
reviews, and chapters in 
handbooks. Böttner also 
is a board member of 
the International 
Thermoelectric Society.

Povl Brøndsted can be 
reached at Materials 
Research Department, 
Risø-DTU, National 
Laboratory for Sustainable 
Energy, The Technical 
University of Denmark, 
AFM-228, PO Box 49, 
Fredriksborgvej 399, DK-
4000 Roskilde, Denmark; 
tel. +45-46-77-57-04, fax 
+45-46-77-57-58, and  
e-mail povl.brondsted@
risoe.dk.

Brøndsted has been 
head of the research 
program on composites 
and material mechanics at 
Risø-DTU since 2000. He 
earned his PhD degree 
from the Technical 
University of Denmark 
(DTU) in 1977. During his 
PhD degree study and 
after graduation, 
Brøndsted was employed 
in the Material Research 
Department at Risø 
National Laboratory 
(RNL). His research at 
RNL included mechanical 
behavior, fatigue, and 
fracture mechanics of 
metals and composite 
materials. Brøndsted 
joined the first teams to 
qualify and design wind 
power turbines in 1976.

Joseph A. Carpenter, Jr. 
can be reached at the 
Office of FreedomCAR and 
Vehicle Technologies, EE-
2G Rm. 5G-030, US 
Department of Energy, 
1000 Independence Ave., 
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SW, Washington, DC 
20585, USA; tel. 202-  
586-1022, and e-mail 
joseph.carpenter@ee.doe.
gov.

Carpenter is currently 
the technology develop-
ment manager for the U.S. 
Department of Energy 
(DOE) Lightweighting 
Materials effort, part of 
the FreedomCAR and 
Hydrogen Fuels Initiative 
between DOE and the U.S. 
automotive and energy-
supply industries. He 
holds bachelor and 
doctoral degrees in 
materials from Virginia 
Tech. Carpenter also has 
held research and 
research management 
positions at Chrysler 
Corporation, the Oak 
Ridge National Laboratory, 
and the National Institute 
for Standards and 
Technology, before joining 
the U.S. DOE. He lives 
with his wife on a floating 
home in the Potomac 
River in Washington, DC.

Lidong Chen can be 
reached at Shanghai 
Institute of Ceramics, 
Chinese Academy of 
Sciences, 1295 Dingxi 
Rd., Shanghai 200050, 
China; tel. +86-21-5241-
4804, and e-mail cld@
mail.sic.ac.cn.

Chen is a professor 
and deputy director of the 
Shanghai Institute of 
Ceramics at the Chinese 
Academy of Sciences. He 
graduated with a degree in 
chemistry engineering at 
Hunan University, China, in 
1981, and received his 
PhD degree in materials 
science from Tohoku 
University, Japan, in 1990. 
Chen worked primarily on 
advanced ceramics until 
1996. Afterward, he 

started activities in 
thermoelectrics. Chen’s 
current research activities 
are focused on the 
exploration of new 
thermoelectric compounds 
and nano-composite 
materials and on 
developing thermoelectric 
device technology.

Russell R. Chianelli can 
be reached at The 
University of Texas at 
El Paso, 300 Burges Hall, 
El Paso, TX 79968–0555, 
USA; tel. 915-747-7555, 
fax 915-747-6007, and  
e-mail chianell@utep.edu.

Chianelli is a professor 
in the Department of 
Chemistry and director of 
the Materials Research 
and Technology Institute 
at The University of Texas 
at El Paso. He received his 
PhD degree in chemistry 
and physics from the 
Polytechnic Institute of 
Brooklyn in 1974. From 
1973 to 1996, Chianelli 
was a senior research 
associate at Corporate 
Research Laboratories 
Exxon Research and 
Engineering Co. He also 
was president of the 
Materials Research 
Society 1990. In addition, 
he is currently the Texas 
Governor of the American 
Bio-fuels Council. Chianelli 
has authored more than 
145 refereed publications 
and 55 U.S. patents.

Reuben T. Collins can be 
reached at the Physics 
Department, Colorado 
School of Mines, Golden, 
CO 80401, USA; tel. 303-
273-3851, fax 303-273-
3919, and e-mail rtcollin@
mines.edu.

Collins is a professor 
of physics and director of 

the Center for Solar and 
Electronic Materials at the 
Colorado School of Mines. 
He received a BA degree in 
physics and mathematics 
from the University of 
Northern Iowa in 1979, 
and MS and PhD degrees 
in applied physics from 
the California Institute of 
Technology in 1989 and 
1985, respectively. He held 
positions as research staff 
member, manager of III-V 
Epitaxy, and technical 
consultant to the vice 
president of services 
applications and solutions 
at IBM T.J. Watson 
Research before joining 
the Colorado School of 
Mines in 1994. Collins’ 
research interests include 
photovoltaics, novel light-
emitting materials and 
devices, microelectronics, 
silicon-compatible 
optoelectronics, 
fabrication and properties 
of nanostructures, and 
scanning probe 
microscopy. He has 
authored or co-authored 
more than 95 publications, 
is a co-inventor on three 
patents, and is a member 
of the American Physical 
Society,  
Materials Research 
Society, and American 
Society for Engineering 
Educators.

Mildred S. Dresselhaus 
can be reached at  
Rm. 13-3005, 
Massachusetts Institute 
of Technology,  
77 Massachusetts Ave., 
Cambridge, MA 02139–
4307, USA; tel. 617-253-
6864, fax 617-253-6827, 
and e-mail millie@mgm.
mit.edu.

Dresselhaus is an 
institute professor of 
electrical engineering and 

physics at Massachusetts 
Institute of Technology. 
She received her BS 
degree at Hunter College, 
her MA degree at Radcliffe 
College, and her PhD 
degree at the University of 
Chicago. At MIT, 
Dresselhaus has worked 
broadly in solid-state 
physics, carbon science 
and its nanostructures, 
and low-dimensional 
thermoelectricity. She is 
the recipient of the 
National Medal of Science 
and 24 honorary degrees 
worldwide, and served as 
the director of the Office 
of Science at the 
Department of Energy in 
2000–2001.

James Evans can be 
reached at 316 Hearst 
Mining Memorial Bldg., 
MS 1760, University of 
California at Berkeley, 
Berkeley, CA 94720, USA; 
tel. 510-642-3807, and  
e-mail evans@berkeley.edu.

Evans holds the Plato 
Malozemoff Endowed 
chair in the Department of 
Materials Science and 
Engineering at the 
University of California at 
Berkeley. His recent 
research has focused on 
electrochemistry, 
particularly as applied to 
materials production and 
energy storage. Evans has 
published approximately 
180 papers in refereed 
archival journals (plus 120 
other publications), has 
co-authored three books, 
and is a co-inventor on 
eight issued patents, 
including four related to 
batteries/fuel cells.

Rodney C. Ewing can be 
reached at University of 
Michigan, Department of 

Geological Sciences, 1100 
N. University Ave., Ann 
Arbor, MI 48109–1005, 
USA; tel. 734-763-9295, 
fax 734-647-5706, and  
e-mail rodewing@umich.
edu.

Ewing is the Donald R. 
Peacor Collegiate Professor 
in the Department of 
Geological Sciences at the 
University of Michigan. He 
also is a professor in the 
Departments of Nuclear 
Engineering and 
Radiological Sciences and 
Materials Science and 
Engineering. Ewing’s 
research interests focus on 
radiation effects in 
minerals, ion beam 
modification of materials, 
and the crystal-chemistry 
of actinide minerals and 
compounds. He is past 
president of the 
Mineralogical Society of 
America and the 
International Union of 
Materials Research 
Societies. Ewing has 
written extensively on 
issues related to nuclear 
waste management and is 
a co-editor of Radioactive 
Waste Forms for the Future 
(1988) and Uncertainty 
Underground (2006). He 
has received the Dana 
Medal of the Mineralogical 
Society of America and the 
Lomonosov Medal of the 
Russian Academy of 
Sciences.

Alexander E. Farrell can 
be reached at University of 
California at Berkeley, 310 
Barrows Hall, Berkeley, CA 
94720–3050, USA; tel. 
510-642-1640, and e-mail 
aef@berkeley.edu.

Farrell is an associate 
professor in the Energy 
and Resources Group at 
the University of California 
at Berkeley and director of 
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the Transportation 
Sustainability Research 
Center. He has a degree in 
systems engineering from 
the U.S. Naval Academy, 
and a PhD degree in 
energy management and 
policy from the University 
of Pennsylvania. Alex 
conducts research on 
energy and environmental 
policy, especially related to 
biofuels, climate change, 
security, and international 
environmental assess-
ments and agreements.

Bruce C. Gates can be 
reached at the Department 
of Chemical Engineering 
and Materials Science, 
University of California at 
Davis, 1 Shields Ave., 
Davis, CA 95616–5294, 
USA; tel. 530-752-3953, 
fax 530-752-1031, and  
e-mail bcgates@ucdavis.
edu.

Gates is a distin-
guished professor in 
chemical engineering and 
materials science at the 
University of California at 
Davis. He received 
degrees from the 
University of California at 
Berkeley in 1961 and the 
University of Washington 
in 1966. Gates worked at 
Chevron, following time 
spent as a postdoctoral 
researcher at the 
University of Munich, 
where he has returned 
frequently. Before joining 
the University of California 
at Davis, he was a 
professor and director of 
the Center for Catalytic 
Science and Technology at 
the University of 
Delaware. Gates’ research 
is focused on catalysis. He 
has authored Catalytic 
Chemistry and co-
authored Chemistry of 
Catalytic Processes. In 

addition, Gates edits 
Advances in Catalysis.

Jerry Gibbs can be reached 
at the Office of 
FreedomCAR and Vehicle 
Technologies, EE-2G Rm. 
5G-046, U.S. Department of 
Energy, 1000 Independence 
Ave., SW, Washington, DC 
20585, USA; tel. 202-586-
1182, and e-mail Jerry.
gibbs@ee.doe.gov.

Gibbs is a technology 
development manager and 
materials engineer with the 
U.S. Department of Energy, 
Energy Efficiency and 
Renewable Energy, Office 
of Vehicle Technologies, 
Propulsion Materials. He 
has a BS degree in 
mechanical engineering 
from the University of 
Arizona in Tucson, AZ. 
Gibbs has more than 14 
years of project manage-
ment and field experience 
working with heavy- and 
light-duty vehicle systems 
utilizing both conventional 
and alternative fuels.

Dolf Gielen can be 
reached at International 
Energy Agency, 9 Rue de 
la Federation, 75739 Paris 
Cedex 15, France; tel. +33-
1-40-57-66-57, fax +33-1-
40-57-67-59, and e-mail 
Dolf.Gielen@iea.org.

Gielen has been a 
senior energy analyst 
working for the 
International Energy 
Agency (IEA) in Paris in 
the Energy Technology 
Policy Division since 
2002. Gielen studied 
chemical engineering at 
the Technical University 
Eindhoven and environ-
mental sciences at Utrecht 
University in the 
Netherlands. In 1999, he 
finished his PhD degree 

thesis on energy and 
materials systems 
analysis at the Technical 
University Delft. Gielen’s 
main task at IEA is to 
advise the IEA member 
governments regarding 
energy technology 
policies. He is currently 
coordinating the IEA 
activities in the field of 
industrial energy use in 
the framework of the G8 
Dialogue on Climate 
Change, Clean Energy, and 
Sustainable Development. 
Also, Gielen is responsible 
for the energy technology 
modeling activities.

Anand R. Gopal can be 
reached at University of 
California at Berkeley, 310 
Barrows Hall, Berkeley, CA 
94720–3050, USA; tel. 
510-642-1640, and e-mail 
anandrg@berkeley.edu.

Gopal is a PhD degree 
student in the Energy and 
Resources Group at the 
University of California at 
Berkeley. He has a master’s 
degree in environmental 
systems engineering from 
Humboldt State University 
and a bachelor’s degree in 
civil engineering from the 
Indian Institute of 
Technology, Madras. 
Gopal’s research interests 
are in the area of energy 
technology and policy to 
meet developmental and 
environmental goals. 
Specifically for his PhD 
degree research, Gopal 
is exploring the potential 
of biomass power and 
biofuels to be a low-
carbon pathway to fulfill 
India’s growing energy 
demand.

Martin A. Green can 
be reached at ARC 
Photovoltaics Centre of 

Excellence, School of 
Photovoltaic and 
Renewable Energy 
Engineering, University of 
New South Wales, Sydney 
NSW 2052, Australia; tel. 
+61-2-9385-4018, fax 
+61-2-9662-4240, and  
e-mail m.green@unsw.
edu.au.

Green is currently an 
Australian Government 
Federation fellow, a 
scientia professor at the 
University of New South 
Wales, Sydney, Australia, 
and research director of 
the university’s 
Photovoltaic Centre of 
Excellence. His group’s 
contributions to 
photovoltaics include 
development of the 
world’s highest efficiency 
silicon solar cells and 
commercialization of 
several cell technologies. 
Green is the author of six 
books on solar cells and 
numerous papers. His 
work has resulted in 
several international 
awards including the 2002 
Right Livelihood Award, 
commonly known as the 
Alternative Nobel Prize, 
and the 2007 SolarWorld 
Einstein Award.

Devens Gust can be 
reached at the Department 
of Chemistry and 
Biochemistry, PO Box 
871604, Arizona State 
University, Tempe, AZ 
85287–1604, USA; tel. 
480-965-4547, fax 480-
965-2747, and e-mail 
gust@asu.edu.

Gust is the Foundation 
Professor of Chemistry and 
Biochemistry in the 
Department of Chemistry 
and Biochemistry at Arizona 
State University. He received 
his BS degree in chemistry 
from Stanford University, 

and his MS and PhD 
degrees in chemistry from 
Princeton University. Gust 
joined the faculty at Arizona 
State after postdoctoral 
research at the California 
Institute of Technology. His 
research is in the area of 
organic photochemistry, 
with an emphasis in artificial 
photosynthesis and 
photochemical molecular 
logic. Gust received the 
Award in Photochemistry 
from the Inter-American 
Photochemical Society, 
and is a fellow of the 
American Association for 
the Advancement of 
Science.

Brian Hayman can be 
reached at Section for 
Structural Integrity and 
Laboratories, Det Norske 
Veritas AS, NO-1322 
Høvik, Norway; tel. +47-
67-57-74-17, fax +47-67-
57-99-11, and e-mail 
Brian.Hayman@dnv.com.

Hayman is a senior 
principal engineer in the 
Section for Structural 
Integrity and Laboratories 
at Det Norske Veritas in 
Oslo. He received his 
PhD degree in structural 
engineering at University 
College London in 1970. 
Hayman joined Det 
Norske Veritas in 1984. 
He also is an adjunct 
professor of mechanics 
in the Department of 
Mathematics at the 
University of Oslo, and 
assists with teaching and 
supervision at the 
Technical University of 
Denmark. Hayman has 
extensive experience 
with research and 
consultancy services in 
ship and offshore 
structures. Recently, he 
has been responsible for a 
series of research projects 
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concerning material, 
structural, and joining 
technologies, with 
emphasis on lightweight 
structures—particularly 
sandwich composites.

Siegfried S. Hecker can 
be reached at the Center 
for International Security 
and Cooperation, Encina 
Hall, C-220, Stanford 
University, Stanford, CA 
94305, USA; tel. 650-725-
6468, and e-mail 
shecker@stanford.edu.

Hecker is co-director 
of the Center for 
International Security and 
Cooperation, a senior 
fellow of the Freeman 
Spogli Institute for 
International Studies, 
and a research professor 
in the Department of 
Management Science and 
Engineering at Stanford 
University. In addition, 
Hecker is director 
emeritus at the 
Los Alamos National 
Laboratory. Hecker holds 
BS, MS, and PhD degrees 
in metallurgy from Case 
Western Reserve 
University. His research 
interests include 
plutonium and actinide 
science, nuclear 
weapons, energy, 
nonproliferation and 
terrorism, and issues of 
international security. 
He is a member of the 
National Academy of 
Engineering, a foreign 
member of the Russian 
Academy of Sciences, 
and a fellow of TMS, ASM 
International, AAAS, and 
the American Academy of 
Arts and Sciences.

Stephen A. Holditch can 
be reached at Department 
of Petroleum Engineering, 

Texas A&M University, 
3116 TAMU—507 
Richardson Bldg., College 
Station, TX 77843–3116, 
USA; tel. 979-845-2255, 
and e-mail steve.
holditch@pe.tamu.edu.

Holditch is the head 
of the Petroleum 
Engineering Department 
at Texas A&M University. 
From 1999 to 2003, 
Holditch was a 
Schlumberger Fellow, 
where he was a 
production and reservoir 
engineering advisor to the 
top managers within 
Schlumberger. Holditch 
was president of S.A. 
Holditch and Associates, 
Inc. from 1977 to 1999. 
In addition, Holditch was 
SPE president in 2002, 
and he was SPE vice 
president of finance from 
1998 to 2000. As an SPE 
Officer, Holditch served 
on the SPE Board of 
Directors from 1998 to 
2003. Holditch also 
served as an AIME 
Trustee from 1997 to 
1998. In 1995, he was 
elected to the U.S. 
National Academy of 
Engineering (NAE), and in 
2006, he was elected as 
an honorary member of 
SPE and AIME. Holditch 
has published more than 
150 technical papers.

George W. Huber can be 
reached at the Department 
of Chemical Engineering, 
University of 
Massachusetts-Amherst, 
159 Goessmann Lab, 686 
North Pleasant St., Amherst 
MA 01003–9303, USA; tel. 
413-545-0276, fax 413-
545-1647, and e-mail 
huber@ecs.umass.edu.

Huber is the Armstrong 
Professional Development 
Professor of Chemical 

Engineering at University 
of Massachusetts-
Amherst. He received his 
PhD degree in chemical 
engineering from the 
University of Wisconsin-
Madison under the 
guidance of James A. 
Dumesic. Huber received 
his MS (directed by Calvin 
Bartholomew) and BS 
degrees in chemical 
engineering from Brigham 
Young University. After 
receiving his PhD degree, 
Huber was a postdoctoral 
researcher with Avelino 
Corma at the Universidad 
de Valencia, Spain. Huber’s 
research focus is on 
breaking the chemical and 
engineering barriers to 
lignocellulosic biofuels. 
He has authored 25 peer-
reviewed publications, 
including two papers in 
Science.

Ron Judkoff can be 
reached at the Buildings 
and Thermal Systems 
Center, National Renewable 
Energy Laboratory, 1617 
Cole Blvd., Golden, CO 
80401, USA; tel. 303-384-
7520, fax 303-384-7540, 
and e-mail ron_judkoff@
nrel.gov.

Judkoff directs the 
Buildings and Thermal 
Systems Center at the 
National Renewable 
Energy Laboratory 
(NREL). Previously, he 
was a senior architectural 
engineer in the NREL 
Buildings research and 
development program, 
specializing in the energy 
design of highly efficient 
architecture and in 
simulation and monitoring 
techniques. Judkoff leads 
an International Energy 
Agency multinational task 
on developing validation 
methods for building 

energy simulation 
software, and he is the 
author of a section in the 
ASHRAE Handbook of 
fundamentals on “Model 
Validation and Testing.” 
His work has been 
translated into numerous 
foreign languages, 
including Japanese, 
German, French, Dutch, 
and Portuguese, and has 
been cited in the building 
energy codes of the USA, 
Canada, Australia,  
New Zealand, and many 
European countries. 
Judkoff has published 
more than 100 papers in 
peer-reviewed and popular 
literature. He also holds a 
patent on an apparatus for 
protecting building 
occupants from chemical 
and bio-aerosol attacks 
and a copyright for 
SUNREL Building Energy 
Simulation Software. 
Judkoff received his 
master’s degree in 
architecture from 
Columbia University.

His awards include the 
R&D 100 Award in 2005 
for development of the 
TREAT with SUNREL 
simulation software, in 
collaboration with New 
York State ERDA. Judkoff 
also has received the 2001 
AIA Committee on the 
Environment Top Ten Green 
Building Award for energy 
design of the Zion National 
Park Visitor Center; the 
ASHRAE Technology 
Award, first place, in 1999 
for energy design of the 
NREL TTF lab building; and 
the 1991 Federal 
Laboratory Consortium 
Award for developing a 
calorimetric method to 
rapidly evaluate the thermal 
performance of manufac-
tured buildings, thereby 
achieving a five-fold 
increase in the cost 

effectiveness of retrofits for 
the National Low-Income 
Weatherization Program.

Kenneth Kelly can be 
reached at National 
Renewable Energy 
Laboratory, 1617 Cole 
Blvd., Golden, CO 80401, 
USA; tel. 303-275-4465, fax 
303-275-4415, and e-mail 
kenneth_kelly@nrel.gov.

Kelly is a senior 
research engineer at the 
National Renewable Energy 
Laboratory (NREL) in 
Golden, CO. Kelly holds MS 
and BS degrees in 
mechanical engineering 
from Ohio University. 
Before joining NREL, he 
worked in industry as a 
manufacturing engineer 
with Swagelok Company. 
Kelly joined NREL in 1991, 
where he is the task leader 
for research and 
development of advanced 
thermal control 
technologies for automotive 
power electronics. While at 
NREL, he also led efforts in 
Robust Design—for fuel 
cells and advanced heavy-
duty hybrid electric 
vehicles. Kelly also has 
experience with alternative 
fuel vehicle emissions 
testing and fleet 
evaluations. 

David M. Kramer can be 
reached at the Institute 
of Biological Chemistry, 
PO Box 646340, 
Washington State 
University, Pullman, WA 
99164–6340, USA; tel. 
509-335-4964, and e-mail 
dkramer@wsu.edu.

Kramer is a professor 
and fellow of the Institute 
of Biological Chemistry, 
and chair of the Graduate 
Program in Molecular Plant 
Sciences at Washington 
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State University (WSU). 
He received his PhD degree 
in biophysics from 
University of Illinois at 
Urbana-Champaign, where 
he studied photosynthesis 
with Antony R. Crofts. 
Kramer joined WSU after 
spending time as a 
postdoctoral researcher at 
the Institut de Biologie 
Physico-Chimique in Paris, 
where he studied 
photosynthesis with Pierre 
Joliot. Kramer’s current 
research focuses on how 
photosynthesis is 
integrated into the plant to 
supply energy, but does 
not produce deleterious 
side reactions.

Tetsuo Kusakabe can be 
reached at Kameyama 
Environmental and 
Industrial Safety Center, 
AVC LCD Group, Sharp 
Corporation, 464, 
Kougawa, Shiraki-cho, 
Kameyama-shi, Mie 
Prefecture 519-0198, 
Japan; tel. +81-595-84-
1603, fax +81-595-84-
1729, and e-mail kusakabe.
tetsuo@sharp.co.jp.

Kusakabe is general 
manager at Kameyama 
Environmental and 
Industrial Safety Center, 
AVC LCD Group, at the 
Sharp Corporation in 
Japan. He joined Sharp in 
March, 1965. Kusakabe is 
engaged in establishing 
new Sharp bases in Japan. 
For the Kameyama Plant, 
he worked in cooperation 
with local governments and 
related businesses from 
the site-selection stage and 
contributed to improving 
the brand image by making 
the facility an environmen-
tally advanced plant 
through the introduction of 
state-of-the-art environ-
mental technologies.

Lester Lave can be 
reached at the Department 
of Engineering and 
Public Policy, Carnegie 
Mellon University, Baker 
Hall 129, Pittsburgh, PA 
15213, USA; tel. 412–268–
8837, fax 412–268–7357, 
and e-mail lave@cmu.edu.

Lave is a university 
professor and Higgins 
Professor of Economics at 
Carnegie Mellon University, 
with appointments in the 
business school, 
engineering school, and 
the public policy school. 
He has a BA degree from 
Reed College and a PhD 
degree from Harvard 
University. Lave has been 
on the faculty of Carnegie 
Mellon since 1963. He also 
spent a year as a visiting 
professor at Northwestern 
University and four years 
as a senior fellow at the 
Brookings Institution. Lave 
is the founder and director 
of Carnegie Mellon’s Green 
Design Institute, which has 
conducted research on 
sustainability, life-cycle 
analysis, and related topics 
for 15 years. In addition, 
he and Granger Morgan 
direct the Carnegie Mellon 
Electricity Industry 
Center—the largest 
engineering-business 
center focused on the 
electricity industry. Lave 
was elected to the Institute 
of Medicine of the National 
Academy of Sciences and 
is a past president of the 
Society for Risk Analysis. 
He has acted as a 
consultant to many 
government agencies and 
companies. Lave also has 
received research support 
from a wide range of 
federal and state agencies, 
as well as foundations, 
nongovernmental 
organizations, and 
companies.

Laura Marlino can be 
reached at the National 
Transportation Research 
Center at Oak Ridge 
National Laboratory,  
2360 Cherahala Blvd., 
Knoxville, TN 37932–
6472, USA; and e-mail 
marlinold@ornl.gov.

Marlino is the technical 
program manager 
overseeing the Power 
Electronics and Electric 
Machinery efforts at the 
Oak Ridge National 
Laboratory for the 
Department of Energy’s 
(DOE) FreedomCAR effort. 
She received her BS degree 
in electronics engineering 
from the University of New 
Mexico in Albuquerque, 
and her MS degree in 
electronics engineering 
from the University of 
Tennessee in Knoxville. 
Prior to her current 
position, Marlino spent 10 
years as a research 
engineer in the Power 
Electronics and Electric 
Machinery Research Center 
at the Oak Ridge National 
Laboratory. During her 
engineering career, she has 
been employed with 
Teledyne Camera Systems 
in California, performing 
analog video design; and 
Honeywell Aerospace and 
Marine in New Mexico, 
where she worked as a test 
and design engineer, 
involved with cockpit 
displays and processors 
for military aircraft. Marlino 
also has worked as a front-
end IC design engineer 
with ASIC International in 
Oak Ridge, Tennessee. As 
part of her current 
responsibilities, Marlino 
oversees the technical 
progress on research and 
development efforts for 
hybrid, plug-in hybrid, and 
fuel-cell vehicle technology 
developments. For the past 

five years, Marlino has 
been performing program 
and project management 
duties under the DOE’s 
Office of Vehicle 
Technologies Program. She 
also is a member of the 
Electrical and Electronics 
Technical Team within the 
United States Council for 
Automotive Research. 
Marlino holds four patents 
and has authored 
numerous technical 
publications.

Christopher L. Marshall 
can be reached at 
Chemical Sciences & 
Engineering Division, 
Argonne National 
Laboratory, 9700 S. Cass 
Ave., Bldg. 205, Argonne, 
IL 60439–95616, USA; tel. 
630-252-4310, fax 630-
972-4408, and e-mail 
marshall@anl.gov.

Marshall is group 
leader for heterogeneous 
catalysis in the Chemical 
Sciences & Engineering 
Division at Argonne 
National Laboratory. He 
received a BS degree from 
the State University of New 
York at Potsdam in 1975, 
and MS and PhD degrees 
in inorganic chemistry 
from Michigan State 
University in 1977 and 
1980, respectively. Before 
joining Argonne, he was 
employed in the 
Exploratory and Catalysis 
Department at Amoco Oil 
Company R&D 
Department. The focus of 
his research is the 
fundamental chemistry of 
catalytic processes, 
particularly the use of in 
situ spectroscopic 
characterization.

Mark Mehos can be 
reached at the National 

Renewable Energy 
Laboratory, MS 1725, 
1617 Cole Blvd., Golden, 
CO 80401, USA; tel. 303-
384-7458, fax 303-384-
7495, and e-mail 
mark_mehos@nrel.gov.

Mehos is the program 
manager of the 
Concentrating Solar 
Power Program at the 
National Renewable 
Energy Laboratory. Mehos 
earned his MS degree in 
mechanical engineering 
from the University of 
California at Berkeley and 
his BS degree in 
mechanical engineering 
from the University of 
Colorado. He has been 
with NREL since 1986. In 
addition to his work with 
the Concentrating Solar 
Power Program, Mehos 
leads NREL’s High-
Temperature Thermal 
Team, which focuses on 
developing low-cost, high-
performance, high-
reliability systems using 
concentrated sunlight to 
generate power—
particularly large multi-
megawatt parabolic 
trough systems and 
kilowatt-scale concentrat-
ing photovoltaic systems. 
Mehos also participated in 
New Mexico Governor Bill 
Richardson’s 
Concentrating Solar 
Power Task Force, and in 
the Solar Task Force for 
the Western Governors’ 
Association Clean and 
Diversified Energy 
Initiative. His interests 
include advanced optical 
materials, solar 
photocatalysis, and dish/
Stirling research and 
development.

Ana L. Moore can be 
reached at the Department 
of Chemistry and 
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Biochemistry, PO Box 
871604, Arizona State 
University, Tempe, AZ 
85287–1604, USA; tel. 
480-965-2953, fax 480-
965-2747, and e-mail 
amoore@asu.edu.

Moore is a professor of 
chemistry and biochemis-
try at Arizona State 
University. She received 
her PhD degree from Texas 
Tech University and was a 
visiting scientist at the 
Muséum National 
d’Histoire Naturelle in 
Paris, the Laboratoire de 
Physico-Chimie des 
Systémes Polyphases 
(associated with the CNRS, 
Montepellier), and at the 
CEA Saclay in France. At 
Arizona State, Moore 
teaches undergraduate and 
graduate courses in 
organic chemistry, and her 
research interests are in 
the design and construc-
tion of bioinspired systems 
to carry out solar-energy 
conversion. Moore has 
served and on the council 
of the American Society for 
Photobiology and on the 
editorial advisory board of 
Accounts of Chemical 
Research, and is a council 
member of the 
International Society for 
Photobiology.

Thomas Moore can be 
reached at the Department 
of Chemistry and 
Biochemistry, PO Box 
871604, Arizona State 
University, Tempe, AZ 
85287–1604, USA; tel. 
480-965-3308, fax 480-
965-2747, and e-mail 
tmoore@asu.edu.

Moore is a professor 
of chemistry and 
biochemistry and interim 
director of the Center for 
Bioenergy and 
Photosynthesis at Arizona 

State University (ASU). 
He received his PhD 
degree in chemistry from 
Texas Tech University. 
Moore teaches under-
graduate and graduate 
level biochemistry at ASU, 
and lectures in biophysics 
at the Universitè de Paris 
Sud, Orsay. His research 
in artificial photosynthesis 
is aimed at the design, 
synthesis, and assembly 
of bio-inspired constructs 
for sustainable energy 
production and efficient 
energy use. Moore was 
awarded a Chaire 
Internationale de 
Recherche Blaise 
Pascal, Région d’Ile de 
France, Service de 
Bioénergétique, CEA 
Saclay, France, for the 
period of 2005 to 2007. 
He has served as  
president of the 
American Society for 
Photobiology in 2004, 
and received the Senior 
Research Award from the 
Society in 2001.

Bryan D. Morreale can be 
reached at 626 Cochrans 
Mill Rd., PO Box 618, 
Pittsburgh, PA 15236, 
USA; tel. 412-386-5929, 
fax 412-386-5920, and  
e-mail bryan.morreale@
netl.doe.gov.

Morreale is currently 
the research group leader 
for the Reaction 
Chemistry and 
Engineering Group of the 
Office of Research and 
Development at the US 
Department of Energy’s 
National Energy 
Technology Laboratory. 
Morreale is an alumnus 
of the University of 
Pittsburgh, where he 
received his PhD degree 
from the Department of 
Chemical and Petroleum 

Engineering and was the 
recipient of the annual 
Coull Memorial Award 
for Outstanding Graduate 
Student. His current 
research interests are 
focused on energy 
conversion and 
conservation technolo-
gies, specifically 
gasification, gas 
separations, synthesis 
gas conversion, and 
carbon utilization.

John Newman can be 
reached by e-mail at john.
newman@iea.org.

Newman is an energy 
and environmental 
consultant to the 
International Energy 
Agency (IEA). Newman 
has a BS degree in 
metallurgical engineering 
from the Ohio State 
University and a MS 
degree in technology and 
policy studies from the 
Massachusetts Institute of 
Technology. Prior to 
becoming a consultant to 
IEA, Newman also held 
positions with the 
Organisation for Economic 
Cooperation and 
Development (OECD), 
working on basic science 
challenges in the energy 
sector; the IEA Secretariat, 
specializing in energy 
efficiency policy; the U.S. 
Office of Technology 
Assessment, analyzing 
industrial energy use and 
minerals policy; and the  
U.S. International Trade 
Commission, investigating 
steel trade issues.

Franklin M. Orr, Jr. can 
be reached at Stanford 
University, Global Climate 
and Energy Project, Yang 
and Yamasaki 
Environment and Energy 

Building, Rm. 324, 473 
Via Ortega, Stanford, CA 
94305-4230, USA; tel. 
650-725-6270, fax 650-
725-9190, and e-mail 
fmorr@stanford.edu.

Orr is the Keleen and 
Carlton Beal Professor in 
Petroleum Engineering in 
the Department of Energy 
Resources Engineering 
and director of the Global 
Climate and Energy 
Project at Stanford 
University. He holds a 
PhD degree from the 
University of Minnesota 
and a BS degree from 
Stanford University, both 
in chemical engineering. 
Orr joined Stanford in 
1985 and served as dean 
of the School of Earth 
Sciences from 1994 to 
2002. His research 
interests include 
multiphase flow in porous 
media, CO2 sequestration, 
and reduction of 
greenhouse gas emissions 
from energy use. In 
addition, Orr is a member 
of the National Academy 
of Engineering.

Tim Palucka can be 
reached by e-mail at 
TPalucka@aol.com.

Palucka is the author 
of The 3 GW Initiative 
sidebar in this issue of 
MRS Bulletin.

Martin K. Patel can be 
reached at the Department 
of Science, Technology 
and Society, Utrecht 
University, Heidelberglaan 
2, 3584 CS Utrecht, The 
Netherlands; and e-mail 
m.k.patel@uu.nl.

Patel has been an 
assistant professor at the 
Department of Science, 
Technology, and Society 
(STS) at Utrecht 
University, Netherlands 
since 2001. Patel studied 
chemical engineering in 
Karlsruhe, Germany, and 
was with the Fraunhofer 
Institute ISI in Karlsruhe 
until 2000. He received his 
PhD degree from Utrecht 
University in 1999 for his 
thesis on the energy use 
and CO2 emissions, and 
the related saving 
potentials in the chemical 
sector. At STS, Patel is 
coordinating the research 
cluster “Energy and 
Materials Demand and 
Efficiency.” His work deals 
with the techno-economic 
analysis of energy saving, 
and emission reduction 
potentials in the industry 
sector, energy conversion, 
and waste management.

Ahmad Pesaran can be 
reached at National 
Renewable Energy 
Laboratory, 1617 Cole 
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Blvd., Golden, CO 80401, 
USA; tel. 303-275-4441, 
and e-mail ahmad_
pesaran@nrel.gov.

Pesaran has worked at 
the National Renewable 
Energy Laboratory since 
1983 in various energy 
efficiency technologies in 
building, advanced air 
conditioning, and 
automotive batteries. He 
holds a PhD degree in 
mechanical engineering 
from University of 
California, Los Angeles. 
Pesaran started working on 
batteries, hybrid electric, 
and fuel-cell vehicles in 
1995, collaborating with 
car and battery manufac-
turers on battery thermal 
analysis and battery-pack 
thermal management 
issues as part of the U.S. 
Department of Energy’s 
Vehicle Technologies 
Programs. He currently 
leads several projects for 
the Department of Energy 
and industrial partners, 
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The Economics of Energy Options
Lester B. Lave (Carnegie Mellon University, USA)

Abstract
Increasing demand for energy, diminishing stocks of oil and natural gas, and the public’s desire to 
enhance environmental quality, particularly by reducing greenhouse gas emissions, all point to the 
need for improved materials. For example, generating electricity from the most abundant fossil 
fuel, coal, efficiently and with no environmental damage, presents notable challenges to develop 
higher performance materials. Technologies exist to transform one fossil fuel to other uses, such 
as coal to a gas or liquid. New materials that increase the efficiency of the transformation and lower 
its cost would provide valuable flexibility. Materials should be evaluated in terms of their entire life-
cycle in order to discern which will make the greatest contribution. Because society has many 
pressing needs, both commercial value and contribution to fundamental materials science should 
guide priorities in materials research.

The energy sector offers many challenges and opportunities 
for materials science, which can be placed in context by exam-
ining the total amount of energy used now and total energy use 
projected to 2030, the distribution across nations, and the issue 
of carbon dioxide emissions. The developed nations use 15 
times as much energy per capita as the developing nations. 
Energy efficiency has improved over time, with vast potential 
for further improvement. For good materials science to become 
commercially successful, the properties and cost of materials 
must compete with other technologies. One important example 
is developing lighter materials for the frame, body, and drive 
train of an automobile. Lowering vehicle weight is critical to 
improving fuel economy, but the lighter materials must satisfy 
stringent safety, durability, manufacturing, and cost criteria.

Producing electricity with no carbon dioxide emissions is a 
major frontier for materials research. Technologies for captur-
ing carbon; piping and storing hydrogen; making a new genera-
tion of safer, more efficient nuclear reactors; producing 
electricity from sunlight, wind, and other renewables; and find-
ing better ways of storing electricity pose major challenges and 
offer huge rewards. Improving the usefulness of these techno-
logies requires an understanding of the markets for energy and 
the tools that use energy, as well as the level of success that must 
be achieved for an invention to be interesting commercially.

A brief overview of the current world energy situation can 
place into context some of the challenges that it poses to materi-
als scientists and engineers and identify some benchmarks in 
terms of performance and cost that advances in materials sci-
ence must achieve to become commercially appealing.

The World Energy Situation
Developed nations use huge amounts of energy. For exam-

ple, in 2005, the industrialized nations used about 240 quadril-
lion British thermal units (quadrillion BTUs, or quads; i.e., 250 
exajoules, EJ), whereas developing nations used about 207 
quads (220 EJ), for a total of 447 quads (470 EJ).

If all of this energy came from coal, the world would use 22 
billion tons each year. On a lifecycle basis, Hendrickson et al.1

showed that extracting, transporting, and burning coal puts 
more pollutants into the environment and results in more inju-
ries and deaths than using oil, natural gas, or nuclear technol-
ogy. They also showed that, on a lifecycle basis, improved 
materials can have major effects on resource and energy use, 
from reducing the weight of vehicles to selecting materials for 
roads and bridges. Advanced materials, such as lighter metals 
and composites, generally require more energy for manufacture 
than do traditional materials. In addition, composites cannot be 
readily recycled. Thus, a lifecycle analysis is needed to deter-
mine whether the use of any new or traditional material will 
make a positive or negative contribution to environmental qual-
ity and sustainability.

Although Earth contains large amounts of fossil fuels, they 
are not generally in the most desirable form. For example, the 
best combined cycle gas turbine can produce electricity about 
50% more efficiently than the best pulverized-coal–steam tur-
bine. Similarly, aircraft and cars burn liquid fuels; they cannot 
be easily modified to use coal. However, advanced materials 
make possible the conversion of coal to liquids, increasing the 
value of the large coal reserves in the United States.

As Figure 1 shows, economic activity—gross domestic 
product (GDP)—has grown about twice as fast as energy use, 
although electricity use has grown at roughly the same rate as 
the GDP. Energy use and population have been growing at the 
same rate, but more slowly than GDP, indicating that the world, 
on average, is getting richer, although the greater overall income 
is far from evenly distributed. In 1970, energy expenditures 
were about 8% of GDP. The increase in oil prices (and other 
fossil fuel prices) by the Organization of the Petroleum 
Exporting Countries (OPEC) pushed energy expenditures to 
13.7% of GDP in 1981. Since then, energy expenditures fell 
sharply to 7.4% of GDP, but they have been rising again as oil 
prices have increased.

Table I provides a detailed picture of energy consumption 
by region and fuel from 1990 to 2004 with projections to 2030. 
I caution that energy projections are notoriously inaccurate, 
particularly because they assume that peak oil production will 
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not occur until after 2030 and that carbon dioxide emissions 
constraints will not be stringent during this period.

North America is projected to use 50% more energy in 2030 
than in 2005 with the rest of the Organisation for Economic 
Cooperation and Development (OECD) nations increasing 
their consumption only slightly. Oil, natural gas, and coal make 
up the majority of increased use, whereas natural gas is the 
largest supplier of additional energy for the rest of the devel-
oped nations. Non-OECD Asian nations are projected to 
increase energy use more than 2.2 times, and the growth of 
energy use in other developing nations is expected to be some-
what less rapid. To achieve this growth in energy use, the supply 
of all fuels is projected to increase rapidly. Fossil fuels (oil, 
natural gas, and coal) produce 86% of world energy today and 
are estimated to produce the same proportion in 2030.

Figure 2 shows the sources and uses of energy for the 
United States in 2004. The total supply of energy was 104.2 
quads (including 33 quads of imported energy) of which 4.4 
quads were exported and 99.7 consumed. Eighty-six percent of 
the energy came from fossil fuels. Of the total energy, the resi-
dential sector used 21%, the commercial sector used 18%, the 
industrial sector used 33%, and the transportation sector used 
28%.

Energy use not only provides comfortable temperatures in 
our homes and workplaces, it also relieves many people of the 
hard physical labor that burdened people for most of human 
history and provides us with communication, computing, trans-
portation, and entertainment. The average U.S. resident uses 
350 gigajoules (GJ) of energy per year, which is equivalent to 
having 45 horses or 450 workers per working hour. In the sense 
of having command over so much energy, the average U.S. resi-
dent is among the richest and most powerful people ever to have 
lived. In contrast, the poorest people in the world use no fossil 
fuels, extracting energy only from burning biomass or dung.

Figure 3 shows economic activity (GDP) per capita, a rough 
indicator of income per capita by region. The most startling 
aspect of the figure is the high and growing incomes of the 
OECD nations. The incomes of Eastern Europe and the former 
Soviet Union dropped rapidly after the breakup of the latter, and 
now are increasing. The incomes of developing Asian countries 
are increasing rapidly, but there is income stagnation in the rest 
of the world. The extremely low income level in Africa is not 
rising; and the incomes in the Middle East and North Africa 

(MENA) are also not rising. There is only the hint of an increase 
in Latin America.

Figure 4 shows carbon dioxide emissions per capita. The 
G-7 nations (Canada, France, Germany, Italy, Japan, United 
Kingdom, and United States) and OECD nations emit roughly 
three times the world average. Eastern Europe and the former 
Soviet Union are also high emitters, even though per capita 
income is much lower than in the OECD nations; they use 
energy inefficiently. The non-OECD nations emit little CO2 per 
capita, as they are so poor that they use little fossil fuels. 
Developing Asia has increased emissions over this period, 
whereas African emissions are flat and are at the bottom.

Energy Efficiency
The United States economy used much more energy during 

the period of major infrastructure investment. A measure of the 
efficiency of energy use can be obtained by scaling energy use 
per dollar of GDP (with the year 1900 equal to 100). Specifically, 
energy use per dollar of GDP rose from 60 in 1880 to 140 in 
1920 and then dropped steadily to 80 in 1975 and to 37 in 
2005.6,7 Thus, the energy efficiency of the United States econ-
omy has more than doubled since 1950, as energy use per dollar 
of GDP in 2004 was only 45% of the 1950 value.

Because the fuel mix has been approximately constant since 
1980, the reduction of CO2 per unit of GDP in Figure 5 indi-

Figure 1. World trends in energy consumption, carbon 
dioxide emissions, and population growth through 2001.2
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cates that energy efficiency has 
improved over time. The 
improvements in energy effi-
ciency have been roughly the 
same for poor as for rich, a 33% 
increase from 1980 to 2002.

The developed nations differ 
markedly in energy use per dol-
lar of GDP, as shown in Figure 
6. Canada tops even the United 
States. In 1980, Japan and Italy 
were at less than one-half the 
U.S. level. By 2001, all nations 
had decreased their energy inten-
sity, with the United States fall-
ing a bit faster. Not included in 
this table is Denmark, whose 
energy use per dollar of GDP and 
per capita is about 45% of the 
U.S. level.

Darmstadter et al.9 found that 
about one-half of the difference 
in energy use is a pure efficiency 
difference and one-half is a life 
style difference. Thus, without 
changing the vehicles we drive, 
the distance we drive, or the size 
of our residences, we could 
reduce our energy use by about 
25%, that is, the half of the 
energy difference due to pure 
efficiency. The Danish lifestyle 
is regarded by many as superior 
to that of the United States. Thus, 
if residents of the United States 
were willing to drive smaller, 
less powerful vehicles; drive 
fewer miles; live in smaller resi-
dences; and generally lead more 
energy-frugal lives; they could 
lower their energy consumption 
by 50%, that is, both the half of 
the energy difference due to pure 
efficiency and the half due to a 
different lifestyle.

Many of the energy decisions 
that U.S. residents currently 
make are conditioned by the sub-
sidies that energy has enjoyed. 
Until the 1970s, there were few 
rules requiring companies to 
abate the air pollution emissions 
from burning fossil fuels. Fuel 
was sufficiently abundant that 
prices were extremely low. Coal 
and oil were extracted with little 
thought or care for environmen-
tal quality. As a result, huge social 
costs were incurred through 
environmental degradation and 
the resulting ill health. For 
example, the U.S. Environmental 
Protection Agency (EPA) esti-
mated that abating air pollution 
between 1970 and 1990 had ben-
efits of $22 trillion compared to 

 World Total Energy Consumption by Region and Fuel, Reference Case, 1990–2030.

Region/ 
Country

History Projections

1990 2004 2010 2015 2020 2025 2030

OECD North America

Liquids 40.5 49.2 50.6 53.5 56.2 59.1 62.7

Natural gas 23.2 28.5 31.5 33.5 35.3 36.1 36.8

Coal 20.7 24.1 26.4 27.9 29.7 33.2 36.8

Nuclear 6.9 9.3 9.7 9.9 10.7 10.8 11.0

Other 9.5 9.9 12.2 12.6 13.1 13.8 14.4

OECD Europe

Liquids 28.4 32.4 32.0 32.2 32.4 32.6 32.7

Natural gas 11.2 19.3 21.8 23.6 24.8 26.3 27.6

Coal 17.6 13.1 13.2 12.8 12.2 11.6 11.5

Nuclear 7.9 9.9 10.2 10.0 9.3 9.3 9.4

Other 4.8 6.3 6.9 7.2 7.5 7.7 8.0

OECD Asia

Liquids 14.5 17.4 17.3 17.9 18.2 18.6 19.0

Natural gas 2.9 5.3 6.3 6.9 7.3 7.6 8.0

Coal 5.2 9.3 9.8 10.0 10.3 10.7 11.0

Nuclear 2.5 4.0 4.6 5.3 6.0 6.3 6.9

Other 1.6 1.7 1.9 2.0 2.1 2.2 2.3

Total OECD

Liquids 83.4 98.9 99.9 103.5 106.8 110.3 114.4

Natural gas 37.2 53.1 59.6 64.0 67.5 70.0 72.3

Coal 43.5 46.6 49.4 50.7 52.1 55.5 59.3

Nuclear 17.3 23.2 24.5 25.3 26.0 26.4 27.3

Other 15.9 17.9 21.1 21.8 22.7 23.7 24.7

Non-OECD Europe and Eurasia

Liquids 19.5 9.9 10.6 11.2 11.8 12.4 12.9

Natural gas 27.5 25.1 27.6 29.9 32.3 34.5 36.6

Coal 15.1 9.0 9.7 10.5 11.3 11.7

Nuclear 2.5 2.9 3.2 3.7 4.7 5.5 5.5

Other 2.8 2.9 3.6 4.1 4.3 4.6 4.9

Non-OECD Asia

Liquids 13.9 30.6 38.7 44.0 49.1 54.9 61.5

Natural gas 3.0 8.9 13.3 16.9 20.5 24.7 29.3

Coal 27.2 53.6 70.4 82.9 95.8 107.2 119.2

Nuclear 0.4 1.1 1.6 3.0 4.3 5.5 6.2

Other 3.0 5.7 7.0 7.9 9.1 10.2 11.3

Middle East

Liquids 7.3 11.6 14.6 15.9 17.2 18.7 20.1

Natural gas 3.8 9.0 11.0 12.8 14.6 15.8 17.1
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abatement costs of $523 billion; thus, benefits were more than 
40 times greater than costs.10

The costs of U.S. foreign and defense policies to secure large 
amounts of inexpensive petroleum have not been charged to the 
imported energy. Consumers made decisions on what car to buy, 
what size residence to buy, and what temperature to set the ther-
mostat on the basis of artificially lowered prices. Subsidizing a 
product encourages its use. Thus, the energy policy of the United 
States has encouraged energy use beyond what it would have 
been if the price had reflected full social cost.

A combination of higher demand, increasing oil prices, and 
environmental regulations has raised the price of energy. Income 
per capita in developed nations has continued to increase, lead-

ing to larger houses, larger cars, 
more computers, more energy-
using appliances, and more air-
plane flights. Because people 
have purchased more “things,” 
one would expect to see higher 
energy consumption per capita, 
but this did not occur. The princi-
pal reason why per capita energy 
use did not increase is greater 
energy efficiency. Possible gains 
in energy efficiency have not 
been exhausted. Even today, 
energy use is far below its ther-
modynamic limits. For example, 
there are 3,412 BTU (3,600 kJ) 
per kilowatt-hour of electricity. 
Since the first dynamos in the 
1870s, the efficiency of the best 
plants converting fossil fuels into 
electricity has risen from about 
3% to almost 60%.

Even current conversion effi-
ciencies leave the opportunity for 
almost doubling efficiency. In a 
number of applications, diesel and 
other small generators can achieve 
60–80% efficiency through com-
bined heat and power.11 The diesel 
generators produce electricity, 
and the “waste” heat is used for 
space heating. The combined heat 
and power idea eliminates the 
need for expensive cooling towers 
to dissipate the waste heat and 
instead uses it productively. Space 
heating is usually provided in the 
developed world by natural gas or 
fuel oil. The combustion gas is far 
too hot to use for space and water 
heating and, either directly or 
through a heat exchanger, must be 
mixed with cooler air before it can 
be used. This mixing is a thermo-
dynamic waste, as work can be 
extracted from the high-tempera-
ture gas, which cools it to temper-
atures suitable for space and water 
heating.

As Figure 1 and Table I indi-
cate, energy demand is rising 
rapidly in India and China, fueled 
by rapid economic growth. 

Japan, Korea, and other Asian “tigers” grew rapidly after World 
War II, but at some point, the growth rate declined to more nor-
mal levels. India and China are likely to follow the same trend. 
The increase in energy use in all economies will be depressed 
by rising energy prices. High energy prices signal that the 
source is scarce and encourage builders and other decision 
makers to substitute capital and labor for energy. A high resource 
price also begins to impede growth. The forecasts in the table 
are likely to be high.

Challenges for Materials Science
The vast majority of energy used in the United States and 

other developed nations comes from fossil fuels. Burning these 

 World Total Energy Consumption by Region and Fuel, Reference Case, 1990–2030. 
(Continued)

Region/ 
Country

History Projections

1990 2004 2010 2015 2020 2025 2030

Coal 0.1 0.4 0.5 0.5 0.5 0.6 0.6

Nuclear 0.0 0.0 0.1 0.1 0.1 0.1 0.1

Other 0.1 0.1 0.2 0.2 0.2 0.3 0.3

Africa

Liquids 4.3 5.7 6.9 7.9 8.9 9.4 10.1

Natural gas 1.5 2.8 3.5 4.3 5.0 5.8 6.6

Coal 3.0 4.1 5.3 5.7 6.0 6.5 6.7

Nuclear 0.1 0.1 0.1 0.2 0.2 0.2 0.2

Other 0.6 0.9 1.1 1.1 1.2 1.3 1.3

Central and South America

Liquids 7.8 11.5 13.4 15.2 16.8 18.4 19.9

Natural gas 2.2 4.4 5.5 6.5 7.1 7.8 8.5

Coal 0.6 0.8 1.1 1.3 1.5 1.5

Nuclear 0.1 0.2 0.2 0.3 0.4 0.4

Other 3.9 5.6 7.4 8.2 9.1 9.9 11.0

Total Non-OECD

Liquids 52.7 69.3 84.1 94.1 103.8 113.8 124.4

Natural gas 38.0 50.3 61.0 70.4 79.5 88.5 98.1

Coal 45.9 67.9 86.9 100.9 115.1 127.4 139.8

Nuclear 3.1 4.3 5.3 7.2 9.6 11.7 12.4

Other 10.3 15.3 19.3 21.6 23.9 26.3 28.8

Total World

Liquids 136.2 168.2 183.9 197.6 210.6 224.1 238.9

Natural gas 75.2 103.4 120.6 134.3 147.0 158.5 170.4

Coal 89.4 114.5 136.4 151.6 167.2 182.9 199.1

Nuclear 20.4 27.5 29.8 32.5 35.7 38.1 39.7

Other 26.2 33.2 40.4 43.4 46.5 50.1 53.5

Source: Reference 3.  
Units: Quadrillion BTU.
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fossil fuels releases CO2, a greenhouse gas causing global cli-
mate change. For much of this century, fossil fuels will continue 
to be the predominant source of energy, and we will have to find 
ways to capture and store the CO2 to prevent, or at least slow, 
global climate change. For factories and electricity generation 
plants, one approach is finding materials that will absorb the 
CO2 in the flue gas and then release it during regeneration so that 
the CO2 can be sequestered underground. Amines are a class of 
materials that can accomplish this task. Large rewards await 
materials scientists who can find low cost materials that are more 
efficient at absorbing CO2 from flue gas, that can be regenerated 
cheaply, and that can be used for thousands of cycles.

According to the U.S. Energy Information Agency, in 2006, 
about 50% of the electricity in the United States was generated 
from coal, 20% from nuclear power plants, just under 2% from 
petroleum, 7% from hydroelectric dams, and just over 2% from 
all renewable sources.12 As the demand for electricity grows, 
the burning of coal will have to emit less pollution and lower 
levels of greenhouse gases and become more efficient. For 
nuclear power to compete, nuclear plants will have to become 
less expensive and more efficient (technologies other than light 

water reactors offer greater efficiency). Renewable energy 
offers great promise, but the materials challenges are formida-
ble, such as lighter, stronger materials for the blades of wind 
turbines and better, cheaper materials for photovoltaics, the 
most environmentally benign generation technology. Each of 
these technologies requires advances in materials science. For 
example, fossil fuel use will have to be curtailed without mate-
rials that remove pollutant and carbon dioxide emissions.

A second example looks forward to the hydrogen economy. For 
hydrogen to be an attractive energy carrier, better materials must 
be found for pipelines to transport the gas without loss and for 
storage of the gas, especially onboard automobiles. These materi-
als must be inexpensive and long-lived. For storage tanks on cars, 
the material must also be lightweight and capable of storing large 
enough quantities to power the vehicle for several hundred miles. 
Because vehicles are typically garaged in enclosed spaces, the stor-
age tanks can have little or no leakage, as hydrogen is explosive. A 
further challenge is improving the materials in fuel cells that con-
vert the hydrogen into electricity. To be competitive, the fuel cells 
must be much less expensive and more efficient than current 
models and must last the life of the vehicle, about 15 years.

A third example is even more important to the economy and 
society. Materials are needed that can store electricity much 
better than current batteries. Owners of cell phones, laptop 
computers, personal digital assistants (PDAs, also known as 
handheld computers), digital video disc (DVD) players, and 
children’s toys are frustrated by the limited amount of electric-
ity stored, recharging time, and the weight of the batteries. 
Electrochemistry has allowed vast improvements over lead-
acid batteries, but battery costs are high and the amount of elec-
tricity stored per kilogram of battery is frustratingly small.

Indeed, better electricity storage is key to solving major 
energy/environmental problems. More than 25 states have 
renewable portfolio standards, mandating the substitution of 
renewable sources such as wind turbines and solar photovoltaic 
cells for fossil fuels. In order for these renewable sources to take 
over a major portion of electricity generation, a large amount of 
energy storage is needed. For example, the sun can produce 
electricity for about 6–10 h per day in the United States during 
the summer. For this amount of solar energy to meet all electric-
ity needs, sufficient electricity storage would be needed so that 
the 6–10 h of generation would provide electricity for all 24 h. 
There is currently no low-cost, practical way of storing so much 
electricity. Moreover, a hurricane or other large storm could 

Figure 4. Per capita carbon dioxide emissions for geographi-
cal regions worldwide.5  G-7, Canada, France, Germany, 
Italy, Japan, United Kingdom, and United States; and MENA, 
Middle East–North Africa.
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interrupt solar electricity generation for days, mandating much 
larger storage systems in practice.

More daunting than electricity storage for solar electricity is 
storage for wind turbines. The wind might not blow when electric-
ity is wanted. Indeed, the amount of wind tends to be lower during 
the hottest summer hours when the electricity load is the greatest. 
At a good wind site in the eastern United States, a wind turbine 
generates energy about one-third of the time. If wind were to sup-
ply all of the nation’s electricity, electricity storage would have to 
be three to five times the capacity of the wind farm in order to pro-
vide power for 24 h per day with some spare capacity for the days 
when the wind produces little or no electricity. Although current 
batteries can store electricity, it would be prohibitively expensive 
to have sufficient batteries to store so much electricity.

One last challenge for electricity storage is “plug-in” hybrid 
or all-electric vehicles. A battery that could power a vehicle for 
30–40 miles (48–64 km) and be recharged from an electricity 
outlet would save about two-thirds of gasoline use.13 Because 
only about 2% of electricity is generated from petroleum, if all 
automobiles and light trucks were plug-in hybrids, more than 
one-half of oil imports could be eliminated. If a battery were 
capable of powering the vehicle for 150 miles (240 km) and 
could be recharged from an outlet in 5–10 min, it might be pos-
sible to eliminate the use of gasoline in cars and light trucks. 
These vehicle batteries pose an extreme challenge for materials 
scientists. Vehicle weight is critical for fuel economy. An ideal 
30–40 mile (48–64 km) battery for a plug-in hybrid would weigh 
no more than about 200 pounds (90 kg); would cost no more than 
a few thousand dollars; would last the 15-year lifetime of the 
vehicle; and would be safe, nontoxic, and easily recycled.

Limitations in current materials constrain improvements in 
energy and environment. Society and the economy have much 
to gain from materials research and development in these areas. 
The challenges are formidable, but the rewards for achieving 
them are large.
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Abstract
A sustainable global energy system requires a transition away from energy sources with high 
greenhouse emissions. Vast energy resources are available to meet our needs, and technology 
pathways for making this transition exist. Lowering the cost and increasing the reliability and qual-
ity of energy from sustainable energy sources will facilitate this transition. Changing the world’s 
energy systems is a huge challenge, but it is one that can be undertaken now with improvements 
in energy efficiency and with continuing deployment of a variety of technologies. Numerous oppor-
tunities exist for research in material sciences to contribute to this global-scale challenge.

More than six billion people occupy our planet at present, 
and in this century, several billion more will join us. Feeding, 
clothing, and housing all of us will be a significant challenge, 
as will supplying the fresh water, heat, lights, and transportation 
that we will need to live comfortable and productive lives, 
while also maintaining and preserving habitats for the species 
with whom we share the planet. It is also clear that we humans 
are interacting at local, regional, and global scales with the nat-
ural systems that we count on to provide us with many services. 
Local air and water quality depend strongly on the way we 
transport ourselves, manufacture all manner of products, grow 
food, and handle the wastes we generate. Humans now use a 
significant fraction of the fresh water available on Earth, and we 
recognize that air pollution emitted in one location can affect 
air quality over large distances. A decades-long effort in devel-
oped economies to reduce impacts on local and regional air and 
water quality has been very successful (although challenges 
remain); efforts to address global-scale environmental impacts 
are just beginning.

Energy use, along with agriculture, which makes heavy use 
of energy for fertilizers, cultivation, and transportation of prod-
ucts, is a prime component of the interaction of human activities 
with global-scale natural systems through the emissions of 
greenhouse gases. As an example of the global impact of our 
energy systems, Figure 1 shows concentrations of important 
greenhouse gases over the past 20,000 years.1 Significant 
increases in atmospheric concentrations of the key greenhouse 
gases carbon dioxide (CO2), methane (CH4), and nitrous oxide 
(N2O) have been observed over the 250 years since the begin-
ning of the industrial revolution. Increasing greenhouse gas 
concentrations cause capture of additional energy in the atmo-
sphere over pre-industrial levels, with climate change as one 
result. In addition, the pH of the upper ocean has declined as the 
additional CO2 in the atmosphere slowly equilibrates with sea-
water.2 Lowering pH (i.e., increasing acidity) affects the con-
centrations of key ions, carbonate and bicarbonate, which, in 
turn, affect the formation of calcium carbonate by a variety of 
marine organisms in the upper ocean. Thus, population balances 

of these organisms are likely to be affected as the concentration 
of CO2 in the atmosphere continues to increase.

As we seek to provide and use the energy that is a funda-
mental underpinning of modern societies, we humans need to 
bring that use into balance with natural systems that cycle car-
bon, much of it in the form of CO2. That will require significant 
reductions in emissions of greenhouse gases, such as carbon 
dioxide (CO2), methane (CH4), nitrous oxide (N2O), and 
assorted chlorofluorocarbons, and other materials such as black 
soot. At the same time, in meeting our energy needs, we must 
not disrupt the natural processes that provide other important 
resources such as food and water—and ecosystems that provide 
habitat and sustenance for the myriad of species who share the 
planet with us. The carbon cycle is not the only system that will 
need attention in this century. Human perturbations of the nitro-
gen cycle, largely through the use of fertilizers for agriculture, 
also have significant impacts, as agricultural runoff has created 
large “dead zones” at some locations in the ocean. Balancing 
the need to grow food while sustaining natural ecosystems will 
also require changes in the way human activities interact with 
large-scale natural systems. We humans are just beginning to 
see ourselves as a global biogeochemical force—a first step 
toward more sustainable development requires managing our 
activities more effectively.

One element of energy sustainability involves curtailing 
emissions of greenhouse gases from energy use while providing 
adequate energy supplies to meet the needs of the developing 
and developed world. This will be a tremendous challenge for 
a number of reasons. Our current socioeconomic infrastructure 
is built around fossil fuels, needed reductions in greenhouse gas 
emissions are large, and the time frame to begin reducing emis-
sions is short.

In fact, demand for energy from oil, coal, and natural gas 
continues to increase rapidly, as shown in Figure 2.3 Renewable 
sources of energy such as hydroelectric power, wind energy, 
and solar photovoltaics are a small fraction of the worldwide 
energy supply. Today, wind energy and photovoltaics have high 
growth rates (27% and 40% annual growth rates in installed 
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capacity, respectively),4 but even if annual growth rates of 15% 
(of the installed base) could be sustained over the coming 
decades, it could take nearly 20 years before renewable energy 
sources (not including large-scale hydropower) provide more 
than 20% of overall global electricity consumption.

The reductions in greenhouse gas emissions required to sta-
bilize atmospheric concentrations of CO2 and global mean tem-
perature will be large, and they will need to begin quickly if we 
are to avoid the most serious predicted consequences of global 
climate change and changes in ocean geochemistry. For exam-
ple, Figure 3 shows the range of emissions estimated to achieve 
stabilization of atmospheric concentrations at 450, 550, 650, 
750, and 1000 ppm.5 There is a growing consensus that avoid-
ing the most serious effects of climate change will require limit-
ing the global mean temperature rise to 2°C.6 In March 2007, 
the European Council accepted this target as the basis for an 
aggressive plan to reduce greenhouse gas emissions. A recent 
assessment concluded: “. . . limiting warming to 2°C above 
pre-industrial levels with a relatively high certainty requires the 
equivalent concentration of CO2 to stay below 400 ppm. 
Conversely, if concentrations were to rise to 550 ppm CO2
equivalent, then it is unlikely that the global mean temperature 
increase would stay below 2°C. Limiting climate change to 2°C 
above pre-industrial implies limiting the atmospheric concen-
tration of all greenhouse gases. Based on new insights into the 
uncertainty ranges of climate sensitivity, stabilization at 
450 ppm CO2 equivalent would imply a medium likelihood 
(~50%) of staying below 2°C warming.”6,7

The summary provided in Table I7 indicates that, to achieve 
this goal, the peak emissions would need to occur within the 
next decade, emissions would have to return to year-2000 levels 
by several decades from now, and emissions in 2050 would 
need to be reduced by 50–85% compared to emissions in 2000. 

Urgent and large-scale action is needed to stem the growing 
concentrations of CO2 in the atmosphere. Fortunately, there are 
steps that can be taken on a variety of time scales to meet those 
challenges.

Sources of Sustainable Energy
What are the sustainable sources of energy that can meet our 

current and future needs? Figure 4 shows estimates of energy 
resources that might be converted into some usable form of 
mechanical work, heating, or electricity. Two types of energy 
resources are represented in Figure 4: energy flows, represent-
ing energy resources such as solar energy that will be sustained 
over the foreseeable future, and stored energy such as fossil 
fuels that will be depleted in the course of use.

The values shown in Figure 4 are estimates of energy flows 
in terawatts (TW, 1012 J/s) and stored energy in zetajoules (ZJ, 
1021 joules). They are totals, not necessarily what could be 
recovered or converted at reasonable cost. Amounts shown are 
estimates of exergy, the theoretical maximum amount of energy 
that can be converted to mechanical work, electricity, or heating 
based on an assumed equilibrium state.8 Any real conversion 
process will have an efficiency of less than 100%, and the cost 
of conversion will set limits, as well. Reservoirs of stored 
exergy (say, as geothermal energy, fossil fuels, or nuclear 
resources) are shown as ovals. Flows of energy are shown as 
arrows, with the size scaled approximately to the magnitude of 
the flow. For example, there is a large energy flux from the sun 
with 162,000 TW reaching the top of Earth’s atmosphere. Of 
that, 31,000 TW is absorbed in the atmosphere, and 41,000 TW 
evaporates water on the surface of the Earth (creating the 
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Figure 1. Changes in greenhouse gases from ice core and modern 
data. Concentrations and radiative forcing by (a) carbon dioxide (CO2), 
(b) methane (CH4), and (c) nitrous oxide (N2O) and (d) the rate of change 
in their combined radiative forcing over the past 20,000 years 
reconstructed from antarctic and Greenland ice and firn data (symbols) 
and direct atmospheric measurements (panels a–c, red lines). The gray 
bars show the reconstructed ranges of natural variability for the past 
650,000 years (from Reference 1). The radiative forcing due to a change 
in greenhouse gas concentrations is the change in net irradiance at the 
tropopause. NH is Northern hemisphere and SH is Southern 
hemisphere.
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potential energy that forms the hydropower resource). Another 
43,000 TW warms the surface and could be used to provide 
heat, electricity, and fuels. Today, of the large solar flux of 
exergy at the surface of the Earth, we convert only about 
0.016 TW to electricity by photovoltaic and solar thermal meth-
ods. This tiny fraction of the solar flux is converted because 
photovoltaic and solar thermal methods are currently more 
expensive to convert sunlight to electricity than other resources 
such as fossil fuels. Some of the solar energy flux at the Earth’s 
surface is converted by photosynthesis to plant material, some 
of which (about 1.2 TW) is used directly for cooking and heat-
ing. A small fraction of that has accumulated over millions of 
years as the fossil fuel resources (coal, natural gas, and oil) that 
we use extensively at present; the combination of coal, oil, and 
gas use totals about 11.8 TW. Another portion of the solar flux 
is converted into wind, creating a significant energy flux of 
870 TW.

There is a large nuclear resource, as well, although much of 
it is widely dispersed (uranium or deuterium in seawater, for 
example). The flux of geothermal energy, about 32 TW, is 

roughly equivalent to projected human use of energy by mid-
century, but there is an enormous (1.5 × 107 ZJ) geothermal 
resource stored in hot rock in the upper 40 km of Earth’s crust 
around the planet. Although the stored geothermal resource is 
extremely large, converting it to electricity or useable heat is 
impractical with today’s technology except for regions with 
anomalously high heat flow and near-surface temperatures such 
as occur in volcanic provinces. Tidal energy and wave energy 
fluxes are relatively small, a reflection of the relatively small 
gravitational potential associated with tides and the heights of 
waves.

Technology Pathways for a Sustainable 
Energy Future

Transitioning from today’s energy system to a more sustain-
able one will require a number of technological approaches—
there is no single solution to this challenge (see Pacala and 
Socolow9 or the September 2006 issue of Scientific American10

for discussions of many of the options available for energy sys-
tems of the future).

One option is to improve the efficiency of energy conver-
sions and end uses. There are numerous opportunities to 
improve significantly the efficiency of energy conversions—
from improving the efficiency of engines and chemical process-
ing to improving the efficiency of lighting, heating, cooling, 

and other energy uses in build-
ings. All improvements in effi-
ciency reduce the amount of 
energy supply needed, as well as 
the associated environmental 
impacts. More efficient use of 
energy, especially in buildings 
and transportation, offers signifi-
cant reductions that reduce costs, 
substantially in the case of build-
ing insulation and improved air 
conditioning and water heating, 
for example. According to recent 
estimates, emissions reductions 
approaching 25% of current 
emissions could be achieved at 
negative cost through the imple-
mentation of energy efficiency 
measures. Globally, the most 
cost-effective options for reduc-
ing greenhouse gas emissions 

include efficiency improvements such as improving insulation, 
increasing the efficiency of commercial vehicles, and replacing 
existing lighting with high-efficiency lighting.11

Another option is to conserve energy. The availability of low-
cost and abundant energy has led to unneeded use of energy—
such as energy consumed while electronic equipment is in standby 
mode; lighting, heating, and cooling systems in buildings that are 
not optimized; use of energy during peak demand periods when 
less efficient methods are used to produce power; and driving 
during periods of high traffic congestion. In addition to behavioral 
changes to reduce energy consumption, advanced communica-
tions and control technology can play a role in conservation by 
providing real-time pricing and emissions signals, optimizing 
heating and cooling systems in buildings, and providing “intelli-
gent” transportation systems that increase transit efficiency.

A third option is to increase the fraction of the energy supply 
coming from sustainable energy flows rather than stored 
resources. Stored energy resources are those for which the 
replacement rate is lower than the rate of use. Any stored 
resource, therefore, has some limit on total use (even coal). 

Year

Figure 3. Estimates of greenhouse gas emissions needed to achieve 
stabilization at a range of concentrations and temperatures (from 
Reference 5, p. 792). The dashed lines indicate the lower end of the 
estimated range needed to achieve stabilization at the respective values. 
The range of values reflects the uncertainty in predicting stabilization 
based on emissions profiles and the associated climate feedbacks.

Table I: Estimated Global Mean Temperature Increases, Years for Peak Emissions, and 
Reduction in Global Emissions Needed to Achieve These Stabilization Levels.

Stabilization 
Level (CO2- 
eq. [ppm])

Global Mean 
Temperature 
Increase (°C)

Year Global CO2 
Needs to Peak

Year Global CO2 
Emissions Return 

to 2000 Levels

Reduction in 2050 
Global CO2 Emissions 

Compared to  
2000 (%)

445–490 2.0–2.4 2000–2015 2000–2030 –85 to –50

490–535 2.4–2.8 2000–2020 2000–2040 –60 to –30

535–590 2.8–3.2 2010–2030 2020–2060 –30 to +5

590–710 3.2–4.0 2020–2060 2050–2100 +10 to +60

710–855 4.0–4.9 2050–2080 +25 to +85

855–1130 4.9–6.1 2060–2090 +90 to +140

Source: Reference 7.
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A transition away from relying so heavily on stored reservoirs 
of energy (e.g., fossil fuels) to using sustainable energy flows 
such as solar and wind power that reduce greenhouse gas emis-
sions will put us on a more sustainable energy pathway. 
Determining whether a particular resource is sustainable 
requires careful consideration of both the resource flow and the 
ways in which it is converted. For example, biofuels made from 
the solar flux can be sustainable or not depending on how water 
and fertilizers are used and how the energy stored temporarily 
in biomaterials is converted to fuel. Figure 4 shows that solar 
and wind resources are very large compared to current and 
projected energy demands. However, as shown in Figure 5, the 

costs of solar photovoltaics and 
solar thermal are very high 
 compared to those of other elec-
tricity generation sources, even 
with a $100 per ton carbon tax. 
Although the cost of wind power 
is more competitive, large-scale 
deployment is still more costly 
than many other options for 
reducing greenhouse gas emis-
sions11. Driving down costs, 
increasing reliability, and devel-
oping the infrastructure to take 
advantage of these sustainable 
resources will require significant 
technological advances, experi-
ence, and time, given that, today, 
less than 1% of the current world-
wide energy supply comes from 
these resources (see Figure 2).

A fourth option is to under-
stand and minimize the lifecycle 
impact of energy supply and end-
use technologies on the environ-
ment. All energy systems and 
human activities have environ-
mental impacts. An essential ele-
ment of a sustainable energy future 
involves understanding the full 
lifecycle environmental impacts 
of energy systems and making 
choices that minimize these 
impacts. It is not sufficient to con-
sider only greenhouse gas emis-
sions and environmental impacts 
associated with the use of fuels; 
we must also understand and limit 
the emissions and impacts that 
occur during fuel production. For 
example, the process of manufac-
turing liquid fuels from coal 
releases as much carbon dioxide 
into the atmosphere as is released 
when the fuels are finally used, 
nearly doubling lifecycle emis-
sions for coal-derived transporta-
tion fuels. All energy conversions 
have some environmental impact, 
of course. Table II summarizes 
some of the impacts of technolo-
gies that might be employed in 
global energy systems with lower 
greenhouse gas emissions.

A fifth option is to mitigate the 
undesired environmental impacts of energy production and use 
with technologies such as capturing and sequestering carbon diox-
ide from the use of fossil fuels. The pathway toward a sustainable 
energy future will inevitably require economic trade-offs and soci-
etal decisions that reflect the state of the existing energy systems, 
the cost of advanced energy systems, the desired pace of change, 
and the ability to build new infrastructure to support advanced 
energy systems. For example, coal-fired electricity generation pro-
vides abundant and relatively low-cost (if not low-impact) energy 
in many parts of the world, and its use is growing rapidly in China 
and India. Capturing and sequestering carbon dioxide from these 
facilities (see the sidebar by Benson and Orr) provides a means of 

Figure 4. Global reservoirs and fluxes of exergy, energy that can be used for human activities, by 
converting the resource or flux to some other useful form or mechanical work (modified from Reference 8).

Figure 5. Comparison of the costs for various electricity generation options, including the cost of a $100 
per ton price on carbon emissions. (Courtesy of John Weyant, Stanford University.)  O&M is 
operations and maintenance, CC is combined cycle, CT is combustion turbine, and PV is photovoltaics.
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mitigating some of the impacts of coal-fired power generation 
while supporting economic growth and providing electricity to 
improve the quality of life as people move out of poverty.

The changes in the energy systems of the planet are likely to 
include multiple linked pathways. For example, a transportation 
system that relies on electric vehicles could be imagined. That 
system would require use of one of several potential energy 
resources, conversion of those resources to some form that 
could be stored on a vehicle, transportation of the energy carrier 
to the vehicle, storage on the vehicle, and then conversion to 
mechanical work to move the vehicle. The primary resources 
could be solar (including photovoltaics or bioconversions to 
chemically stored energy), wind, nuclear, waves, tides, geother-
mal, or a fossil fuel with carbon capture and storage. The energy 
carrier could be electricity, hydrogen, or a biofuel. A variety of 
energy conversions could be used for each. Electricity can be 
made by nuclear power or solar thermal with a steam turbine, 
whereas photovoltaics produce electrons directly. Biomass can 
be converted to a liquid fuel such as ethanol by fermentation or 
by gasification followed by fuel synthesis. Hydrogen can be 
made by electrolysis or by gasification of biomass. Electrons 
could be transported by a grid to users or converted to hydro-
gen. Hydrogen can be stored in tanks (or various storage materi-
als) and burned directly in an internal combustion engine, or it 
could be converted in a fuel cell to electrons, which could then 
be stored in a battery and used to drive an electric motor. Finally, 

electric motors could convert the electricity to mechanical 
work. Each of the many other energy conversion pathways we 
use to provide energy services to humans offers similar sets of 
options, and reinvention of the world’s energy systems will 
offer many opportunities to improve efficiency and reduce 
greenhouse gas emissions.

Research and Development Needs for 
Sustainable Energy

Each energy conversion has an efficiency, a cost, and an 
environmental footprint that will influence where and to what 
extent it is used, and for some energy conversions, considerable 
additional development of materials and technologies will be 
required. Moreover, virtually all energy resources offer interest-
ing research opportunities for the materials science community. 
For example, much of the work underway now to improve the 
efficiency and reduce the cost of photovoltaics is aimed at the 
fundamental science and engineering of the materials used to 
convert solar photons to electrons (see the article on solar energy 
by Ginley et al., along with the accompanying sidebars, in this 
issue), and efficient conversion of electrons to photons for light-
ing will impact overall energy use (see the article on solid-state 
lighting by Humphreys in this issue). Advances in fundamental 
understanding and the ability to create ordered and disordered 
nanostructures (nanowires and quantum dots, for example) offer 
many potential paths to adjust bandgaps, increase photon absorp-

Table II: Examples of Environmental Benefits and Drawbacks of Technologies for Producing Electricity.

         Energy Supply Environmental Considerations

Benefits Drawbacks

El
ec

tri
ci

ty
 P

ro
du

ct
io

n

Coal power production 
(PC)

High energy density of primary energy supply Large GHG emissions
Mining impacts
Air pollution if controls not used (e.g., SOx, NOx, Hg)

Natural gas power 
production

Small footprint of primary energy supply
High energy density of primary energy supply

Moderate to high GHG emissions

Fossil fuel power 
production with CCS

Small footprint of primary energy supply
High energy density of primary energy supply
80–90% reduction in GHG emissions 

Mining impacts
Potential groundwater impacts from brine migration or CO2

Nuclear fission Small footprint of primary energy supply
Small waste volume
High density of power supply

Potential contamination from nuclear accidents
Potential for groundwater contamination from waste disposal

Solar PV and solar 
thermal power 
production

No significant GHG emissions
No air pollution
Sustainable energy supply

Low energy density for power supply
Large footprint for solar collectors
Competing uses for land
Local changes in surface albedo

Hydropower No significant GHG emissions
No air pollution
Sustainable energy supply

Impacts to fish habitat
Loss of terrestrial habitat

Wind turbines No significant GHG emissions
No air pollution
Sustainable energy supply

Large footprint needed for primary energy supply
Potential impacts to birds depending on siting
Noise and visual impacts

Geothermal energy None to small GHG emissions
No significant air pollutions

Potential impacts to water resources from brine disposal
Microseismicity from water or brine injection

Biomass power 
production

Net GHG emissions can be reduced, depending 
on the lifecycle GHG emissions from biomass 
production, transport, and use

Might be sustainable depending on agricultural 
practices and continued availability of water 
resource

Low spatial energy density for power supply
Groundwater impacts from agricultural chemicals
Competition with other uses for land and water resources
GHG emissions from biomass production and processing
Potential to increase GHG emissions from land conversion 

(e.g., rainforest to biofuels)

Note: CCS is carbon dioxide capture and sequestration. PV is photovoltaics. GHG is greenhouse gas.
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tion, enhance electron and hole transport, create photonic devices 
that distribute light, and reduce energy requirements and costs 
to make devices. Many of the same ideas will find application in 
fuel cells, which offer the potential of high energy conversion 
efficiencies. Nanostructured materials will also play a role in 
electrochemical energy storage; media that are efficient in 
weight and volume could transform transportation, through 
advanced battery electrochemistry derived from abundant ele-
ments with reduced use of toxic materials (see the article on 
electrical energy storage by Whittingham, along with the accom-
panying sidebar, in this issue). The common thread that connects 
all of these efforts is the ability to optimize the properties of 
materials in new ways by controlling structure at nano- and 
microscales and creating very high surface area materials with 
the potential for high-efficiency electrochemical cycling.

More widespread use of nuclear power will require improved 
fuel cycles, more efficient conversions of neutron fluxes to elec-
tricity, and waste storage isolation for nuclear power, all of 
which imply development and selection of advanced materials 
with properties that can tolerate harsh environments (see the 
article on nuclear power by Raj et al., as well as the accompany-
ing sidebars, in this issue). Materials with high creep strength 
at high temperature would allow more efficient operation in a 
variety of power plant settings, and materials that retain their 
properties in the face of high radiation fluxes will be required if 
fusion power is to find its way into commercial use.

Questions of biomaterials and related separations abound in the 
conversion of solar photons to fuels through biological processes 
(see the article on biofuels by Farrell and Gopal, as well as the 
accompanying sidebars, in this issue), and improved knowledge of 
genetics and the ability to design enzymes offers many opportuni-
ties to improve the efficiency of biological processes that self-
assemble the molecular structures that convert sunlight to electrons 
and subsequently store energy in chemical bonds. Whether hydro-
gen is used as an energy carrier will depend on the development of 
advanced materials for storage, efficient and less expensive cata-
lysts for fuel cells, and methods to produce hydrogen with low 
greenhouse gas emissions (e.g., solar water splitting) (see the arti-
cle on hydrogen and fuel cells by Crabtree and Dresselhaus in this 
issue). Use of abundant elements in new catalytic structures offer 
potential cost reductions needed for commodity-scale applications 
of improved electrodes. Catalysts will also continue to play impor-
tant roles in many chemical reactions, including those that trans-
form biofeedstocks to fuels and other products (see the article on 
catalysis by Gates in this issue). Improved solid-state electrolytes 
that allow efficient transport of ions at modest temperatures would 
expand the range of fuel cell applications and might offer opportu-
nities for separations of oxygen or CO2 from other gases. Finally, 
reductions in emissions of CO2 to the atmosphere could be achieved 
by use of novel materials that balance selectivity and permeance in 
the separation of CO2 from product gases of combustion or gasifi-
cation processes (that make hydrogen, for example) followed by 
geologic storage of CO2.

Summary
Observed changes in the concentrations of greenhouse gases 

in the atmosphere and in the pH of the upper ocean and observed 

and projected impacts of those changes indicate that significant 
action is needed to reduce emissions of greenhouse gases from 
fossil fuels. Changing the world’s energy systems is a huge 
challenge, but it is one that can be undertaken now with 
improvements in energy efficiency and with continuing deploy-
ment of a variety of technologies now and over the decades to 
come. Abundant sustainable energy resources are available. 
However, there are many barriers in terms of efficiencies, 
impacts, and costs that will have to be overcome. Doing so will 
require worldwide focus on the challenge and the talents of 
many participants, and significant contributions from the mate-
rials science community will be essential.
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Carbon Dioxide Capture and Storage
Sally M. Benson (Stanford University, USA) and Franklin M. Orr, Jr. (Stanford University, USA)

Reducing CO2 emissions from the use of fossil fuel is the 
primary purpose of carbon dioxide capture and storage (CCS). 
Two basic approaches to CCS are available.1,2 In one approach, 
CO2 is captured directly from the industrial source, concen-
trated into a nearly pure form, and then pumped deep under-
ground for long-term storage (see Figure 1). As an alternative 
to storage in underground geological formations, it has also 
been suggested that CO2 could be stored in the ocean. This 
could be done either by dissolving it in the mid-depth ocean 
(1–3 km) or by forming pools of CO2 on the sea bottom where 
the ocean is deeper than 3 km and, consequently, CO2 is denser 
than seawater. The second approach to CCS captures CO2
directly from the atmosphere by enhancing natural biological 
processes that sequester CO2 in plants, soils, and marine sedi-
ments. All of these options for CCS have been investigated over 
the past decade, their potential to mitigate CO2 emissions has 
been evaluated,1 and several summaries are available.1,3,4

With over 60% of worldwide CO2 emissions coming from 
point sources that are potentially amenable to CO2 capture and 
a minimum of 2,000 Gt (billion metric tonnes) of storage capac-
ity in deep geological formations, the prospects for CCS to 
make a large contribution to reducing CO2 emissions are great.1

Technical and economic assessments suggest that, over the 
coming century, CCS could contribute up to 20% of needed 
CO2 emission reductions, on par with expected reductions from 
efficiency improvements and large-scale deployment of renew-
able energy resources.5

Carbon Dioxide Capture 
from Industrial Sources

Carbon dioxide can be cap-
tured directly from industrial 
sources by one of three methods: 
post-combustion capture, pre-
combustion capture, or combus-
tion of fossil fuels in a pure oxygen 
environment. A schematic illus-
trating these approaches is shown 
in Figure 2. Post-combustion 
capture separates CO2 from 
exhaust gas, which consists pri-
marily of a mixture  of N2 and 
CO2, using chemical solvents 
such as monoethanolamine. The 
advantage of post-combustion 
capture is that existing industrial 
facilities and power plants could 
be retrofitted for CO2 capture. 
However, with today’s technol-
ogy, at a cost of about $40 per 
tonne of CO2 avoided3 and an effi-
ciency reduction of 25%,3 incen-
tives to reduce greenhouse gas 
emissions will be needed before 
large-scale deployment occurs. 

Scientists and engineers are working both to lower costs and to 
increase the efficiency of post-combustion capture. Research 
opportunities include more efficient and robust chemical solvents 
and membranes for separating CO2 from N2, as well as materials 
to reduce capital costs of the large separation vessels and contac-
tors needed for industrial-scale capture. New materials that can 
withstand higher temperatures and pressures could also improve 
the efficiency of power generation with CO2 capture.

Pre-combustion capture might offer lower costs and higher 
efficiency. Here, the fossil fuel is first gasified to produce syn-
gas, a mixture of H2 and CO. In the process of gasification, a 
nearly pure stream of CO2 is produced. If all of the CO is further 
converted to CO2 by the water–gas shift reaction, a pure stream 
of hydrogen is produced that emits only water after combustion. 
Gasification is a well-established technology in the chemical 
manufacturing and refining industries, but there is only limited 
experience with gasification combined with power generation. 
A number of projects to demonstrate electricity production with 
pre-combustion capture are underway today, using a technol-
ogy called integrated gasification combined cycle (IGCC). 
Cost for pre-combustion CO2 capture are estimated to be about 
$20 per tonne,3 but more experience is needed to establish 
 reliable estimates.1 The third approach, often called oxycom-
bustion, burns fossil fuels in a pure oxygen environment instead 
of air to avoid the need to separate CO2 from N2 in the exhaust 
gas, which instead consists of a mixture of CO2 and water. 
Oxycombustion offers the benefit that retrofits of existing 
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facilities might also be possible. 
However, experience with this 
technology is limited, and achiev-
ing the high potential efficiency 
of oxycombustion will require 
advanced materials and operat-
ing environments that can handle 
the higher temperatures required. 
Extensive research and develop-
ment (R&D) and several demon-
stration projects are underway to 
assess the potential for oxy-
combustion with CO2 capture. 
Materials research opportunities 
for IGCC and oxycombustion are 
similar to those for post-combus-
tion capture, but for IGCC, mem-
branes that separate H2 from CO2
are needed.

After the CO2 is separated, it 
must be compressed to a pres-
sure of about 100 bar into a liq-
uid state and transported through 
pipeline or ship to the storage 
location. Compression and trans-
portation of CO2 is done rou-
tinely today.

Carbon Dioxide Storage 
in Deep Geological 
Formations

Once the CO2 is captured, as shown in Figure 3, it can be 
pumped down wells into deep underground formations such as 
depleted oil and gas reservoirs, brine-filled formations, or deep 
unmineable coal beds. These types of formations occur in 
basins filled with sedimentary rocks that can accumulate up to 
thousands of meters of sediment. The pore spaces in these sedi-
mentary rocks are filled with salt water or, in some cases, oil 
and gas. The rocks in sedimentary basins consist of alternating 
layers of sand, silt, clay, carbonate, and evaporites that were 
long ago deposited in oceans, deltas, lakes, and rivers. The sand 
layers provide storage space. The silt, clay, and evaporite layers 

provide the seals above the storage reservoir that can trap buoy-
ant fluids such as oil, natural gas, and CO2 for millions of years. 
Because CO2 has a lower density than water, the presence of an 
overlying, thick, and continuous layer of silt, clay, or evaporite 
is the single-most important feature of a geologic formation that 
is suitable for geological storage of CO2. These fine-textured 
rocks physically prevent the upward migration of CO2 by a 
combination of viscous and capillary forces.

One of the key questions for geologic storage is: how long 
will the CO2 remain trapped underground? Based on a number 
of lines of evidence, experts have concluded that retention rates 
of greater than 99% over 1000 years are likely for well-selected 
and -managed geological storage reservoirs.1 Support for this 
conclusion stems from the fact that natural oil, gas, and CO2
reservoirs have trapped buoyant fluids such as CO2 underground 
for millions of years, as well as from practical experience inject-
ing and storing gases underground for natural gas storage, CO2-
enhanced oil recovery (EOR), and acid gas disposal. In addition, 
multiple physical and chemical processes contribute to long-
term retention of CO2, including dissolution of CO2 in brine, 

capillary trapping of CO2, adsorption on coal, and mineral trap-
ping; together, these trapping mechanisms increase the security 
of storage over time, thus further diminishing the possibility of 
potential leakage and surface release. Over hundreds to thou-
sands of years, the majority of CO2 is expected to be immobi-
lized through one or more of these trapping mechanisms.

The technology for storing CO2 in deep underground 
 formations is adapted from oil and gas exploration and produc-
tion technology. For example, technologies to drill and monitor 
wells that can safely inject CO2 into the storage formation are 
available. Methods to characterize a site are fairly well devel-

Figure 3. Options for geological storage of CO2 include depleting oil and gas formations, brine-filled 
formations (saline formations), and unmineable coal beds (from Reference 1).

Figure 2. Illustration showing different approaches for capturing 
carbon dioxide from industrial sources (from Reference 1).
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oped, although much more experience is needed to reliably 
assess seals and the storage capacity of saline aquifers. Models 
are available to predict where CO2 will move when it is pumped 
underground, although more work is needed to develop and test 
these models further. Monitoring of the subsurface movement 
of CO2 is currently being successfully conducted at several 
sites, although again, more work is needed to refine and test 
monitoring methods. The health, safety, and environmental 
risks associated with geological storage are comparable to the 
nature and magnitude of the risks associated with analogous 
activities such as natural gas storage, enhanced oil recovery, 
and acid gas injection.1

Three industrial-scale CCS projects are operating today, a 
fourth was scheduled to start in late 2007,6–8 and numerous other 
projects are in advanced stages of planning. The first of these 
projects, the Sleipner Saline Aquifer Storage Project, began 11 
years ago.6 Annually, 1Mt (million metric tonnes) of CO2 are 
separated from natural gas and stored in a deep sub-sea brine-
filled sandstone formation.5 The In Salah Gas Project in Algeria 
began in 2004 and is storing 1 Mt of CO2 annually in the flanks 
of a depleting gas field.7 The third industrial-scale CCS project, 
located in Saskatchewan, Canada, uses CO2 from the Dakota 
Gasification Plant in North Dakota to simultaneously enhance 
oil production and store CO2 in the Weyburn Oil Field.8 A new 
1000 MW coal-fired power plant can emit about 6 Mt CO2 annu-
ally.3 These quantities are larger than the existing capture and 
storage projects, but experience suggests that capture and storage 
of this magnitude should be possible. However, the task of stor-
ing the billions of tonnes of CO2 generated annually from power 
production alone is daunting—and is likely to require an infra-
structure on the scale of today’s oil and gas infrastructure.

Materials research into more durable and corrosion-resistant 
cements, self-sealing and self-healing well-completion materi-
als, and lower-cost corrosion-resistant pipe for injection wells 
would be beneficial. In addition, nondestructive methods for in 
situ characterization of the condition of pipes, cement, and 
other well-sealing materials could improve methods for moni-
toring the condition of wells.

Carbon Dioxide Storage in the Ocean
Storing captured CO2 in the ocean has also been proposed.1

Compressed CO2 would be transported by pipeline or ship and 
then pumped into the deep ocean. The CO2 could be injected 
through a diffuser to accelerate dissolution into the water col-
umn, or alternatively, it could be pumped into “lakes” on the 
sea bottom. At depths below about 350 m, CO2 forms a solid 
clathrate that is denser than seawater, but then dissolves rela-
tively rapidly in the surrounding seawater.9 Sea-bottom storage 
requires water column depths of at least 3 km to ensure that 
CO2 is denser than the ocean water; otherwise, the CO2 would 
rise through the water column and return quickly to the atmo-

sphere. Over hundreds to thousands of years, some fraction of 
the CO2 stored in the ocean would return to the atmosphere as 
a result of circulation in the ocean. Concern over biological 
impacts and negative public opinion about ocean storage have 
curtailed interest and R&D in this area.1 As an alternative to 
direct injection in the water column, a new approach to sea-
bottom storage involving injection under the sea-bottom sedi-
ments that would overcome many of the concerns described 
here has been proposed,10 although this option is in the early 
stages of R&D.

Cost of CO2 Capture and Storage
Estimated additional costs for generating electricity from a 

coal-fired power plant with CCS range from $20 to $70/tonne 
of CO2 avoided, depending mainly on the capture technology 
and concentration of CO2 in the stream from which it is cap-
tured.1 At these rates, electricity-generating costs would increase 
from 50% to 100% over those of plants with CO2 capture.1

Capture and compression typically account for over 75% of the 
costs of CCS, with the remaining costs attributed to transporta-
tion and underground storage. Pipeline transportation costs are 
highly site-specific, depending strongly on economies of scale 
and pipeline length. The R&D efforts discussed are underway 
to reduce the cost of capture and compression, making wide-
spread deployment of CCS more viable.
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Materials Challenges in Advanced 
Coal Conversion Technologies
Cynthia A. Powell (National Energy Technology Laboratory, USA) 

Bryan D. Morreale (National Energy Technology Laboratory, USA)

Abstract
Coal is a critical component in the international energy portfolio, used extensively for electricity 
generation. Coal is also readily converted to liquid fuels and/or hydrogen for the transportation 
industry. However, energy extracted from coal comes at a large environmental price: coal combus-
tion can produce large quantities of ash and CO2, as well as other pollutants. Advanced technolo-
gies can increase the efficiencies and decrease the emissions associated with burning coal and 
provide an opportunity for CO2 capture and sequestration. However, these advanced technologies 
increase the severity of plant operating conditions and thus require improved materials that can 
stand up to the harsh operating environments. The materials challenges offered by advanced coal 
conversion technologies must be solved in order to make burning coal an economically and envi-
ronmentally sound choice for producing energy.

Coal fueled the Industrial Revolution, and it will continue to 
play a significant role in fueling world energy needs through the 
21st century. With recoverable reserves available in approxi-
mately 70 countries around the world (Figure 1), coal is an 
abundant, equal-opportunity fuel, particularly for developing 
countries. World Coal Institute1 projections indicate that identi-
fied coal reserves are sufficient to last 150 years at current pro-
duction levels, as compared to 41 and 65 years for proven oil 
and natural gas reserves, respectively. In addition, coal is a 
familiar energy source, providing 25% of global energy needs 
and generating 40% of the world’s electricity. Finally, coal is 
relatively inexpensive compared to other fossil fuels; at a price 
of approximately $1–2 per million Btu, the cost of coal is 
approximately one-sixth that of oil or natural gas.2 As a result 
of this combination of abundance and low cost, coal can be 
expected to continue to play a major and necessary role in the 
energy mix, as the worldwide demand for affordable energy 
continues to grow. Indeed, over the next 30 years, it is estimated 
that global energy demand will increase by almost 60%. The 

United States Department of Energy’s Energy Information 
Administration (EIA) projects that, even with significant 
increases in the use of alternative energy sources by the U.S. 
public, 145 gigawatts (GW) of new coal-fired power plant 
capacity will be needed by 2030.3 This is equivalent to approxi-
mately 290 new 500 MW power plants in the United States 
alone. Worldwide, coal consumption is predicted to increase by 
an average of 2.5% a year between 2003 and 2030 (Figure 2). 
The biggest increase in demand is predicted for China, where 
coal usage will increase by an average of 3.5% a year, requiring 
an additional 500 GW of coal-fired capacity for that country by 
2030.3

However, coal faces significant environmental challenges, 
both in its mining and in its conversion to energy. A relatively 
higher carbon-to-hydrogen ratio, combined with the relatively 
low efficiencies of today’s combustion technologies, means 

Introduction

Figure 1. Identified world coal reserves as of 2005 plotted as 
percentages of the world total. Numbers in legend represent the 
quantity of recoverable coal available in each region, in million short 
tons.  Reference 3.

Western Europe 36,489
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Asia Pacific 327,264
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Africa 55,486

South & Central America 21,928

Middle East 462

Figure 2. World coal consumption by region in 2003, contrasted with 
that projected for 2030. Projections are for increased coal utilization in 
all regions.  Reference 3.
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that coal combustion results in higher CO2 emissions per unit 
heat output than either oil or natural gas. In addition, coal con-
tains a number of inorganic impurities, and its combustion 
results in the emission of the “criteria pollutants” sulfur dioxide 
(SO2), nitrogen oxides (known collectively as NOx), and par-
ticulates, as well as mercury. (Criteria pollutants are those regu-
lated by the U.S. Environmental Protection Agency on the basis 
of human-health–based and/or environmentally based criteria.) 
Both the specific impurities present in a coal feedstock and their 
quantities depend on the type of coal and where it is mined, but 
at least 10 wt% of any coal is some combination of volatile and 
noncombustible inorganic components, present primarily in the 
form of minerals. Some coals consist of 50 wt%, or more, of 
these non-carbon–based constituents. As a result, any viable 
coal combustion technology must be able to accommodate the 
presence of these impurities at elevated temperatures and to 
remove them from the plant waste stream to levels mandated by 
local environmental regulations. Good environmental steward-
ship would seek complete removal and benign sequestration of 
all pollutants wherever possible in the conversion of this neces-
sary fuel to energy.

Technology advancement to address the world’s growing 
demand for clean and affordable energy will require simultane-
ous advances in materials science and technology in order to 
meet the performance demands of new power systems. This is 
particularly true for coal-based technologies, where the drive 
for increased efficiencies and reduced environmental impact—
the drive to extract as much energy as possible from every ton 
of coal—calls for the use of increased system operating tem-
peratures and pressures, as well as the ability to perform effec-
tively in increasingly aggressive environments. The addition of 
alternative feedstocks, such as the combustion of coal and bio-
mass to produce electricity and/or liquid fuels, can also place a 
huge stress on the materials of construction, to the point where 
the development of new materials with improved performance 
characteristics and/or new materials protection strategies are 
warranted. Each of the evolving clean coal technologies must 
address specific materials challenges in order to achieve wide-
spread commercialization.

Clean Coal Technologies
Since the mid-1980s, a worldwide push to reduce the envi-

ronmental impact of coal’s conversion to energy has resulted in 
the advancement of a group of technologies known collectively 
as clean coal technologies (CCTs). Designed with the combined 
goals of minimizing emissions and maximizing energy 
efficiency for each ton of coal processed, the suite of CCTs in 
development today comprises advanced pollution controls 
for new and existing power plants, including CO2 capture 
and sequestration; advanced combustion technologies; and 
 gasification-based systems. Another goal for these systems is 
fuel flexibility, allowing for the use of a range of different types 
of coals, or combinations of coal and other opportunity fuels 
such as petroleum coke or biomass, without impacting plant 
performance. Beyond electricity generation, coal gasification 
systems are also being designed for product flexibility, offering 
the option of producing liquid fuels and/or hydrogen from coal 
while minimizing impact on the environment.

Advanced Combustion Technologies
Pulverized coal combustion (PCC), in which finely divided 

coal particles are combusted in air in a boiler to create steam 
that is passed through a steam turbine to generate electri-
city, accounts for over 90% of coal-fired capacity worldwide 
(Figure 3). Modern PCC technology is well developed, and 
today’s subcritical coal-fired power plant, operating at a steam 

temperature of 540°C and a steam pressure of 16.5 MPa, has a 
thermal efficiency of approximately 35%. (All thermal efficien-
cies are reported in terms of higher heating value, or HHV, 
which takes into account the latent heat of vaporization of water 
in the combustion of coal.) However, more energy extracted per 
unit coal means an increase in power plant output and a relative 
decrease in emissions, and thus, advanced combustion technol-
ogies seek to maximize the thermal efficiency of the power 
plant through increases in steam temperatures and/or pressures 
above the critical point. Generally, supercritical (SC) power 
plants are those operating with a steam pressure of 22 MPa or 
higher, whereas ultrasupercritical (USC) power plants operate 
with steam conditions greater than 24 MPa and 593°C. 
Commercial SC combustion plants, operating at 540–566°C 
and 25 MPa, and commercial USC combustion plants, operat-
ing at 580–620°C and 27–28.5 MPa, report efficiencies of up to 
41% and 46%, respectively. Additional increases in thermal 
efficiencies are being sought through additional increases in 
steam temperatures and pressures, but these will require further 
advances in materials technology to be realized at a commercial 
scale. In the United States, the Department of Energy (DOE) is 
sponsoring research aimed at maximizing thermal efficiency 
from coal generation, which, for coal combustion, will require 
USC steam temperatures and pressures as high as 760°C and 
37.9 MPa. In Europe, the Thermie program is focused on USC 
steam conditions of 720°C and 35 MPa, and research in Asia 
has similar goals.

The materials technology required to construct USC plants 
with steam temperatures up to 625°C and pressures up to 
34MPa is largely available today in the form of commercial 
steels.4 However, increasing steam temperatures to 700°C will 
require higher strength ferritic steels for waterwalls, and higher 
strength austenitic steels and nickel-based superalloys for the 
pressure parts that are exposed to the highest steam tempera-
tures (Figure 4). In the steam turbine, the high-pressure/inter-
mediate-pressure rotors, rotating blades, bolting, and inner 
cylinder are exposed to the highest temperatures and will likely 
need to be constructed from superalloys. Further increases in 
steam temperature to meet DOE targets will move beyond the 
capabilities of iron-based alloys to nickel-based superalloys for 
most components. To achieve the required long-term creep 
strength and fatigue resistance, these materials must remain 
stable at the microstructural level for more than 40,000 h of 
operation, at metal temperatures that can be as high as 50°C 
above the steam temperature in some components. The coeffi-
cients of thermal expansion (expansion of material with increas-

Figure 3. General schematic of a coal combustion plant for generating 
electricity.  Tennessee Valley Authority.
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ing temperature) must be compatible in those components that 
are joined with other components, such as the turbine rotors and 
blades. In addition, the alloys must be resistant to sulfide and 
chloride attack on the fire side (i.e., inside the boiler, where the 
coal is combusted) and to oxidation on the steam side (i.e., 
inside steam piping and within the steam turbine). For many 
alloys, a chemistry and microstructure optimized for creep 
resistance are not optimum for required environmental resis-
tance, so effective coating and/or cladding strategies will also 
have to be considered. Beyond performance, fabricability and 
weldability must also be designed into the materials being 
developed. In all cases, because of the very large volume of 
materials required to construct a power plant, reliability must 
be obtained at an affordable cost.

Combusting coal in oxygen, as opposed to air, can lead to a 
significant reduction in NOx emissions and also simplify CO2
capture for sequestration, so combined with USC technology, it 
can significantly reduce the environmental impact of PCC 
plants. Currently, no commercial-scale oxy-fired PCC plants 
are in operation, although several such new plant constructions 
were announced recently in the United States. Existing PCC 
plants could also be retrofitted with oxy-fuel burners, thereby 
providing a carbon capture option for the existing power fleet. 
However, with no oxy-fired retrofit boilers currently in opera-
tion, there is no experience in how the resulting change in oper-
ating environment will impact the boiler materials of 
construction or the operation of the plant as a whole.

Perhaps the single greatest materials challenge associated 
with oxy-fuel combustion is in the production of oxygen. 
Oxygen produced by cryogenic air separation methods can be 
prohibitively expensive for this application, and a reliable, 
affordable alternative method for producing oxygen is needed 
for this as well as other advanced coal combustion technolo-
gies. Research is currently focused on developing ion-transport 
membranes, operating at 800–900°C, to produce oxygen from 
compressed air. Ceramic membranes, consisting of proton-con-
ducting perovskites, have the potential to produce highly pure 
oxygen, but brittleness, sealing difficulties, and relatively low 

permeabilities have prevented their widespread application to 
date. Mixed-matrix membranes, utilizing a polymer base cou-
pled with a material that can increase the solubility or diffusiv-
ity properties of the composite, such as carbon nanotubes or 
metal–organic frameworks, are also being investigated. Mixed-
matrix membranes are generally classified as being highly per-
meable, but they suffer from poor selectivity. Regardless of the 
material selected, the goal is to produce reliable membrane sys-
tems that are capable of producing up to 5,000 tons per day of 
oxygen, although the technology is not expected to be viable 
before 2015.

Beyond oxygen production, the materials challenges associ-
ated with oxy-fuel combustion are similar to those for USC 
combustion, except that burning coal with oxygen will increase 
the radiant component of the flame and, as a result, will increase 
metal temperatures inside the boiler. However, because an oxy-
fired boiler has not yet been designed and built, the actual metal 
temperatures are to be determined. Retrofit oxy-fired systems 
will likely be designed to match the heat-transfer characteristics 
of the original boiler, so increased metal temperatures should 
not be an issue in such cases. In addition to increased tempera-
tures of operation, the relative corrosivity of the fire-side envi-
ronment will change in oxy-fired systems, and the environmental 
resistance of the materials of construction will have to be con-
firmed, or protection strategies developed, to ensure system 
reliability.

Fluidized-bed combustion (FBC) is another of the advanced 
combustion technologies that has evolved from efforts to 
develop an environmentally friendly combustion process that 
does not require external emission controls.5 FBC systems burn 
coal, and other carbon-containing feedstocks, in a bed of heated 
particles suspended in flowing air. The fluidizing action pro-
motes more complete coal combustion at lower flame tempera-
tures, between 760°C and 925°C, which greatly reduces NOx
emissions (nitrogen oxides are typically formed at temperatures 
approaching 1370°C). In addition, the particle bed includes a 
sulfur-absorbing sorbent such as limestone or dolomite, which 
can reduce SO2 emissions by more than 95%. As a result, FBC 
systems can meet most environmental standards for SO2 and 
NOx, without the need for post-combustion pollution controls. 
Atmospheric-pressure FBCs are available in either a bubbling 
FBC or circulating FBC configuration, with a power-generating 
efficiency similar to that of a standard PCC plant. Popular pri-
marily because of its fuel flexibility—an FBC can burn any car-
bon-containing material, from low-rank coals to municipal 
waste—and environmental performance, there are now more 
than 400 FBC units operating worldwide.

A second type of FBC system, the pressurized fluidized-bed 
combustion (PFBC) system, operates at elevated pressures to 
produce a gas stream that can drive a gas turbine. However, this 
technology has yet to find widespread market acceptance.

Materials challenges inherent to FBC systems depend pri-
marily on the type of feedstock utilized, and FBCs sometimes 
experience excessive materials wastage through corrosion and 
wear. Combustion of biofuels can result in the formation of 
alkaline sulfates and chlorides at the tube surfaces, resulting in 
an accelerated corrosion-erosion of the tube walls. In PFBC 
systems, product gas streams require removal of fly ash particu-
late by a series of candle filters before entering the turbine, and 
filter reliability can be an issue. Ceramic–matrix composites 
and iron aluminides appear to have sufficient corrosion resis-
tance for this application, although mechanical reliability is still 
an ongoing issue.

Post-combustion CO2 capture for subsequent sequestration 
is a challenge for existing coal combustion plants without oxy-
fuel firing, because it requires the separation of dilute concen-

Figure 4. Microstructures of alloys such as this 9% Cr stainless steel 
being developed for next-generation combustion systems will have to 
be stable at service conditions for up to 40,000 h. (Image courtesy of  
O. Dogan and P. Danielson of the U.S. National Energy Technology 
Laboratory.)
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trations of CO2 (13–15vol% in a typical coal plant) from the 
low-pressure flue gas stream. Amine absorbents are currently 
commercially available that can remove as much of 90% of the 
CO2 from the flue gas; however, regeneration of the solvents 
is an energy-intensive process, resulting in a decrease in plant 
electricity output of approximately 15%. In addition, amine 
solvents degrade in the presence of other trace impurities in the 
flue gas, such as particulates, SOx, and NOx. New absorbent 
materials and processes that can more effectively and effi-
ciently remove CO2 from the flue gas of conventional coal 
combustion plants will be needed if CO2 sequestration is to 
become a reality for the existing coal combustion fleet.

Gasification Technologies
The gasification process reacts a carbon-containing material, 

such as coal, with steam and controlled amounts of air or oxygen 
at high pressures and temperatures 
to form a synthesis gas composed 
primarily of carbon monoxide and 
hydrogen.6 Synthesis gas, or syn-
gas, can then be used as a fuel to 
generate electricity and/or steam, 
or it can be used as a basic chemi-
cal building block for the forma-
tion of a variety of liquid fuels or 
other chemical products (Figure 
5). The gasification of coal is not 
a new technology: “Town gas” 
(another name for syngas) was 
widely used in North America and 
Europe until it was replaced in the 
1950s by natural gas, and Germany 
used this process to produce sub-
stantial amounts of liquid fuels 
during World War II. However, 
the technology’s fuel and product 
flexibility, combined with its rela-
tively lower emissions of criteria 
pollutants compared to advanced 
combustion technologies and the 
relatively straightforward extrac-
tion of CO2 from the syngas for 
subsequent sequestration, have 
brought renewed interest in gasifi-
cation in recent years.

When the syngas produced by gasification is employed to 
generate electricity, it is typically used as the fuel in an inte-
grated gasification combined-cycle (IGCC) power generation 
configuration. In this case, cleaned synthesis gas is combusted 
in a gas turbine to produce electricity, and the waste heat is used 
in a combined cycle to turn a steam turbine to generate addi-
tional electricity. IGCC systems today (over 1500 MW of coal-
fired IGCC is currently in operation) can achieve thermal 
efficiencies of better than 40%, and with improvements in tur-
bine technology, IGCC systems are theoretically capable of bet-
ter than 50% efficiency. Synthesis gas produced by coal 
gasification can also be used to produce hydrogen and liquid 
fuels, as described in subsequent sections.

Materials challenges associated with gasification involve 
the reliability of the gasifier itself, as well as the separations 
technology for oxygen production and synthesis gas process-
ing.7 The gasifier, which acts as a containment vessel for 
the gasification reaction, can operate in either dry ash or slag-
ging mode. (Ash refers to the noncombustible mineral content 
of the feedstock, which, depending on the operating tempera-
ture of the gasifier, will be present either as a particulate—

 temperatures typically < 1100°C—or as a flowing slag—tem-
peratures typically > 1300°C. The operating temperature of a 
slagging gasifier is defined to a large degree by the melting 
point and viscosity of this residual ash.) The most significant 
materials reliability challenges are with slagging systems, 
where operating temperatures can range from 1350°C to 1600°C 
and materials of construction are exposed to both flowing slag 
and corrosive gases. Slagging gasifiers are typically lined with 
a refractory material, but in many designs, current-generation 
refractory materials do not provide sufficient service life to 
allow target system on-line availabilities (85–95% for power 
generation) to be met (Figure 6). In addition, there is concern 
that the chromium oxide based refractory materials typically 
used might not be suitable for all potential gasifier feedstocks. 
Beyond refractories, there are also issues with corrosion and 
wear of feed injector systems and with excessive wear of com-

ponents in feedstock preparation. Again, these materials perfor-
mance issues are compounded by the desire for fuel flexibility, 
which demands materials stability under exposure to a wide 
range of contaminants.

Gasification system reliability and optimization also require an 
effective feedback system that can provide real-time information 
on process parameters, such as temperature, pressure, and gas 
composition. The challenge is the development of sensor materi-
als that are sufficiently responsive and selective at temperatures 
greater than 500°C and sufficiently robust to withstand harsh 
operating environments that can include exposure to flowing 
slags. Current research focuses primarily on optical silica- and 
alumina-based materials for temperature and gas measurements 
and metal-oxide-based materials for gas sensing; however, most 
concepts are at the development stage and have yet to be proven 
in the field. In some cases, development of a robust packaging 
system that can ensure long-term stability in the service environ-
ment will be as important as development of the sensor material 
itself. Finally, significant challenges exist in implementation of 
these devices in the field, particularly with respect to communica-
tion of information from the sensors to the plant operator.
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For oxygen-blown gasification, the requirement for a rela-
tively inexpensive, reliable source of oxygen is the same as that 
described for oxy-fuel combustion. Advances in separation tech-
nologies and catalysis are also required in the post-gasifier con-
version of synthesis gas to hydrogen and liquid fuels.

Hydrogen from Coal
Hydrogen can be produced from coal by first gasifying the 

coal to produce a cleaned synthesis gas and subjecting the gas 
to the water–gas shift reaction (H2O + CO  H2 + CO2) in a 
catalytic reactor to increase the hydrogen content and convert 
the CO to CO2. The CO2 can then be separated for subsequent 
sequestration, leaving a relatively pure hydrogen stream to be 
used as a fuel in a hydrogen turbine or in a fuel cell. However, 
although this process is technically feasible today, issues with 
efficiency and cost still need to be addressed.8 From a materials 
standpoint, this means research to develop improved catalysts 
for the water–gas shift and membranes for hydrogen separation 
that are more tolerant of impurities such as sulfur, ammonia, 
and chlorides. Alternatively, CO2-selective membranes can be 
used to purify the hydrogen stream. Successful separation 
membranes will have a high flux at low pressure drops and 
operate at temperatures between 250°C and 500°C. When the 
hydrogen from coal is intended for use in a fuel cell, membrane 
selectivity must ensure that carbon monoxide is present at con-
centrations of less than 10 ppm and that sulfur-containing com-
pounds are present at concentrations of less than 10 ppb. 
Successful transfer of membrane technology will require the 
development of effective high-temperature seals for membrane 
module assembly, as well as manufacturing methods that can 
reliably and affordably produce defect-free membranes. At a 
more fundamental level, a more complete understanding of 
membrane separation mechanisms will lead ultimately to the 
design of more effective separation systems.

Historically, hydrogen membranes (Figure 7) have been 
fabricated from various combinations of metals, ceramics, and 

polymers, with dense metal membranes yielding the highest 
selectivity and porous-based membranes providing the highest 
permeability.9 More recently, membranes composed of dense 
metal substrates coated with hydrogen-dissociation catalysts 
have shown relatively high permeability, selectivity, and 
mechanical strength in the laboratory, but have yet to be proved 
in the field.10 Carbon dioxide separation membranes (Figure 7), 
on the other hand, are typically based on polymers and depend 
on physical solubility to separate gases. The most advanced 
polymeric membranes today have selectivity values for CO2 to 
H2 of ~10. More recent research trends have focused on CO2-
selective membranes utilizing a facilitated transport mechanism 
such as ionic liquids and molten salts, which have shown the 
potential to increase performance under conditions associated 
with gasification. However, these chemically enhanced trans-
port mechanisms suffer from instability and volatility of the 
transport media.

Advanced Land-Based Combustion Turbines
As with other components in advanced coal power plants, 

research continues into the development of next-generation sta-
tionary land-based combustion turbines that include both 
increased efficiency and reduced impact on the environment. 
These efforts are exemplified by DOE’s FutureGen initiative, 
which aims to demonstrate a coal-fired IGCC power system 
that combines product flexibility and greater than 50% system 
efficiency with zero emissions by 2015.11 To accomplish this 
goal, turbines that are fuel flexible and capable of operating at 
temperatures in excess of 1400°C will be required. In the nearer 
term, these will be hydrogen turbines, capable of reliably burn-
ing fuel that contains a majority of hydrogen at high tempera-
tures to maximize efficiency. In the longer term, it is expected 
that these will be oxy-fuel turbines, capable of combusting fuels 
consisting of nearly 100% hydrogen.12

From a materials standpoint, realization of the next gen-
eration of advanced turbines will require innovation in aero-
thermal concepts for cooling and heat-transfer management, 
combined with significant advances in materials technology. 
Traditionally, new materials and materials processes for land-
based combustion turbines have been adapted from those 
developed for the aircraft engine industry, although not with-
out significant challenges resulting from the much larger 
sizes of the stationary land-based turbines. This sharing of 
materials technology might continue in the future; however, 

Figure 6. Refractory materials exposed to the operating environment 
inside a slagging coal gasifier must be designed to resist slag 
penetration and attack. Interaction with the slag at the hot face of this 
chromium oxide refractory results in a significant change in the 
refractory microstructure and ultimately loss of material. (Image 
courtesy of A. Petty and K. Collins of the National Energy Technology 
Laboratory.)

Figure 7. Hydrogen/CO2 separation membranes currently under 
development: (left) Poly-ionic liquid membrane for CO2 removal;  
(center) multilayered, dense metal hydrogen separation membrane; and  
(right) copper-based, alumina-supported metal organic framework 
membrane for CO2 separation. (Image courtesy of D. Luebke, B. Howard, 
and M. Schwartz of the U.S. National Energy Technology Laboratory.)
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the temperature requirements for land-based turbines and jet 
engines are merging, and the materials systems that can reli-
ably and affordably withstand the DOE requirements for tur-
bine technology have not yet been identified. In addition to 
high temperature, the hydrogen and oxy-fuel land-based tur-
bines will operate with substantially higher moisture contents 
than current commercial turbines, placing additional require-
ments for environmental resistance on the materials of con-
struction. For next-generation land-based hydrogen turbines, 
exhaust gases are expected to contain around 17% H2O, 
whereas oxy-fuel turbines are predicted to have exhaust gases 
composed of up to 90% H2O. This is in comparison to mod-
ern syngas turbines, where steam makes up less than 10% of 
the gas exhaust.

Within the hot section of the turbine, materials of construc-
tion will need to be resistant to oxidation, hot corrosion, creep, 
fatigue, and wear at temperatures in excess of 1400°C for long 
periods of operation (30,000 h is the current target). Current-
generation nickel- and cobalt-based superalloys cannot with-
stand sustained metal temperatures greater than approximately 
1100°C, requiring internal cooling as well as thermal-barrier 
and oxidation-resistant coatings to meet today’s turbine perfor-
mance requirements. As a result, it appears likely that the next 
generation of land-based turbines will require the development 
of new substrate materials, combined with new coating strate-
gies, to meet the substantially higher temperature requirements. 
With sufficient internal cooling, silicides, nitrides, and refrac-
tory metal-based alloys all have potential to meet the tempera-
ture requirements presented by the next-generation turbine; 
however, each has significant issues with regard to environmen-
tal stability, especially in the presence of moisture, that will 
likely require mitigation through some form of protective coat-
ing strategy. In addition, the production and processing of these 
next-generation materials will be nontrivial, especially at the 
scale required for land-based turbine systems. In some cases, 
completely new processing strategies might need to be devel-
oped. Regardless, because of the need for long-term reliability 
in these components, defects introduced during processing will 
have to be kept to an absolute minimum. Computational meth-
ods that link various length and time scales to define a complete 
materials chemistry, microstructure, and processing strategy 
could be key to accelerating development of these next-genera-
tion materials.

In addition to the development of structural materials and 
improved coatings, sensors that can provide real-time turbine 
process information (temperature, pressure, gas composition) 
to the operator are needed to fully optimize system perfor-
mance. These requirements are very similar to those necessary 
for gasifier systems. In addition, in situ sensors that can moni-
tor component reliability and nondestructive methods for 
assessing component health during maintenance shutdowns 
are needed to maximize materials performance in this 
application.

Coal to Liquid Fuels
Utilizing the Fischer–Tropsch (FT) process, the synthe-

sis gas produced by a coal gasifier can be condensed over a 
suitable metal catalyst to produce liquid fuels and/or chemi-
cal feedstocks. Transportation fuels produced by this meth-
odology are sulfur-free, low in particulates, and low in 
nitrogen oxides. Although this is not a new process—South 
Africa has been producing coal-derived fuels since 1955 and 
currently produces more than 30% of that country’s gasoline 
and diesel from indigenous coal—there is still room for 
improvement, particularly in the area of reaction chemis-
tries. In FT synthesis, carbon monoxide is reacted with 

hydrogen in the presence of a solid metal catalyst, such as 
iron, cobalt, or ruthenium, to produce liquid hydrocarbons. 
Iron catalysts are most often employed for coal-derived syn-
gas because iron has a higher water–gas shift activity and a 
significantly lower cost than cobalt. However, research is 
still needed to define the optimum catalyst size and shape 
for maximum activity and selectivity (Figure 8) and to 
improve catalyst stability and lifetime.13 A better under-
standing is also needed of catalyst behavior in the reactor 
environment, so that processes can be optimized for effi-
ciency and yield. Computational studies, followed by exper-
imental verification, will be key to identifying and optimizing 
promising reaction chemistries and chemical processing 
routes.

Liquid fuels, such as high-octane gasoline, can also be pro-
duced from coal by a direct liquefaction process called Bergius 
hydrocracking. However, because of its relatively high cost and 
poor environmental performance, this process is not currently 
commercialized.

Summary
Coal will continue to be an important part of the world 

energy mix at least through the remainder of the 21st century. 
Clean coal technologies are being developed that can make the 
conversion of coal to energy an efficient and environmentally 
benign process; however, their successful realization will 
require simultaneous advancements in materials science and 
technology. New materials that can reliably meet the demands 
of increased temperatures and pressures, and increasingly 
severe service environments while maintaining required perfor-
mance characteristics are needed, as are advanced processing 
technologies that can economically produce components at the 
required scale. Computational methodologies that can accu-
rately link the various scales of materials development, materi-
als processing, and materials performance will help speed the 
time from concept development to component reality.

 

Figure 8. Catalyst size and shape optima are being explored 
to maximize reactivity in processes such as Fischer–Tropsch 
synthesis of liquid fuels from coal-derived synthesis gas, as 
illustrated in this 9 nm × 10 nm scanning tunneling micros-
copy image of a single FeO particle grown on a Au(111) 
surface. (Image courtesy of N. Khan and C. Matranga of the 
National Energy Technology Laboratory.)
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SEE ALSO SIDEBAR:

Methane Hydrates

Factors That Will Influence Oil and 
Gas Supply and Demand in the 
21st Century
Stephen A. Holditch (Texas A&M University, USA) 
Russell R. Chianelli (University of Texas at El Paso, USA)

Abstract
A recent report published by the National Petroleum Council (NPC) in the United States predicted 
a 50–60% growth in total global demand for energy by 2030. Because oil, gas, and coal will con-
tinue to be the primary energy sources during this time, the energy industry will have to continue 
increasing the supply of these fuels to meet this increasing demand. Achieving this goal will require 
the exploitation of both conventional and unconventional reservoirs of oil and gas in an environ-
mentally acceptable manner. Such efforts will, in turn, require advancements in materials science, 
particularly in the development of materials that can withstand high-pressure, high-temperature, 
and high-stress conditions.

Introduction
The National Petroleum Council (NPC) in the United States 

recently published a report entitled “Facing the Hard Truths 
about Energy” that evaluates the oil and gas supply and demand 
in the early part of the 21st century.1 The report was developed 
by more than 350 participants from diverse backgrounds, with 
input from over 1000 other persons and organizations. The 
report concluded that the total global demand for energy will 
grow by 50–60% by 2030 as a result of the increase in world 
population and higher average standard of living in many of the 
developing countries.

It is clear that the world can use all of the energy the industry 
can produce from oil; natural gas; coal; nuclear energy; and 
renewable energy sources, such as wind, sun, biofuels, and 
hydroelectric power. It is also clear that, for the next few 
decades, oil, gas, and coal will continue to be the primary 
energy sources. The energy industry will have to continue 
increasing the supply of the hydrocarbon fuels to meet the 
global energy demand.

There are ample hydrocarbon resources to meet the demand 
well into the 21st century. Oil and natural gas volumes located 
in unconventional reservoirs, such as heavy oil, oil shales, tight 
gas reservoirs, gas shales, and coal seams, are much larger than 
what has been produced thus far, primarily from conventional 
reservoirs. The key to the future will be the development of new 
technology that allows the industry to produce oil and gas from 
these unconventional reservoirs in an environmentally accept-
able manner.

Other factors will also affect both the supply and demand 
of oil and gas in the coming decades. One major factor is con-
cern over the environment. As such, CO2 sequestration and 
environmentally friendly operations will be a large part of 
developing new resources. Other factors, such as technology 
breakthroughs in nuclear power, biofuels, or solar energy, can 
be expected to alter the demand for energy from hydrocarbons. 
Throughout the process, the development of materials, 
especially those that can withstand high-pressure, high-

temperature, and high-stress conditions, will be important to 
the entire industry.

World Energy Supply and Demand
The NPC did not conduct its own grass-roots study of global 

supply and demand. Instead, the NPC collected the relevant 
documents and prior supply-and-demand studies; evaluated 
them; and used its best collective, organizational judgment to 
interpret the consensus of the experts who have studied world 
supply and demand in the recent past. The study can be down-
loaded from the NPC Web site (www.npc.org; accessed January 
2008). Figure 1 illustrates several projected world energy 
growth scenarios from the International Energy Agency (IEA).2

The NPC adopted the IEA work as the best estimates. One clear 
picture from the NPC study is that the demand for energy will 
increase by 50–60% between now and 2030 as a result of 
increases in global population and the desire to increase the 
standard of living, especially in developing countries.

If indeed energy demand will increase by 50% between now 
and 2030, the logical question is: “How will the energy industry 
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provide the supply?” Figure 2 presents the IEA best estimate 
for energy supply in 2030. It is clear that the major source of 
energy to meet the growing global demand for energy will be 
hydrocarbon fuels—oil, natural gas, and coal. Table I lists the 
sources of the energy that was supplied to the world in 2005. 
Hydrocarbon fuels contributed 84% of this energy. In 2030, the 
NPC predicts that hydrocarbon fuels will still make up 80% of 
the energy sources. Nuclear and renewable fuels will increase 
substantially, but will still be a minor part of the energy mix.

Oil
The global demand for oil in 2000 was 76 million barrels per 

day (bbl/day). Oil production is currently about 86 million bbl/
day, equivalent to 40,000 gallons/s or 31.4 billion bbl/year. The 
NPC estimates the demand for oil will be 103–138 million bbl/
day, or 37.6–50.4 billion bbl/year, by 2030.

As stated in the NPC report, “Global, conventional oil reserves 
are concentrated in the Middle East. The seven countries with the 

largest conventional oil reserves account for more than 70% of the 
world total. Saudi Arabia holds approximately 20% of the conven-
tional reserves.” Table II presents the ratio of current booked oil 
reserves divided by current oil producing rate in selected countries. 
Notice that the countries in the Middle East have sufficient reserves 
to produce at current flow rates for at least the first half of the 21st 
century. In addition, these countries are still exploring and working 
to increase both reserves and deliverability in existing fields. 
Because of the use of new technology, the world oil reserves have 
been increasing during the past 12 years. Figure 3 shows the 

increase in oil reserves from 1994 to 2006. These data were 
obtained from the BP Web site (www.bp.com, accessed January 
2008) and show that the global supply of oil is still increasing.

One widely asked question is: “So how much oil is left?” 
The answer is: “More than enough to fuel the world for many 
decades to come.” Colin Campbell (a petroleum consultant and 
founder of the Association for the Study of Peak Oil & Gas) 
studied the Petroconsultants worldwide database and concluded 
that, since inception, the oil industry had produced around 784 
billion barrels of oil through the end of 1996.3 Campbell 
acknowledged that the records were not perfect, but he believed 
his estimate was very reasonable. Taking Campbell’s value of 
784 billion barrels through 1996 and the global oil production 
values from the BP Web site for the past 10 years, the oil indus-
try has produced around 1063 billion or 1.063 trillion barrels of 
oil since the industry began in the late 1800s.

The data in Figure 3 clearly show that the industry believes 
it can produce another 1.25 trillion barrels from known fields 
through developmental drillings at different vertical horizons 
and lateral extensions of the fields. Thus, the industry has pro-
duced around 1 trillion barrels to date and believes that it can 
produce the second trillion in the 21st century. The Society of 
Petroleum Engineers recently held a research conference focus-
ing on the technology needed to produce the third trillion bar-
rels. Considering the information just discussed, it is clear that 
oil will not run out any time soon.

Natural Gas
The situation for the natural gas supply is even more opti-

mistic than that for oil. The world production of natural gas in 
2000 was 243 billion cubic feet (bcf ) (i.e., 6.88 billion cubic 
meters, bcm) per day or 88.7 trillion cubic feet (tcf) (2.51 tril-
lion cubic meters, tcm) per year. In 2030, the NPC projects that 
the demand will increase to 356–581 bcf/day (10.0–16.5 bcm/
day) or 130–212 tcf/year (3.7–6.0 tcm/year). Most of the natural 
gas is currently used in North America, Europe, and Russia to 
generate electricity, generate heat, and satisfy a variety of resi-
dential and commercial uses.
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Figure 2. International Energy Agency best estimate for energy supply 
in 2030 (from U.S. Energy Information Administration reference case).

Table I: Current Sources for World Energy Supply.

Energy Source Supply Percentage in 2005

Oil 38

Natural gas 23

Coal 23

Nuclear  7

Renewable  9

Table II: Longevity of Supply for Selected Countries.

Country Years Remaining for Current Oil 
Reserves Producing at Current 

Oil Flow Rates

Saudi Arabia  75

Iran  87

Iraq 168

Kuwait 105

United Arab Emirates  70

Russia  20

Venezuela  52

United States  16
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The NPC suggests that the global “gas-in-place” number 
(total amount of gas in a reservoir) for natural gas is about 
50,000 tcf (1400 tcm), largely unconventional gas. (This esti-
mate does not include gas hydrates, which are discussed in the 
accompanying sidebar by Rath.) They also suggest the industry 
has already produced 3,000 tcf (85 tcm) and has remaining 
reserves of 7,000 tcf (200 tcm), which implies the industry 
knows where the remaining reserves are located and believes it 
can produce the gas economically.

As with oil, much of the natural gas reserves are in the 
Middle East, approximately 44%. The remaining gas is distrib-
uted with 18% in Europe and Eurasia (mostly Russia), 11% in 
Asia, 10% in Africa, and the rest in North America and South 
America. The largest natural gas reserve holders are Russia, 
Iran, Qatar, Saudi Arabia, the United Arab Emirates, and the 
United States. In the coming decades, much of the natural gas 
in the Middle East will be converted to liquid natural gas or 
liquid fuels and exported to Europe and North America.

Unconventional Resources
“Unconventional resources” is a term commonly used to 

refer to reservoirs that produce oil or gas at very low flow rates 
because of low permeability, geologic complexity, or high fluid 
viscosity. Many of the low-permeability reservoirs that have 
been developed in the past are sandstone, but significant quanti-
ties of unconventional oil and gas are also produced from low-
permeability carbonates, shales, and coal seams.

Unconventional reservoirs can be defined as natural gas or 
oil that cannot be produced at economic flow rates or in eco-
nomic volumes unless the well is stimulated by a large hydraulic 
fracture treatment, a horizontal wellbore, multilateral wellbores, 
or an exotic technique such as steam injection.

The optimum drilling, completion, and stimulation methods 
for each well are a function of the reservoir characteristics and 
the economic situation. Unconventional oil and gas reservoirs 
in North America can have reservoir properties that are signifi-
cantly different from those in South America or the Middle 
East. The costs to drill, complete, and stimulate these wells, as 
well as the product prices and the market, affect how unconven-
tional reservoirs are developed.

The Resource Triangle
The concept of the resource triangle was used by Masters to 

find a large gas field and build a company in the 1970s.4 The 
concept is that all natural resources are distributed log-normally 
in nature. Prospectors for gold, silver, iron, zinc, oil, natural 
gas, or any resource will find that the best or highest grade 
deposits are small and, once found, are easy to extract. The hard 
part is finding these pure veins of gold or high-permeability oil 

and gas fields. Once the high-grade deposit is found, producing 
the resource is rather easy and straightforward. Figure 4 illus-
trates the principle of the resource triangle.

As one goes deeper into the resource triangle, the reser-
voirs are lower grade, which usually means that the reservoir 
permeability is decreasing or the oil viscosity is increasing or 
both. These low-permeability reservoirs, however, are usually 
much larger than the higher quality reservoirs. As with other 
natural resources, low-quality deposits of oil and gas require 
improved technology and adequate product prices before they 
can be developed and produced economically. However, the 
size of the deposits can be very large compared to that of 
conventional or high-quality reservoirs. The concept of the 
resource triangle applies to every hydrocarbon-producing 
basin in the world. One can estimate the volumes of oil and 
gas trapped in low-quality reservoirs in a specific basin by 
knowing the volumes of oil and gas that exist in the higher 
quality reservoirs.

Unconventional Gas
Outside the United States, with a few exceptions, unconven-

tional gas resources have largely been overlooked and under-
studied. They represent a potential long-term global resource of 
natural gas and have not been appraised in any systematic way. 
Unconventional gas resources—including tight sands, coalbed 
methane, and gas shales—constitute some of the largest com-
ponents of remaining natural gas resources in the United States. 
Research and development into the geologic controls and pro-
duction technologies for these resources during the past several 
decades has enabled operators in the United States to begin to 
unlock the vast potential of these challenging resources. These 
resources are particularly attractive to natural gas producers 
because of their long-lived reserves and stabilizing influence on 
reserve portfolios.

From a global perspective, tight gas sand resources are vast, 
but undefined. No systematic evaluation has been carried out on 
global emerging resources. The magnitude and distribution of 
worldwide gas resources in gas shales, tight sands, and coalbed 
methane formations has yet to be understood. As shown in 
Table III, however, worldwide estimates are enormous, with 
some estimates higher than 32,000 tcf (910 tcm).5 The probabil-
ity of this gas resource being in place is supported by informa-
tion and experience with similar resources in North America. 
The 32,000 tcf (910 tcm) value is likely to be a conservative 
estimate of the volume of gas in unconventional reservoirs 
worldwide, because there are fewer data to evaluate outside of 
North America. As more worldwide development occurs, more 
data will become available, and the estimates of worldwide 
unconventional gas volumes will undoubtedly increase.

Unconventional resources have been an important compo-
nent of the U.S. domestic natural gas supply base for many 
years. From almost nonexistent production levels in the early 
1970s, unconventional resources, particularly tight sands, cur-
rently provide almost 30% of domestic gas supply in the United 
States. The volumes of gas produced from unconventional 
resources in the United States are projected to increase in 
importance over the next 25 years, exceeding production levels 
of 9.0 tcf (0.25 tcm) per year, as shown in Figure 5.

Coalbed methane is one of the best examples of how tech-
nology can have an impact on the understanding and eventual 
development of a natural gas resource. Although gas has been 
known to exist in coal seams since the beginning of the coal 
mining industry, only since 1989 has significant gas production 
been realized. Coalbed methane (CBM) was drilled through 
and observed for many years, yet never produced and sold as a 
resource. New technology and focused CBM research ulti-
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mately solved the resource complexity riddle and unlocked its 
production potential. Coalbed methane now provides over 
1.6 tcf (0.045 tcm) of gas production per year in the United 
States and is under development worldwide including in the 
countries of Canada, Australia, India, and China.

Deposits of coal reserves are available in almost every country 
throughout the world. Over 70 countries have coal reserves that 
can be mined and provide for potential CBM recovery. In 2005, 
over five billion tons of coal were produced worldwide. The top 
10 countries (China, United States, India, Australia, South Africa, 
Russia, Indonesia, Poland, Kazakhstan, and Columbia) produced 
nearly 90% of the total. Estimates of gas in place around the world 
in coal seams range from 2,400 tfc to 8,400 tcf (from 68 tcm to 
240 tcm). Assuming the United States to be representative, it is 
reasonable to expect that coal seams around the world hold poten-
tial for coalbed methane production. Worldwide coal resources 
are found in over 100 geologic basins.

Shale formations act as both a source of gas and its reservoir. 
Natural gas is stored in shale in three forms: free gas in rock 

pores, free gas in natural frac-
tures, and adsorbed gas on 
organic matter and mineral sur-
faces. These different storage 
mechanisms affect the speed and 
efficiency of gas production. 
Shale gas reservoirs represent 
some of the most important 
development opportunities in 
North America. Undoubtedly, 
gas from shales around the world 
will be produced and will become 
an important asset in the coming 
decades.

Unconventional Oil
Unconventional oil is found 

in low-permeability formations, 
heavy oil deposits, tar sands, and 
oil shales. Given that they are 
near the base of the resource tri-
angle, both increased oil prices 
and better technology are required 
to produce oil from these low-
productivity reservoirs. In the 
NPC study, the world endow-
ment of liquid hydrocarbons is 

suggested to be on the order of 13–15 trillion barrels. Much of 
this endowment is in unconventional, heavy oil reservoirs and 
will be difficult to produce.

Table III: Distribution of Worldwide Unconventional Gas Resources.

Region Coalbed 
Methane (Tcf)

Shale Gas (Tcf) Tight-Sand Gas 
(Tcf)

Total (Tcf)

North America 3,017 3,842 1,371 8,228

Latin America 39 2,117 1,293 3,448

Western Europe 157 510 353 1,019

Central and Eastern 
Europe

118 39 78 235

Former Soviet Union 3,957 627 901 5,485

Middle East and North 
Africa

0 2,548 823 3,370

Sub-Saharan Africa 39 274 784 1,097

Centrally Planned Asia 
and China

1,215 3,528 353 5,094

Pacific (Organization 
for Economic 
Cooperation and 
Development)

470 2,313 705 3,487

Other Asia Pacific 0 314 549 862

South Asia 39 0 196 235

World 9,051 16,112 7,406 32,560
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Figure 5. Current and projected volumes of gas produced 
from unconventional resources in the United States.
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Upgrading of heavy hydrocarbons requires an understand-
ing of molecules called asphaltenes (see Figure 6). Asphaltenes 
are micellar molecules that are remnants of the original biomass 
that produced the hydrocarbons. They contain aromatic cores 
with long saturated side chains that solubilize the asphaltene in 
the crude. They also contain most of the metals (V and Ni) and 
much of the sulfur and nitrogen in the heavy hydrocarbons. 
These properties inhibit upgrading of heavy hydrocarbons 
through conventional processes because catalysts are destroyed 
by depositing metals. All petroleums throughout the world con-
tain asphaltenes except the very light crude oils. The more 
asphaltenes the crude oil contains, the heavier it is and the 
more difficult to convert. Thus, understanding and processing 
asphaltenes is the key to upgrading heavy petroleum products. 
The origin of these materials is unclear and remains an interest-
ing fundamental problem in the origins of petroleum. Recently, 
it has been shown that asphaltenes can spontaneously assemble 
under laboratory conditions.6 Asphaltenes themselves are inter-
esting materials with many potential applications from produc-
ing carbon fibers to electrodes for fuel cells. Currently, 
asphaltenes are treated with steam to produce asphalt used to 
pave roads, thus the name asphaltene.

As already mentioned, the industry has produced a little 
more than 1 trillion barrels of oil from conventional sources so 
far and has another 1.25 trillion barrels identified as reserves. 
However, assuming that the industry will eventually unlock the 
secrets to producing heavy oil reservoirs, it is estimated that 
one-third of the endowment can be produced, which suggests 
that the ultimate recovery of liquid fuels could be as high as 4.5 
trillion barrels, well into this or the next century.

Much of the unconventional oil currently being produced is 
found in North America, South America, and Indonesia, but 
significant volumes can be found in other basins around the 
world. The industry has developed drilling and stimulation 
technologies to allow production of heavy oil in all three 
regions. Additional technology developments will be required, 
but as demand increases, the incentives to develop such tech-
nologies will also grow.

Technology Requirements
Regardless of the type of unconventional resource one is try-

ing to develop, technology advancements are needed in virtually 
every technical category, including drilling, formation evalua-
tion, reservoir engineering, well stimulation, and completion 
methods. The technology must focus on both getting more oil 
and gas out of the reservoir and reducing the costs to find and 
produce the oil and gas. Better technology for materials and 
electronics that can withstand high-pressure, high-temperature 
(HPHT) conditions will allow the industry to drill deeper wells 
that will increase the oil and gas supply from these deeper hori-
zons worldwide. Better arctic technology is also needed.

As discussed in the NPC report, most technologies in most 
industries take 20 years to commercialize and become standard. 
Even in the oil and gas industry, commercialization of new 
technology takes an average of 16 years to progress from con-
cept to widespread use in the industry.

Technology for Unconventional Gas
Hydraulic fracture fluids are among the more pressing tech-

nology needs confronting operators in unconventional gas res-
ervoirs. The objective of pumping a fracture treatment is to 
fracture (crack) the reservoir rock around the bore hole and place 
propping agents (also called proppants) into the crack to prop the 
fracture open, thus forming a permeable conduit that allows gas 
to flow to the well bore. Polymer gel formulations are typically 
used to create the crack and carry the propping agents. However, 

gelled fluids can damage the fracture itself, particularly in for-
mations where the temperature is less than 250°F (120°C).

What the industry needs is a viscous fluid system that can 
transport a propping agent deeply into a fracture and then 
cleanly break back to a low-viscosity fluid so that it can be pro-
duced back from a low-temperature reservoir. Originally, sand 
was used as the propping agent for hydraulic fracture treat-
ments. However, silica sand crushes severely when the stress is 
6,000 psi (41,000 kPa) or higher, and sand will dissolve in hot 
salt water, which is often found in deep reservoirs. In the early 
1980s, the industry started using sintered bauxite spheres to 
prop open fractures. Later, lower density but strong ceramic 
beads were introduced. Bauxite and ceramic beads work well, 
but they are dense and difficult to transport deeply into a forma-
tion down the fracture. An optimal propping agent would be a 
material that has a density of less than 2 g/cm3, is strong, and is 
corrosion resistant. The proppant should also not crush severely 
at stresses of 15,000 psi (103,000 kPa) or more.

Although the industry is a long way from developing the ideal 
fracture fluid, new systems such as water-based viscoelastic sur-
factant fluids are offering solutions for some unconventional 
reservoirs. Viscoelastic fluids are polymer-free. The surfactant 
forms wormlike micelles in the presence of brine to increase fluid 
viscosity. Continued advancement in propping agent technology, 
such as the creation of strong, lightweight, inexpensive prop-
pants, is also an important need for the industry.

Unconventional reservoirs tend to be very thick, and any 
technology to enhance perforating, fracturing, and completing 
ultralong intervals would have tremendous value, especially in 
multiple-stage treatments. In certain types of reservoirs, ori-
ented perforating tools are proving highly effective, allowing 
operators to initiate hydraulic fractures in the preferred plane 
and with the preferred orientation to natural fractures in the 
reservoir rock to improve proppant deliverability and enhance 
production.

Technology for Reservoir Evaluation
In reservoir evaluation, the ability to better locate productive 

sands and shales and then delineate the “sweet spots” (those areas 
of the productive interval where permeability is highest and gas 
flow is least restricted) is one of the keys to economic develop-
ment. Simply put, the sweet spot is where most of the production 
occurs and where operators make most of their profit. Geophysical 
and petrophysical technologies are needed to help define the best 
parts of reservoirs. Some technologies are currently in use, such 
as amplitude variation with offset, and other seismic techniques 
can help find the gas zones. In addition, a new class of nuclear 
magnetic resonance logging tools has the potential to deliver the 
detailed permeability information needed to pinpoint sweet spots 
in the vertical section and optimize completions.

Technology for Unconventional Oil
As with natural gas, technologies used to develop and pro-

duce unconventional oil must advance to allow economic 
production. The major production methods are open pit mining, 
cold production using horizontal wells, cyclic steam injection, 
steam flooding, and steam-assisted gravity drainage (SAGD).

Finding unconventional oil sources is a challenge in itself. 
A new detection technique for this purpose is electroseismic 
hydrocarbon detection. The technique is fully field-tested and 
holds the promise of not only hydrocarbon detection, but also 
on-line monitoring and control of tar sands production in the 
field. The technique is based on the electroseismic or electro-
acoustic effect. An electric field, applied to a porous material 
that contains an ionic solution, causes a displacement between 
charges on the porous material and the ions in solution. This 
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relative displacement induces pressure in the pore space and the 
porous matrix. In an alternating-current (ac) applied electric 
field, the pressure response of the matrix takes the form of an 
acoustic or seismic wave. The nature of the detected signal is 
determined by the physical properties (ionic or conducting 
properties) of liquids in the pores. A rock filled with water gives 
a different response from a rock filled with oil. Thus, one of the 
ultimate dreams of petroleum exploration has been realized. 
Moreover, this technique certainly has many other potential 
applications in materials science.

Many hydrocarbons are located remotely in tars sands 
(Canada) or bitumen lakes (Trinidad). These resources contain 
huge amounts of energy if they can be mined and converted to 
lighter oils. Recovering these hydrocarbons essentially 
involves heating them with steam and then separating the 
hydrocarbons and subjecting them to further treatment. These 
processes create huge environmental problems including large 
amounts of contaminated water that must be re-injected into 
the original formation or otherwise treated. The hydrocarbons 
that are recovered are low in value, containing large amounts 
of sulfur and other pollutants that must be removed. Researchers 
are working on new catalytic processes and equipment to 
upgrade the hydrocarbons at the site of production. These 
upgrading units will be modular and mobile, requiring novel 
materials to achieve the flexibility needed. Ultimately, there is 
a desire to upgrade the hydrocarbons in situ. Doing this will 
require new catalysts that can be injected into the formation 
and allowed to work for longer periods of time in order to pro-
duce “pipelineable” hydrocarbon fuel. Indeed, research is 
proceeding in this area. In SAGD wells, production can be 
improved using solvents along with the steam. In addition, 
some in situ combustion methods have been used in heavy oil 
reservoirs. Another possible production method is downhole 
electric heating.

In steam wells and in deep gas plays (i.e., a group of fields 
with similar trap structures and reservoir rock) around the 
world, the development of materials that can withstand high 
pressures [ 15,000psi ( 103,000kPa)], high temperatures 
[ 400°F ( 200°C)], and corrosive environments (CO2 and 
H2S) will be an important technology area. In horizontal drill-
ing, there is a need for downhole electronic equipment that can 
withstand these HPHT conditions. In many cases, insulating 
these electronic tools is the key to providing long-lived service. 
In other cases, the metallurgical design of the downhole tubular 
goods that can withstand HPHT corrosive environments is the 
key to success.

Constraints to Meeting Energy Demand
It appears evident that energy demand will continue to 

increase well into the 21st century. It also appears evident that 
ample hydrocarbon resources are available to meet the demand, 
although significant constraints will affect progress toward 
this end. The most important of these constraints are CO2
emission standards, research expenditure limitations, capital 
requirements, manpower limitations, and access to drilling 
locations.

Environmental Constraints
In the NPC report, much of the discussion involves the real-

ization that, to continue using hydrocarbon fuels, the world must 
develop the technology, as well as the legal and regulatory frame-
work, to enable carbon capture and sequestration. Indeed, the 
report recommends the establishment of a global framework for 
carbon management, including a transparent and predictable cost 
for CO2 emissions. The development of clean-burning coal tech-
nology to address CO2 emissions will be very important in allow-

ing the continued use of coal for the generation of electricity, 
freeing up the use of natural gas for other applications.

In addition to CO2 emission issues, the industry must 
acknowledge and resolve issues involving land use, waste dis-
posal, habitat, and noise. Research must continue on environ-
mentally friendly drilling and production methods. For example, 
the industry should continue to develop green chemicals that 
can be used in wellbores. The cost of doing business involves 
being stewards of the environment wherever the industry is 
operating.

Technology Constraints
The research intensity, measured in terms of the research 

expenditure as a function of the percentage of sales, is low in 
the oil and gas industry compared to other industries, such as 
pharmaceuticals, transportation, and computers. It can be 
argued that some research is conducted on every well drilled 
and completed; however, not much learned on individual wells 
is recorded and put to use elsewhere. Most studies, such as the 
one recently performed by the NPC, suggest that the industry 
and governments in oil-producing countries should be putting 
more money into research and development. After all, develop-
ing and using better technology is the key to unlocking the oil 
and gas located near the bottom of the resource triangle.

Manpower and Capital Constraints
As the industry continues to find more oil and gas in con-

ventional reservoirs, in the Arctic, in deep water, and in uncon-
ventional reservoirs, many more wells will have to be drilled. 
This, in turn, means that more rigs, more equipment, more per-
sonnel, and more capital will be needed, as well as improved 
access to prospective lands and new pipeline infrastructure to 
market the oil and gas that is found. The NPC estimates that the 
worldwide investment in energy will be $20 trillion during the 
next 25 years. Decisions will have to be made on how this 
money can be spent wisely.

In the next 10 years, over one-half of workers currently in 
the industry will be eligible to retire. The NPC recommends that 
governments support young men and women seeking engineer-
ing and other technical degrees, both graduate and undergradu-
ate, by increasing funding for scholarships and research at 
universities. The NPC also recommends that the tax laws be 
changed to allow those who have retired to work part time with-
out losing any of their retirement benefits.

Access to Resources
In many areas, especially in North America, access to known 

or promising deposits of oil and gas is restricted because of 
environmental concerns or, in many cases, because the resi-
dents simply do not want to have to look at a drilling rig or even 
a windmill. The NPC recommends that governments conduct 
national and regional basin-oriented resource and market 
assessments to identify opportunities to increase the oil, gas, 
and coal supply. The industry should continue to create technol-
ogy for the environmentally friendly development of high-
potential areas both onshore and offshore. Toward this end, the 
public should be educated about energy; its use; its benefits; and 
the need to have access to areas that hold large volumes of oil, 
natural gas, and coal.

Conclusions
On the basis of the information included in this article, much 

of which is contained in a recent NPC report,1 the current status 
and outlook for the oil and gas sector can be summarized as 
follows: The demand for energy worldwide is expected to 
increase by 50–60% in the next 25 years as a result of the 
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increase in world population and the desire for all to increase 
their standard of living. During this time, the major source of 
energy is projected to remain hydrocarbon fuels—oil, gas, and 
coal. Indeed, these fuels are expected to supply around 80% of 
the energy in 2030. The global endowments of oil, gas, and coal 
are considered to be ample to supply the world with fuel in most 
of the 21st century. However, to meet demand, the energy 
industry will need technology improvements and will need to 
improve how it burns or uses fossil fuels to reduce CO2 emis-
sions. Constraints that could affect such efforts and, thus, the 
supply of energy in the future, consist of environmental con-
cerns, manpower limitations, technical issues, restrictions on 
access to the deposits, and availability of the capital needed to 
fund the projects. Technology improvements in materials, such 
as polymers, chemicals, propping agents, metals, composites, 

and electronics, must occur in areas where steam injection is 
required and in deep high-pressure, high-temperature reservoirs 
in order for the needed energy resources to be obtained in an 
environmentally acceptable manner.
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Methane Hydrates: An Abundance of Clean Energy?
B.B. Rath (Naval Research Laboratory, USA)

The discovery that gas hydrates (also called clathrate 
hydrates) can crystallize (Figure 1) as a solid by the combina-
tion of water and several types of gases exposed to low temper-
atures and elevated pressure goes back to the 1800s. French 
researchers were the first to report the formation of methane, 
ethane, and propane hydrates.1 Results of these studies remained 
as scientific novelties until the mid-1930s, when it was discov-
ered in Germany that gas hydrates forming as solids above 0°C 
in gas pipelines blocked the flow of natural gas.2 This observa-
tion initiated a flurry of activities both in Europe and in the 

United States to find various inhibitors to prevent hydrate for-
mation in gas transmission lines. During the mid-1960s, it was 
recognized that nature, over millions of years, has deposited 
vast amounts of methane hydrates along most of the continental 
margins in the ocean sediments, as well as along the permafrost 
regions in Alaska, Canada, and Russia.3 Figure 2 shows the 
presence of methane hydrate deposits in the ocean sediments 
and in the permafrost regions of the world. These deposits are 
byproducts of microbial decomposition of organic matter or of 
Earth’s geothermal heating distributed worldwide where tem-
perature and pressure are suitable for hydrate formation. The 
distribution of organic carbon in Earth’s crust as methane 

Figure 1. Crystal structure of hydrate composed of methane 
and water. The caged hydrate molecule aggregates into a 
cubic unit cell.

PermafrostOcean Sediment

Figure 2. Global distribution of confirmed or inferred gas hydrate sites, 
1997 (courtesy of James Booth, U.S. Geological Survey). This 
information represents our very limited knowledge. Gas hydrate is 
probably present in essentially all continental margins.
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hydrates along the oceans and the permafrost regions is esti-
mated to be more than twice that contained in recoverable and 
nonrecoverable fossil fuel (including coal, oil, and natural gas). 
Figure 3 shows the distribution of organic carbon in Earth’s 
crust in gigatons. If extracted from the ocean sediments, the 
>160 m3 of methane trapped in each cubic meter of hydrate con-
stitutes a large deposit of an alternate energy source. Although 
the technology for safe extraction of methane from these depos-
its in the oceanic sediments along the continental margins is yet 
to be developed, there is currently an international collabora-
tion—involving Japan, Canada, the United States, Germany, 
and India—on the Mallik Wells in the Mackenzie Delta in 
northern Canada. The investigators are focusing on developing 
methods to mine this energy from the permafrost regions.

The United States Geological Survey (USGS) estimates the 
resource potential of methane hydrates in the United States alone 
to be about 200,000 trillion cubic feet (tcf) (i.e., 5,600 trillion 
cubic meters, tcm). The current annual consumption of natural gas 
is about 22 tcf (0.62 tcm). Figure 4 shows the geographic loca-
tions of methane hydrate deposits along the U.S. coastal margins. 
According to these estimates, at about 1% recovery, the deposits 
have the potential to fill the natural gas needs of the United States, 
at the present rate of consumption, for the next 100 years. 
Additionally, for direct fuel combustion, methane not only pro-
vides high energy density per weight, but also emits a minimal 
amount of CO2 as a byproduct compared to gasoline and coal.

Although a great deal of research is under way to understand 
the nature of hydrate deposits in the oceans and the permafrost 
regions, the safe and economical extraction of methane from 
hydrate fields needs thorough development. Leading efforts are 
being conducted by Japan along the Nankai Trough, an area iden-
tified by researchers at the United States Naval Research 
Laboratory (NRL), and by an international consortium along the 
Canadian Arctic. Several other programs are also developing 
around the world. The USGS and the NRL, along with the U.S. 
Department of Energy laboratories and universities, are engaged 
at a number of ocean sites along the U.S. continental margins to 
evaluate the extent of hydrate fields and methane gas cavities and 
the nature and properties of the sediment. India, in collaboration 
with the USGS, invested in a large survey of their coastal waters 
during the summer of 2006. NRL researchers have developed 
collaborations with Chilean and New Zealand researchers that 
have resulted in several expeditions in their coastal waters 
focused on methane hydrates as an energy source. Unsubstantiated 
information indicates that China is also engaged in exploration.

Many gas hydrates are stable in the deep ocean conditions, 
but methane hydrate is by far the dominant type, making up 
>99% of gas hydrates naturally occurring on the ocean floor. The 
methane is almost entirely derived from microbial methanogen-
esis, predominantly through the process of carbon dioxide re-
duction. In some areas, such as the Gulf of Mexico, other 
thermogenically formed hydrocarbon gases also create gas 
hydrates, as well as other clathrate-forming gases such as hydro-
gen sulfide and carbon dioxide. Such gases escape from sedi-
ments at depth, rise along faults, and form gas hydrates at or just 
below the seafloor, but on a worldwide basis, these are of minor 
volumetric importance compared to methane hydrate.

The physical conditions for methane hydrate formation are 
found in the deep sea, commonly at water depths greater than 
about 500 m or somewhat shallower (about 300 m) in the 
Arctic, where the bottom-water temperature is colder. Gas 
hydrate also forms beneath permafrost on land in arctic condi-
tions, but by far, most natural gas hydrate is stored in the ocean 
floor deposits. A simplified phase diagram is shown in Figure 5, 

in which pressure has been converted to water depth in the 
ocean (thus pressure increases downward in the diagram). The 
curving dashed line is the phase boundary, separating condi-
tions in the temperature/pressure field where methane hydrate 
is stable to the left of the curve from conditions where it is not 
(to the right). Near the ocean surface, temperatures are too 
warm and pressures too low for methane hydrate to be stable. 
Temperature decreases with depth, and an inflection in the tem-
perature curve is reached, known as the main thermocline, that 
separates the warm surface water from the deeper cold waters. 
At about 500 m, the temperature and phase boundary curves 
cross; from there downward, temperatures are cold enough and 
pressures high enough for methane hydrate to be stable in the 
ocean. This intersection occurs at shallower points in colder, 

Figure 3. Distribution of organic carbon in Earth’s crust in 
gigatons.
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Figure 4. Geographic locations of hydrates along the U.S. coastal 
regions. NRL is the Naval Research Laboratory. (See Reference 4.) 
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arctic waters. Many estimates of the global amount of gas 
hydrate varying by more than two orders of magnitude have 
been made. A consensus value of 21 × 1015 m3 is estimated to 
be midway between the extremes.5

Methane accumulates in continental margin sediments prob-
ably for two reasons. First, the margins of the oceans are where 

the flux of organic carbon to the seafloor is greatest because 
oceanic biological productivity is highest there and organic 
deposits from the continents also collect along the margins. 
Second, the continental margins are where sedimentation rates 
are highest. The rapid accumulation of sediment serves to cover 
and seal the organic material before it is oxidized, allowing the 
microorganisms to use it as food and form the methane that 
becomes incorporated into gas hydrate. Thus, the best places to 
locate gas hydrate deposits for methane extraction are along the 
continental slopes.

The future of gas hydrates as an energy resource depends on 
a number of factors, including geological studies to identify con-
centration sites and settings where methane can be effectively 
extracted from gas hydrate, engineering studies to determine the 
most efficient means of dissociating gas hydrate in place and 
extracting the gas safely, economic analyses for the extraction 
of gas from conventional reservoirs, and geopolitical issues 
related to energy security. Scientific and technological chal-
lenges with respect to seismology, geochemistry, electromagnet-
ics, heat flow, micro- and macrobiology, and drilling technology 
in ocean sediments must also be addressed. Successful use 
of this energy resource depends on government and industry 
investments in research and development. With concerted efforts 
in these areas, methane from Canadian and Alaskan permafrost 
regions and from the Nankai Trough could optimistically be 
extracted in as few as 10 years.
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Templating is one of the most versatile 
methods for the creation of structured 
materials, resulting in structure sizes 
typically between nanometers and 
micrometers, but even extending into 
the macroscopic world. Structures can 
be one-dimensional, such as in the case 
of nanotubes, two-dimensional, such as 
patterned surfaces, or three-dimensional, 
as found in zeolites, ordered mesoporous 
materials, or colloidal crystals. This 
variety of templated structures finds its 
correspondence in the types of templates 
used, which range from molecules over 
supramolecular arrays to polymer latices and others. Applications of templated materials are manifold: 
zeolites, as one of the most important class of technical catalysts, are an example of a well-
established technology, while colloidal crystals are possible key elements in emerging applications in 
photonic devices.

This Special Issue on “Templated Materials” provides a survey of the current topics and major lines of 
development in this rapidly growing research area. It covers a broad spectrum of templated materials 
with a variety of possible applications. Due to the high current interest in this field and the exciting 
developments of the last decade, such a Special Issue is very timely indeed.
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Abstract
Global energy demand is expected to increase steeply, creating an urgent need to evolve a judi-
cious global energy policy, exploiting the potential of all available energy resources, including 
nuclear energy. With increasing awareness of environmental issues, nuclear energy is expected to 
play an important role on the energy scenario in the coming decades. The immediate thrust in the 
science and technology of nuclear materials is to realize a robust reactor technology with associ-
ated fuel cycle and ensure the cost competitiveness of nuclear power and to extend the service life 
of reactors to 100 years. Accordingly, the present-generation materials need to be modified to 
meet the demands of prolonged exposure to irradiation and extended service life for the reactor. 
Emerging nuclear systems incorporate features to ensure environmental friendliness, effective 
waste management, enhanced safety, and proliferation resistance and require development of 
high-temperature materials and the associated technologies. Fusion, on a longer horizon of about 
five decades, also requires the development of a new spectrum of materials. The development of 
next-generation materials technology is expected to occur in short times and is likely to be further 
accelerated by strong international collaborations.

Introduction
The global energy scenario is dynamic, demanding periodic 

evaluation. The quantitative estimate of global power demand 
and share of various resources are available in a number of recent 
predictions1 (see also the Introductory article by Arunachalam 
and Fleischer in this issue). These predictions indicate that an 
innovative global energy policy exploiting the potential of all 
available resources is essential to meet the future demand. 
Nuclear power is expected1 to play a key role in meeting the 
global energy demand in the coming decades.

Nuclear power can be generated using two types of nuclear 
reactions: fission and fusion. In the fission reaction, the nucleus 
of a heavy atom such as uranium (235U or 233U) or plutonium 
(239Pu) is split into lighter fragments, releasing a large amount 
of energy ( 200 MeV per fission event). In fusion, on the other 
hand, nuclei of smaller atoms are fused into a larger nucleus, 
producing energy (for example, isotopes of hydrogen can be 
fused to produce a helium nucleus, a neutron, and energy: 1

2  H + 
1
3 H 2

4 He +   0
1  n + 17.6MeV). Fission-based nuclear technology is 

well established, whereas fusion technology is expected to 
become commercially available in the second half of the 
century.

Currently, there are 443 commercial fission-based nuclear 
reactors, which account for about 15% of global electric power 
generation. The present nuclear energy generation capacity of 
370 GWe (gigawatts electrical) is expected to increase to 
500 GWe or more by 2030 and 1500 GWe by 2050. The recent 
renaissance of nuclear power is due to many factors: environ-
mental awareness related to climatic changes, increased reli-
ability, improved safety culture, and the necessity for sustainable 
energy.

The growing concern about climatic changes has provided 
the impetus required for the growth of green energy technolo-
gies. In this context, nuclear energy is a meaningful option, as 
it is a nearly carbon-free source of power, evaluated over the 
entire lifecycle approach. Nuclear energy production does not 
involve emission of hazardous gases such as SO2. The reliabil-
ity of commercial nuclear power plants has substantially 
improved in the past decade. The world average nuclear power 
plant availability improved1 from 71.0% in 1990 to 83.2% in 
2004. The nuclear industry has been able to meet the continu-
ously increasing safety standards, using the concept of “defense 
in depth.” This approach provides two advantages: first, to pre-
vent accidents, and second, if prevention fails, to limit their 
possible consequences. The World Association of Nuclear 
Operators has reported2 a significant reduction in the safety 
accident rate in the nuclear industry (number of accidents per 
200,000 work hours) from 5.2 in 1990 to 1.2 in 2006.

Many reliable estimates3,4 of nuclear fuel resources have 
shown that nuclear power can provide sustainable energy for 
the future. The identified conventional, recoverable resources5

of uranium (4.7 million tonnes of uranium, MtU) would be suf-
ficient3 to last for about 70 years, based on the present projec-
tion of consumption of uranium (assuming once-through fuel 
cycle of light water reactors). Additional conventional resources, 
estimated to be about 10.1 MtU, would ensure uranium avail-
ability for a longer period of 270 years. This estimate can be 
further enhanced if unconventional resources such as phosphate 
deposits or seawater are included. Introduction of the fast reac-
tor fuel cycle with recycling would further significantly improve 
the fuel availability. In this scenario, identified conventional 
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recoverable resources of uranium will ensure fuel availability 
for 4,800–5,600 years. This estimate increases to 16,000–19,000 
years if total conventional resources of uranium are considered. 
Thorium is known to be three times as abundant in Earth’s crust 
as uranium, and the technology of a thorium fuel cycle will 
further enhance the sustainability of nuclear power.

The high heating value of fuel, relatively high energy den-
sity, and possibility of high conversion efficiency are some of 
the additional advantages of nuclear power.

The widespread use and public acceptance of nuclear energy 
revolve around a few key issues such as safety, management of 
nuclear waste (see also sidebar by Ewing in this issue), cost 
competitiveness, and proliferation resistance (see sidebar by 
Hecker in this issue). Although nuclear waste is highly radioac-
tive, its volume is far less than that of the waste produced in 
fossil power plants. The ultimate disposal of the nuclear waste 
in the public domain is still a cause of concern. International 
research and development (R&D) efforts are focused on reduc-
ing the radiotoxicity and time for storing high-level radioactive 
waste, and there are indications that robust technologies can be 
developed for the safe disposal of nuclear waste.6 The cost of 
nuclear energy has to become competitive with other energy 
resources to ensure its sustained growth. One contribution to the 
cost is the long time required for constructing a nuclear reactor, 
which is partly due to the procedures involved in getting clear-
ances from regulatory bodies and satisfying stringent safety 
demands. Both the political decisions and national policies aris-
ing from nuclear proliferation issues and concern regarding the 
safety of nuclear fuel during handling and transport act as hin-
drances to the increased utilization of nuclear energy. However, 
emerging recycling technologies seek to enhance proliferation 
resistance by ensuring that plutonium is not separated from ura-
nium at any stage. Co-location of fuel-cycle facilities would 
reduce the requirement that fuel be transported across the public 
domain and make the fuel more secure. However, the fuel-cycle 
facilities need to ensure that the high safety standards are strictly 
enforced, regardless of whether or not the nuclear installations 
are co-located.

The realization of the importance of nuclear power has 
enhanced international cooperation in recent years.7,8 The 
International Project on Innovative Nuclear Reactors and Fuel 
Cycles (INPRO) involving 28 countries and Generation IV with 
11 countries are two major international cooperative efforts. 
These international initiatives consider fast spectrum reactors 
(breeders or burners) an important option to meet the objectives 
of next-generation nuclear energy systems. Fast spectrum reac-
tors make use of fast neutrons ( 1MeV) to cause fission of fuel 
(i.e., uranium or plutonium). Such reactors could be designed 
to produce more fissile material than they consume, in which 
case they are called breeders. Burners are fast reactors that pro-
duce energy by burning the fuel and/or transmuting minor 
actinides to short-lived ( 500 years) nuclear waste.

Another important option to meet the objectives is closing 
the fuel cycle. The different stages in a fuel cycle are extraction 
from the ore, burning in a reactor to produce power, and dis-
posal of used fuel. The burned fuel can be buried directly as a 
nuclear waste. Alternatively, the reusable or unburned fuel can 
be separated from the nuclear waste before the waste is buried 
in deep geological repositories. Closing the fuel cycle refers to 
the option of recycling the fuel back to the reactor, after the 
reusable fuel has been recovered from the burned fuel.

Long-term targets include (1) increased thermal efficiency 
through a shift to high-temperature reactors; (2) multiple indus-
trial use of high-temperature reactors; (3) improved fuels and 
better coolants; (4) improved safety, reduced nuclear waste, and 
better proliferation resistance through in situ incineration using 

accelerator-driven systems (ADS); and (5) development of 
commercial fusion technology.

The road map for multiple-use reactors with better thermal 
efficiency involves developing high-temperature reactors (the 
core outlet temperatures of which can be as high as 1273 K) and 
using fission-generated heat for commercial purposes such as 
desalination to produce potable water, heating of buildings, or 
production of hydrogen as fuel. High-temperature reactor 
technology started in the 1950s and continued until the middle 
of the 1970s, within the framework of the Organisation for 
Economic Co-operation and Development and the Nuclear 
Energy Agency (OECD/NEA) international collaborations. 
Although this technology lost its economic competitiveness to 
water reactors, interest has been revived recently.9,10 For exam-
ple, Japan commissioned two test reactors in 1998 and 2000. 
This technology should be able to achieve commercialization 
in the first quarter of the 21st century.

In the case of fast spectrum reactors, different fuels, includ-
ing metals, oxides, carbides, and nitrides, and coolants such as 
sodium, Pb, Pb–Bi, helium, and carbon dioxide gas are being 
evaluated. The higher outlet temperature of the coolant ( 873–
923 K) and better coolants are expected to increase the thermal 
efficiency. Metallic fuels can generate or breed fuel better than 
oxides, carbides, and nitrides, and metallic fuels can be devel-
oped that can generate 1.5 times more fresh fuel than the amount 
of fuel burned, thus ensuring a sustained high pace of growth 
of nuclear power. Current technology is mature for developing 
commercial sodium-cooled fast reactors using mixed U–Pu 
oxide fuel, in a time horizon of 15–30 years.

Utilization of thorium, through its conversion to 233U, can 
increase the power potential of nuclear energy by several orders 
of magnitude.11,12 Hence, energy systems that could utilize tho-
rium for energy sustainability well beyond the 21st century 
need to be developed and established for commercial exploita-
tion. In the past, the United States and Germany built demon-
stration plants based on the thorium fuel cycle. India, which has 
abundant thorium reserves, has sustained interest in the thorium 
fuel cycle and developed capabilities in thorium-based reactors 
and fuel-cycle technologies. Moreover, India has launched the 
development of an advanced heavy water reactor and associ-
ated fuel-cycle technologies as an alternate energy option.

In the longer time horizon are ambitious goals such as ADS 
and fusion technology. Accelerator-driven subcritical systems13

promise nuclear energy with improved safety, generation of fis-
sile isotopes such as 233U from 232Th, and minimization of nuclear 
waste by in situ incineration of long-lived actinides and fission 
products. Subcritical refers to reactor conditions under which the 
population of neutrons in one generation is less than that in the 
previous generation. Under such conditions, a fission reaction is 
sustained using additional neutrons from an external source such 
as an accelerator. In ADS, a high-energy ( 1GeV) proton beam 
from an accelerator strikes a heavy target element (liquid lead or 
tungsten), which yields copious neutrons called spallation neu-
trons. These neutrons from the spallation target, that is, the neu-
tron source, drive fission reactions in a nuclear reactor. The 
surplus availability of neutrons offers two advantages: (1) the 
nuclear reactor can be operated under subcritical conditions, 
hence offering a better safety level than critical reactors, and (2) 
the in situ incineration of long-lived components of spent fuel 
reduces the storage time of the resulting nuclear waste. ADS 
technology is in the early stage of development, and commercial 
exploitation is still a distant target.

Fusion power is a promising long-term solution for global 
energy issues, given its several advantages: abundant, widely 
distributed resources; environmental acceptability; and pro-
liferation resistance (materials used in a fusion reactor and 
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byproducts of fusion are not 
suitable for the production of 
nuclear weapons). The fusion 
reaction can proceed only if the 
repulsive electrostatic force 
between nuclei is overcome.
This requires high temperatures 
( 108 K) and high pressures ( 109

Pa), and under such conditions, 
the fuel is in the state of plasma 
(ionized state of matter). In a 
fusion reactor, tritium (1

3 H), the 
fuel for sustaining the fusion 
reaction, is produced in a self-
sustained fashion, using lithium 
as a breeding blanket (3

6  Li + 0
1 n 

2
4 He + 1

3 H). Fusion research started 
over half a century ago. Pioneering 
experiments in fusion research 
were carried out by Russian 
scientists to demonstrate the fea-
sibility of thermonuclear reaction, 
to sustain the plasma in various 
types of magnetic fields, and 
to deal with instability related 
to magnetohydrodynamics. Many 
countries, including the United 
States, England, France, Japan, 
and Germany, joined this research 
effort around 1968. The immediate 
challenges in establishing fusion 
technology at the commercial 
level are associated with issues 
related to achieving sustainable 
fusion, creating and confining 
plasma, generating high tempera-
tures, and managing tritium. 
Fusion materials that withstand 
high temperatures, irradiation, 
and magnetic loads—static and 
transient––and associated tech-
nologies such as remote inspection 
and maintenance are currently 
being developed.

With these long-term strate-
gies, the nuclear industry is 
expected to undergo a paradigm 
shift from being a mere electricity 
producer to being an indispens-
able part of global energy policy.

The successful implementa-
tion of advanced nuclear systems 
depends on the development of 
suitable materials and relevant 
technologies (Figure 1). An exten-
sive database is available14–16 on a 
host of nuclear materials: nuclear 
graphite, beryllium, boron, and 
engineering materials such as 
zirconium-based alloys (with low 
neutron absorption cross sections) 
for water reactors and nuclear-
grade steels (with high radiation 
resistance) for sodium-cooled 
fast reactors. The present level of 
maturity of nuclear materials 

Figure 1. (a) Schematic of different stages in the overall nuclear energy system and (b) example of 
evolution of crucial materials in each stage.
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technology involves efforts to achieve high burnup (energy pro-
duction per unit quantity of the fuel) to reduce the cost of nuclear 
power, and new domains of materials research are also emerging 
in response to advanced reactor technologies.

Nuclear Materials: A Brief Preamble
Nuclear fuel forms the core of any nuclear reactor. The 

term “nuclear materials” refers to a host of engineering mate-
rials that are used in the reactor, other than the fuel, coolant, 
and moderator. Some examples of nuclear materials are the 
zirconium-based alloys used in water reactors and the high-
temperature radiation-resistant steels used in the sodium-
cooled fast reactors. The nuclear materials can broadly be 
grouped into two categories: core and out-of-core component 
materials. The core component materials include fuel assem-
blies and the neighboring coolant channels for water reactors 
and clad (cylindrical tubes that house the fuel pellets) for the 
fuel and wrapper (a container that houses fuel elements, in 
between which the coolant flows) for subassemblies of fast 
reactors. The out-of-core materials (Figure 2), made of differ-
ent steels, form the remaining parts of the nuclear steam sup-
ply system. General issues of concern about the nuclear 
materials are radiation resistance, high-temperature mechani-
cal properties, compatibility with the fuel and coolant, and 
fabricability. The conventional, non-nuclear parts of reactor 
systems, such as turbines, steam generators, and condensers, 
called the “balance-of-plant” components, also must function 
well to improve the performance of the reactor. The turbine 
and steam generator materials, ferritic steels, should exhibit 
excellent mechanical properties such as fatigue and impact 
resistance, in addition to acceptable corrosion and erosion 
behavior. Some problems related to embrittlement and corro-
sion have been resolved, and modifications have been incor-
porated in the design of materials for future reactor systems. 
Incremental improvements in the properties of materials used 
in balance-of-plant components are expected, that will result 

in longer lifetimes for the components, better economy, and 
enhanced safety. However, the target of long life, beyond 60 
years, requires re-evaluation of materials behavior in the 
newer domain of extended service life.

Newer reactor concepts such as the Small Sealed 
Transportable Autonomous Reactor, SSTAR, demand the same 
performance features: compatibility with the coolant and an 
absence of embrittlement and radiation-induced problems.

Generally, all materials in the reactor core are subjected 
to demanding conditions of temperature, stress, and neutron 
irradiation. The service exposure conditions for these materi-
als, including temperature, temperature gradient, irradiation 
dose, and stresses, depend on the type of the reactor and vary 
from component to component within the same reactor. This 
results in materials issues that are specific to the type of reac-
tor and the component, as described in Table I. Generally, in 
any reactor, the core component materials experience service 
conditions more severe than the out-of-core materials. Such 
conditions demand more efforts in the development of core 
component materials. Intense R&D efforts since the 1970s in 
the area of radiation damage; compatibility with fuel, cool-
ant, and fission products; and mechanical properties have led 
to the development of a wide spectrum of core component 
materials.

Depending on the energy of the neutrons used for fission of 
the nuclear fuel, reactors can be broadly classified into two 
types: thermal and fast reactors. Materials used in thermal 
reactors (where fission is caused by neutrons with an average 
energy of 0.025 eV) experience relatively less aggressive 
conditions. The materials used in fast reactors (where fission is 
caused by fast neutrons with an average energy in the range of 
0.2–0.5 MeV) are exposed to a more hostile environment, such 
as high neutron fluxes [peak flux of 8 × 1015 neutrons/(cm2 s) 
compared to 1015 neutrons/(cm2 s) in thermal reactors] and 
high temperatures (up to 823 K compared to 573 K in thermal 
reactors). In addition, fuels used in fast reactors are irradiated 

to much higher levels of burnup 
[target burnup of 200 gigawatt 
days/tonne (GWd/t); the present 
level of burnup is 100 GWd/t] 
than the fuels in thermal reactors 
(up to 80 GWd/t). (Burnup is the 
energy produced from unit quan-
tity of the fuel. It is expressed in 
units of MWd/t, GWd/t, MWd/
tHM, and GWd/tHM, where HM 
refers to a heavy metal such as 
uranium and 1 GW = 103 MW.)

The main consideration in the 
choice of materials for a thermal 
reactor is related to neutron econ-
omy, that is, materials should 
have a low neutron absorption 
cross section. One material that 
satisfies this requirement is zirco-
nium, which has a neutron ab-
sorption cross section of 2 × 10−24

cm2. Hence, significant research 
has been carried out to develop a 
wide variety of zirconium-based 
alloys with chemical properties 
optimized for improved corrosion 
and irradiation behavior and with 
minimal tendency toward hydro-
gen embrittlement as a result of 
thermomechanical processing.
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Figure 2. Schematic of different components in a reactor: core components, out-of-core components, 
and balance-of-plant components.
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The satisfactory performance of many thermal reactors 
has enabled their licensing for a longer service life. Under 
such circumstances, radiation embrittlement of pressure 
vessels becomes another important issue to be addressed. 
Ferritic steels17 for reactor pressure vessels should per-
form well for 60 or even 100 years. Extension of the ser-
vice life of a reactor vessel requires development of 
materials surveillance methodologies to establish accept-
able procedures for on-line assessment of structural integ-
rity and prediction of the residual life of present-generation 
reactors. In-service inspection and repair procedures using 
remote handling methods or robotics are approaches envis-
aged to meet the demand of longer lifetimes. In this con-
text, improved understanding of damage mechanisms and 
modeling and validation of materials surveillance proce-
dures would be very useful. The international nuclear 
community is confident that a lifetime of 60 years for first-
generation pressurized water reactor systems can be 
achieved through innovative solutions. The approaches 
include introduction of a robust materials surveillance 
program, small-size specimen testing, and advanced non-
destructive examination methods for evaluating fracture 
toughness and microstructural degradation of materials. 
Thus, modeling-based predictions of long-term behavior 
and in-service testing and evaluation of nuclear materials 
and components become crucial in extending service life 
to 60 years and beyond.

The materials for core components of fast spectrum reactors 
should have excellent radiation resistance and superior high-
temperature mechanical properties. Void swelling, irradiation 
creep, and embrittlement govern the in-service performance of 
the core component materials. Another important property, the 
compatibility of structural materials with the sodium coolant in 
fast reactors, is well understood and does not pose a major prob-
lem. The corrosive nature of sodium depends largely on the 
concentration of dissolved impurities such as carbon and oxy-
gen. Reliable technology for monitoring and control of impuri-
ties in sodium is available.18 However, there is a need to address 
the engineering aspects of design, fabrication, and inspection 
techniques to minimize the problem of an accidental leak of a 
large amount of sodium, in order to maintain high safety 
standards.

Nuclear Reactor Materials: Present Status and 
Short-Term Strategies

Zircaloy, an alloy based on zirconium, has been the work-
horse of thermal reactors as a core structural material. Various 
versions of Zr-based alloys such as Zircaloy-2 (Zr–Sn–Fe–
Cr–Ni), Zircaloy-4 (Ni-free to minimize hydrogen adsorp-
tion), and Zr–Nb alloy and its variants (better long-term 
oxidation resistance under irradiation) have been devel-
oped.19,20 The in-service performance of this generation of 
materials has reached the technological limits. The average 
burnup of fuel achieved in thermal reactors is around 50 GWd/
t. Attempts to maximize the burnup increase the residence 
time of materials in the core. For example, the exposure time 
of an in-core material increases from 30,000 to 45,000 h (from 

42 to 62.5 months) when the burnup of the fuel is increased 
from 45 to 70 GWd/tU.21 At higher burnup, materials issues 
related to hydriding, irradiation growth, and embrittlement 
become severe, necessitating development of newer and bet-
ter materials. Hence, in the 1980s, strategies were adopted22

to develop advanced radiation-resistant materials, leading to 
ternary and quaternary alloys of Zr–Nb, such as Zirlo (with 
tin, iron, and nickel), M5 (with oxygen), E110 (similar to M5), 
and DX-D4 (a variant with a duplex structure). A complex 
interplay of chemistry, microstructure, out-of-core behavior, 
and in-reactor performance necessitates detailed evaluation 
and validation of many zirconium-based alloys before accep-
tance in the nuclear industry. The M5 alloy has demonstrated 
radiation resistance to high burnup values (70 GWd/MtU), as 
well as superior resistance against corrosion (20 m corrosion 
depth at 70 GWd/MtU), hydriding, irradiation creep, and 
growth (<0.7%). The E110 alloy, with nearly the same chem-
istry as M5, exhibits inferior performance during off-normal 
conditions. The duplex cladding DX-D4, an alloy with a 
duplex structure containing both high- and low-temperature 
phases, exhibits better mechanical properties and corrosion 
behavior than Zircaloy-4. Industrial experience with this alloy 
since 198922 has indicated that the alloy is radiation resistant 
up to a burnup of 60 GWd/tU. Attempts are in progress to 
achieve burnup of 80 GWd/tU by about 2015, with improved 
fuel and structural materials.

The accumulated experience in fast reactor technology is 
mainly from sodium-cooled reactors in a few countries such as 

Table I: Materials Issues and Candidate Materials for Thermal and Fast Spectrum Reactors  
for a Few Crucial Components.

Reactor Type Component Materials Major Issues

thermal spectrum cladding zirconium-based alloys neutron economy

thermal spectrum pressure vessels, pipings carbon steels cost and corrosion

thermal spectrum turbines and steam generators low alloy steels, 12% Cr steels cost, corrosion, high temperature 
and pressure

fast spectrum clad and hexcan cold worked 316 SS 15%Cr-15% 
Ni-Ti stabilized stainless steel- 
Alloy D9 ferritic steels

void swelling, irradiation creep, 
irradiation embrittlement, tensile 
strength, ductility & creep 
strength & ductility, compatibility 
with sodium, fuel & fission 
products

fast spectrum structural materials 316 L stainless steels or 316 L(N) 
stainless steels

tensile strength, creep low cycle 
fatigue properties, creep-
fatigue interactions, weldability, 
fabricability

fast spectrum steam generator modified 9Cr-1Mo ferritic steels compatibility with sodium and 
steam and corrosion, fretting and 
wear related problems
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France, Japan, Britain, the 
United States, Russia, and 
India. Two types of materi-
als, stainless steels (SS) 
and nickel-based alloys, 
were evaluated in the 1970s 
for core applications, based 
on their excellent high-
 temperature mechanical 
properties. However, sub-
sequent efforts have 
focused mainly on stain-
less steels, because nickel-
based alloys under 
irradiation exhibit a high 
tendency toward helium 
embrittlement. Three gen-
erations of steels have been 
developed:23 variants of 
 austenitic stainless steel 
(SS) such as 316 SS and 
D9 (Ti-modified 15Ni–
15Cr austenitic steels), 9–
12 Cr-based ferritic steels, 
and the oxide-dispersion-
strengthened (ODS) advan-
ced ferritic steels.

Void swelling and irradi-
ation creep are two major 
materials issues in fast reac-
tors. The propensity of a 
material for swelling and 
irradiation creep is measured 
in terms of its increase in 
dimensions with increasing 
irradiation dose or stress (at 
constant temperature and 
dose), respectively (Figure 
3a,b). Figure 3a shows the 
percentage change in the 
diameter of the material with 
irradiation dose (measured 
as dpa, displacement per 
atom) of neutrons, for differ-
ent types of cold-worked 
steels. The point of intersec-
tion, X, between the two lin-
ear portions of the curve 
represents the threshold 
dose. Figure 3b shows the 
creep behavior of candidate 
materials such as stainless 
steel (D9-15%Ni,15%Cr 
with Ti and 316SS-
8%Ni,18%Cr), ferritic steel 
(HT9), and nickel-based 
alloys (D21 and D68). The 
figure shows the increase in 
percentage diametrical strain 
with increasing hoop stress, 
a mechanical stress causing 
circumferential forces on 
rotationally symmetric sam-
ples such as a cylinder. These 
two properties help to rank the candidate materials. For exam-
ple, D9 is better than 316 stainless steel.27,28 Void swelling is 

caused by the formation of microscopic voids in the materials 
during irradiation, shown in Figure 3c, increasing the dimen-

8

7

6

5

4

3

2

1

0
40 60 80 100 120

DOSE, dpa

CW 316

X
CW 316 Ti

CW 15-15 Ti

CW Si-mod 15-15TiD
IA

M
E

T
R

A
L 

D
E

F
O

R
M

A
T

IO
N

 (
%

)

a

5

4

3

2

1

0
0 20 40

540 C

316SS

D9

HT-9

D21

D68

1 x 1023 n/cm2

60

Hoop Stress (MPa)

ΔD
/D

 (
%

)

80 100 120 140

b

e

c d

Figure 3. Typical example of development of clad material for fast reactors. Comparison of two crucial 
parameters for candidate materials for clad: (a) void swelling and (b) irradiation creep. (a) The percentage 
change in the diameter of the material with irradiation dose (measured as dpa-displacement per atom) of 
neutrons, for different types of cold-worked steels. The point of intersection, X between the two linear 
portions of the curve, represents the threshold dose. (b) The creep behavior of candidate materials like 
stainless steel (D9 and 316SS), ferritic steel (HT9), and nickel base alloys (D21 and D68). The figure 
shows the increase in percentage diametrical strain with increase in hoop stress—a mechanical stress 
causing circumferential forces on rotationally symmetric samples like a cylinder. These two figures help 
to rank the candidate materials. For example, D9 is better than 316 stainless steel.27,28 (c) Electron 
micrograph (60,000 ) of voids ( 0.5 m) in Type 316 stainless steel irradiated in Dounreay Fast Reactor, 
UK.24 (d) Swelling and irradiation creep resulting in dimensional change in the fuel subassembly in the 
reactor.25 (e) High-resolution lattice imaging of TiC in 20% cold-worked D9, aged at 823 K for 100 h.26 The 
inset shows a small region of the image after noise filtering, at the same magnification. These fringes 
provide information about the lattice strain around the precipitates. The lattice strain is responsible for 
the superior properties of D9.
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sions and reducing the density of the components. These 
changes introduce many engineering problems (Figure 3d) 
and limit the burnup to which the fuel subassemblies can be 
used safely. The basic approach to develop materials to with-
stand high fuel burnup has, so far, been to introduce either 
defects such as dislocations or coherent, stable precipitates 
(Figure 3e) to delay the onset of swelling, that is, the thresh-
old fluence for the breakaway swelling (X in Figure 3a). The 
same microstructural features improve high-temperature 
creep behavior as well. Presently, ferritic steels, based on 
9Cr–1Mo or 12Cr–1Mo or their variants, are being devel-
oped, as these can withstand fluences up to about 180dpa 
compared to 100dpa for D9 and 45dpa for 316 stainless 
steels. In fact, 12Cr steels can be considered “near-zero-void-
swelling” materials. However, the creep properties of cur-
rently used ferritic steels are inferior to those of austenitic 
stainless steels and are within the acceptable limits only up to 
a temperature of about 823 K. Hence, a combination of D9 for 
the cladding and ferritic steels for the wrapper is considered 
the best choice for current-generation sodium-cooled fast 
reactors. Another major disadvantage of ferritic steels is their 
tendency to become brittle when exposed to radiation. The 
ductile-to-brittle transition temperature increases from 223 K 
to 323K at the end of its service life. This change in proper-
ties increases the possibility of fracture of the wrapper in the 
reactor during fuel handling and post-irradiation operations. 
Research is in progress to overcome this problem either by 
reducing the amount of impurity elements in the steel or by 
grain boundary engineering.

The short-term developments in fast reactors include an 
increase in the outlet temperature of the coolant from the 
present 823 K to about 1123 K, to enhance the thermal effi-
ciency. Hence, different coolants such as helium gas and 
lead-based systems including Pb and Pb–Bi are being eval-
uated. This necessitates the development of radiation-
resistant ferritic steels with better high-temperature 
(>823 K) creep behavior than conventional ferritic steels. 
Based on three decades of research, ODS ferritic steels are 
emerging as promising clad materials for use at tempera-
tures higher than 823K. ODS ferritic steels exhibit supe-
rior creep behavior up to a temperature of about 923K. In 
this family of steels, ferritic steel with either 9Cr or 12Cr 
is chosen as the matrix, with dispersion of a few fine parti-
cles (nanometer scale) of titania and yttria (oxides of tita-
nium and yttrium, respectively). Problems with this class 
of steels are their fabricability, deformation texture, and 
anisotropy in mechanical properties. Further research is in 
progress to establish correlations among chemistry, fabri-
cation process, texture, microstructure, property anisot-
ropy, radiation resistance, and in-reactor performance. 
Powder metallurgy routes have been identified for the fab-
rication of ODS alloys into engineering components such 
as fuel clad. However, for widespread commercial use of 
ODS alloys, it is essential to demonstrate materials system 
engineering: dimensional accuracy during fabrication of 
clad, joining with the end plug, materials evaluation by 
nondestructive techniques, generation of an engineering 
database, validation of performance, and codification.

Materials for the Fuel Cycle: Present Status 
and Short-Term Strategies

The nuclear fuel cycle is vital for the growth of nuclear 
technology. The two fuel-cycle options are (a) a closed fuel 
cycle, in which spent fuel is reprocessed and the fissile and 
fertile elements recovered for reusing in reactors and (b) an 
open, once-through cycle, in which spent fuel is treated as 

waste and disposed in deep geological repositories (see 
Figure 4). The closed fuel cycle has the advantage of sup-
plying recycled fuel for future reactors. This option assumes 
importance in the context of the sustainability of nuclear 
energy. The safety and capacity factors of fuel-cycle plants 
determine the success of the closed fuel cycle and also contrib-
ute to public acceptance of nuclear energy. Arguably, burning of 
plutonium in fast reactors to produce energy and use of innova-
tive closed fuel recycle technology are the preferred options for 
enhancing proliferation resistance. This approach would also 
offer improved waste management by significantly reducing the 
time required for nuclear waste to attain the natural radioactivity 
level. On the other hand, the open fuel cycle does not require 
complex technologies for recycling the spent fuel. The cost of 
fuel-cycle operations contributes 10–25% of the unit energy cost 
of nuclear power generation, depending on the type of separa-
tion process, the fuel cycle, and the technological maturity. A 
robust, safe, and economical nuclear fuel cycle is essential for 
the growth of nuclear power and its sustainability.29

Materials used in the back-end operations encounter aggressive 
radioactive and corrosive environments. The engineering materials 
used for various components in conventional aqueous reprocess-
ing technology (plutonium and uranium recovery by extraction—
PUREX—process) are exposed to corrosive environments such as 
boiling nitric acid. In waste management, it is necessary to develop 
matrixes for immobilizing the nuclear waste. These matrixes 
should remain stable until the radioactivity of the waste reaches the 
natural activity level (from 500 to 1,000,000 years depending on 
the radioactive isotopes present in the waste).

Corrosion is the life-limiting factor for structural materials in 
reprocessing and waste management plants. Type 304L stainless 
steel has been the conventional choice for containers and piping 
materials in reprocessing plants, because of its good corrosion 
resistance in nitric acid media. However, over a period of time, 
failures of components made from this alloy have been experi-
enced, which led to the development of nitric acid grade (NAG) 
stainless steels in the 1980s. NAG stainless steels exhibit lower 
corrosion rates than Type 304L stainless steel, for application in 
reprocessing plants, and have been used mainly for reprocessing 
of spent fuel from thermal reactors. However, when a more 
aggressive medium such as boiling and highly concentrated 
nitric acid is encountered, titanium- and zirconium-based alloys 
are favored.30 The lifetimes of reprocessing plants (currently 
20–30 years) need to be enhanced to match those of reactors 
(target of 100 years). Hence, development of materials for 
enhancing the lifetimes of the equipment in reprocessing plants 
will continue to be an important area of research.

Nuclear waste management focuses on the immobilization of 
radioactive constituents and their long-term isolation of these 
from the environment. Generally, nuclear waste with a high level 
of radioactivity is vitrified in a suitable matrix and disposed in a 
geological repository after the radioactivity level of the vitrified 
waste has decreased during storage in an intermediate facility.

The characteristics of nuclear waste determine the type of 
waste form, the key factor in the immobilization process. Three 
important parameters guide the selection of a matrix for 
immobilization: chemical durability (ability to lock up the waste 
in the matrix), chemical flexibility (ability to accommodate varia-
tions in the chemistry and physical forms of the waste), and waste 
loading efficiency (number of disposable canisters required). 
Glass, generally borosilicate glass, is the current choice as the 
matrix for immobilizing radioactive waste. Extensive research is 
being carried out into the development of several other ceramic 
matrixes that could hold a higher proportion of fission products or 
actinides and remain stable for  thousands of years.31 Two new 
classes of waste form are being developed: glass ceramics and 
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multiphase ceramics. The glass ceramics are suitable for nuclear 
wastes that are chemically heterogeneous and not compatible with 
borosilicates. An advanced multiphase ceramic material that is 
under development, called Synroc, is a titanate-based ceramic 
consisting of zirconalite (calcium zirconium titanate), hollandite 
(barium aluminum titanate), calcium titanate, and titanium oxides. 
The natural minerals in Synroc have several advantages: durabil-
ity over geological time frames; no undesirable phase-separation 
reactions; higher solubility of the waste forms than glass; and sta-
ble physical properties such as melting temperature, viscosity, and 
electrical resistance. Further innovations in materials research and 
maturity of technology in the area of ceramic matrixes are essen-
tial for more efficient waste immobilization.

Considering the harsh service environment involved in the vit-
rification process, Ni-based alloys are commonly used as melter pot 
materials. Candidate materials for high-level waste canisters and 
overpacks are generally metals such as copper, iron, stainless steels, 
titanium alloys, and nickel-based alloys. The container material is 

chosen with adequate precaution 
to ensure its long failure-free life-
time during casting of the vitrified 
waste product, interim storage, 
and permanent disposal in a geo-
logical repository.

Materials Technology: 
Long-Term Strategies
High-Temperature, 
Multipurpose Reactors

High-temperature reactor 
technology needs a range of 
new materials: refractory alloys 
based on Nb, Ta, Mo, W, and 
Re; ceramics and composites 
such as SiC–SiCf; carbon–carbon 
 composites; and advanced coat-
ings. Materials behaviors such 
as microstructural stability; 
mechanical properties such as 
creep, fatigue, and toughness; and 
chemical properties such as corro-
sion and compatibility need to be 
understood in the newer domains 
of higher temperatures and higher 
irradiation levels. Additionally, it 
is important to establish suitable 
fabrication and joining technolo-
gies, inspection methods for 
structural imperfections, on-line 
monitoring methods, and remote 
repair procedures. Extensive 
material qualification and tech-
nology development efforts are 
required in these newer systems 
to establish their suitability for 
high-temperature reactors.

Fast Reactor Technology
In the case of fast reactors, 

long-term objectives include 
alternate fuels such as carbides 
or nitrides or metallic alloys and 
coolants such as CO2 gas or Pb-
based liquids. The clad and 
structural materials for reactors 
with advanced fuels as the driver 

fuel are expected to be similar to the types of steels used in 
oxide-fueled fast reactors. However, advanced materials are 
required for the reprocessing of the nuclear waste with metallic 
fuel.

Metallic fuels are best reprocessed by pyrochemical pro-
cesses using a high-temperature electrochemical route.32 These 
processes use aggressive environments such as highly corrosive 
molten halide salts. Hence, there is a need for development of 
a whole new range of materials: corrosion-resistant coatings, 
graphite crucibles coated with ceramic oxides such as zirconia 
or alumina, and refractory container materials. These technolo-
gies are mature and need only steps for harnessing their poten-
tial at the commercial scale. The disposal of nuclear waste 
generated by pyrochemical reprocessing necessitates develop-
ment of newer matrixes. A possible solution with respect to the 
hull waste (pieces of clad material left behind after fuel is pro-
cessed) is alloying with stainless steel containing 15% Zr and 
conversion to a metal waste form.33 Similarly, suitable matrixes 

Figure 4. Schematics of (a) closed and (b) open nuclear fuel cycles. : Reprinted with permission 
from 

 (2003) by the National Academy of Sciences courtesy of the National Academies Press, 
Washington, DC.
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need to be developed for immobilization of other wastes such 
as salts used in pyrochemical processes.

Thorium Fuel Cycle
The thorium fuel cycle does not introduce new issues in 

reactor materials. However, reprocessing of thorium-based 
fuels involves the use of fluoride at relatively high concentra-
tions. Hence, extensive R&D efforts are essential to develop 
advanced materials resistant to corrosion in fluoride media. 
Second, fabrication procedures for fuels containing 233U have to 
take into account the presence of the isotope 232U, which decays 
ultimately to thallium, 208Tl, which emits hard gamma rays. 
This necessitates remote fuel fabrication, leading to associated 
engineering challenges. It can thus be anticipated that remote 
handling of fuel fabrication processes and the development of 
advanced materials for recycling will be the key issues in the 
thorium fuel cycle. Commercial viability of the thorium fuel 
cycle based on innovations in reactor technology is expected by 
the middle of 21st century.

Accelerator-Driven Systems
The immediate objective in accelerator-driven systems, 

also called hybrid reactor systems, is to achieve commercial 
viability of the advanced concept with existing materials. The 
long-term materials issue is related to the selection of the win-
dow material (which separates the reactor from the accelera-
tor) and the structural materials for the reactor. The window 
material must be resistant to irradiation, corrosion, and embrit-
tlement (liquid metal and helium) and have good thermophysi-
cal properties. Presently, different variants of modified 
ferritic–martensitic steel (T91) and 316L stainless steel are 
being explored as window and structural engineering 
materials.34

Fusion Technology
A schematic of a fusion reactor is shown in Figure 5a. 

Earlier attempts (Figure 5b) such as the Joint European Torus 
facility and the Princeton Tokamak Fusion Test Reactor have 
provided the required confidence to launch a major interna-
tional fusion program, the International Thermonuclear 
Experimental Reactor (ITER). The scope of the ITER project 
includes feasibility studies on the production of fusion energy 
and examination of various concepts using test blanket modules 
for tritium breeding. ITER is a joint project of the European 
Community, Japan, Russia, the United States, Korea, China, 
and India. ITER offers a unique opportunity to test blanket 
mock-ups of the participating countries in a fusion environ-
ment. The success of ITER would be a stepping stone for the 
future-generation fusion power reactors, such as DEMO, a 
demonstration reactor, that can be used for validation of in-
reactor performance of materials and components.

The research efforts in fusion materials can be categorized 
as those pertaining to plasma facing materials such as the first 
wall, the divertor, or the breeding blankets and other structural 
materials. The service conditions, materials issues, and candi-
date materials for both categories are summarized in Table II. 
The materials issues in fusion reactors are prominent in the 
components of the first wall, divertor, limiters, and blankets. 
These components are subjected to high neutron irradiation, in 
addition to strong mechanical, thermal, and electromagnetic 
loadings, both static and transient. The typical operating 
conditions of the first wall in ITER are generally found to be 
more severe than those in a fission-based reactor.36 The struc-
tural materials also should have the least activation from the 
consideration of nuclear waste disposal and decommissioning 
at the end of service.

These requirements have led to the development of reduced-
activation ferritic steels, vanadium alloys, and fiber-reinforced 
SiC composite ceramic materials.36 The plasma facing materi-
als are essentially tungsten-based refractory alloys. To remove 
the high heat fluxes from the divertor, heat-sink materials with 
high thermal conductivities are being developed. In ITER, 
materials such as CuCrZr or fiber-reinforced metal matrix com-
posites such as SiC in a Cu matrix are being evaluated. Metal–
matrix composites also have the advantage of excellent creep 
resistance at high temperatures in addition to high thermal con-
ductivity. Other plasma facing materials that are being evalu-
ated are carbon-fiber-reinforced carbon, Be-, and W-based 
materials. The steels and vanadium-based alloys undergo severe 
hydrogen embrittlement as a result of their exposure to high 
concentrations of isotopes of hydrogen. Hence, coating tech-
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nology is being developed to deposit hydrogen permeation bar-
rier coatings between the plasma facing material and the 
heat-sink material.

The development of structural materials, essentially low-
activation ferritic steels, has proceeded with approaches simi-
lar to the ferritic–martensitic steels for fast spectrum reactor 
technology. Mo and Nb, which cause the strongest activation, 
are replaced by W, which behaves metallurgically in the same 
way as Mo. Fusion-specific grades of low activation steels 
called Eurofer97 and F82H (ferritic steels with iron, chro-
mium, tungsten, vanadium, tantalum, and carbon) are being 
developed.

Past experience has shown that material behavior is sensi-
tive to the exposure conditions. Extrapolation of the behavior 
of materials in one fission reactor system to another is very 
often found to be inaccurate. However, in the absence of a 
suitable fusion reactor available for the evaluation of fusion 
materials, simulation experiments using accelerators coupled 
with modeling studies appear to be a short-term solution. A 
materials test reactor for the fusion environment is essential for 
enabling reliable and robust materials development. Fusion 
researchers and technocrats are aware of this essential require-
ment and are planning to harness international collaborations to 
address this challenge.

Challenges in the Science and Technology of 
Nuclear Materials

Figure 6 illustrates the evolution of nuclear materials in 
resonance with changing demands of the nuclear technologies. 
Generally, the level of expertise developed for different 
engineering materials for nuclear industry varies widely. The 
materials for water reactors and sodium-cooled fast reactors 
have reached a commercial level of maturity, so that only 
incremental changes are required to meet enhanced perfor-

mance targets. However, considerable breakthroughs and inno-
vative approaches are required for materials for reprocessing 
and waste management plants, especially in a scenario where 
advanced fuels are applied. Similarly, the materials technology 
for high-temperature reactors, accelerator-driven systems, and 
fusion reactors requires more attention in the future. 
Sophisticated experimental techniques, modeling approaches, 
and methodologies for translating laboratory results into codes 
for commercial-scale deployment need to be developed. The 
question of the reliability of the extension of properties evalu-
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Table II: Different Types of Components, Materials Issues, and Candidate Materials in a Fusion Reactor.

Components Exposure Conditions Materials Issues Candidate Materials

plasma facing 
components: 

a. first wall
b. divertor
c. breeding blanket

14 MeV neutrons, with 
high damage rate  
(20–30 dpa/year for 
3–4 GW reactor);

10 times higher helium 
production (10–15 
appm/dpa) than fission;

Four times more hydrogen 
(40–50appm/dpa) than 
fission;

High heat flux (0.1–
20MW/m2);

High temperatures (775–
3475K)

radiation damage;

high temperature 
performance;

sputtering erosion,

blistering,

exfoliation,

hydrogen trapping 
and deterioration in 
properties;

thermal shock resistance;

thermal conductivity

first wall:

Refractory alloys based on tungsten, or tungsten coated 
ODS steel or  flowing liquid metal like lithium, gallium 
or tin

divertor:

tungsten based alloys; tungsten coated SiC/SiCf
  or flowing 

liquid metals of lithium, gallium or tin

breeding blanket:

Tritium breeder:

solid: Li4SiO4, Li2TiO3,

liquid: Pb-Li.

neutron multiplier:

Be, Be12Ti

structural materials high temperatures;

radiation damage; 
mechanical & thermo-
mechanical stress

radiation embrittlement, 
deterioration in 
mechanical properties 
under stress and 
radiation (similar to 
fission reactors)

By 2010:

low activation ferritic-martensitic steels, 

By 2015:

ODS ferritic steels, vanadium alloys, SiC/SiCf
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ated in the laboratory to service conditions should also be 
addressed. It is necessary to increase the confidence level of 
predictive models for describing the behavior of structural 
materials throughout the reactor lifetime of 60–100 years. All 
of these efforts become crucial especially in the absence of test 
reactors with adequate capabilities for evaluation of in-reactor 
performance of materials. Despite all efforts, surprises in the 
in-reactor performance of materials are unavoidable, as a result 
of the synergy of different parameters, especially when 
improved performance targets and advanced technologies are 
being attempted.

There is a high level of confidence that these challenges 
can be met with the rich experience of the past, which has 
yielded new characterization techniques, processing capabili-
ties, and modeling methods. The behavior of materials in 
different environments has been understood to a significant 
extent. Methodologies have been developed for lifetime 
prediction, manufacturing, and quality management. Online 
and in-service qualification of components and environment 
have been standardized. Multiscale modeling studies encom-
passing fundamental mechanisms of in-reactor performance 
are beginning to mature. One can now expect that the time 
taken for the development of newer materials such as ceram-
ics and ceramic–metal matrix composites (from laboratory-
scale development to commercial exploitation) should be 
significantly less than that of previous generations of nuclear 
materials.

Summary
Global nuclear energy production is predicted to grow by 

21–44% by 2025, mainly as a result of increased global energy 
demand, growing environmental concerns, increased capacity 
factors, and improved safety standards of nuclear reactors in the 
past few decades. The nuclear industry is focusing on long-term 
technological strategies to ensure multiple uses of nuclear 
power such as production of potable water and hydrogen and 
industrial heating. The major features of future nuclear tech-
nologies include nonproliferation, in situ incineration of long-
lived actinides and fission products, minimal generation of 
nuclear waste, cost competitiveness, and higher safety stan-
dards. Commercial power generation using fusion has a signifi-
cant potential on a longer time horizon (second half of the 21st 
century). These ambitious targets demand commensurate 
developments in materials science and technology.

Nuclear materials researchers and technologists have gained 
rich experience in the behavior of present-generation materials, 
such as zirconium-based alloys and special steels, in the past 
three decades. The present trends suggest that these materials 
will undergo incremental changes in the immediate future, to 
increase the burnup of the fuel and the lifetime of the reactors. 
However, sustained R&D on a wide spectrum of materials such 
as refractory alloys, composites, ceramics, low-activation 
steels, and coatings and the related processing technologies is 
essential to meet the demands of emerging nuclear technolo-
gies. Materials pose exciting challenges and opportunities to 
scientists and technologists to realize the ambitious objectives 
of the nuclear industry in the 21st century.
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Nuclear Fuel Cycle: Environmental Impact
Rodney C. Ewing (University of Michigan, USA)

Nuclear Fuel Cycles

Every energy source has environmental impacts—positive 
and negative. Nuclear power is a carbon-free source of energy 
that can reduce CO2 emissions by displacing the use of fossil 
fuels. The present level of carbon displacement is approxi-
mately 0.5 gigatonnes of carbon per year (GtC/year), compared 
to the nearly 8 GtC/year emitted by the use of fossil fuels. 
However, there are three major negative environmental impacts 
of nuclear power: catastrophic accidents, nuclear weapons, and 
nuclear waste.1 The last two, weapons and waste, are directly 
tied to the type of nuclear fuel cycle (Figure 4 in the main 
nuclear article by Raj et al. in this issue). The different fuel 
cycles reflect different strategies for the utilization of fissile 
nuclides, mainly 235U and 239Pu, and these different strategies 
have important implications for nuclear waste management and 
nuclear weapons proliferation.

The “once-through” open cycle treats the spent fuel as a 
“waste” without any attempt to reclaim the remaining fissile 
nuclides, 235U and newly created 239Pu, and the spent nuclear 
fuel (SNF) is directly disposed in a geological repository. This 
is the present strategy in the United States, and its success rests 
on the opening of the proposed geologic repository at Yucca 
Mountain in Nevada. A closed fuel cycle utilizes chemical 
reprocessing of the used fuel and retrieves approximately 99% 
of the fissile nuclides. However, the recovered fissile nuclides 
are only a supplement to the nuclear fuel that is mainly derived 
from newly mined uranium ore. The highly radioactive waste 
from reprocessing and the unprocessed SNF are disposed in a 
geological repository. Other fuel cycles are possible, such as the 
breeder reactor cycle, which creates more fissile material in the 
SNF than in the original fuel. The breeder reactor cycle envi-
sions multiple cycles of reprocessing in order to extend the ura-
nium resource. One can also develop fuel cycles based on 232Th 
from which fissile 233U is bred, as has been done in India. In 
1977, President Carter decided to indefinitely defer reprocess-
ing of spent nuclear fuel in the United States in order to have a 
more proliferation-resistant fuel cycle. In 1981, President 
Reagan lifted the ban on reprocessing, but he placed the finan-
cial responsibility for reprocessing on the private sector. By the 
mid-1980s, the commercial reprocessing of SNF had little 
attraction from a technical, economic, regulatory, or policy per-
spective.2 Thus, most of the spent fuel created at nuclear power 
plants has remained temporarily stored on site until a geologic 
repository is available.

To the extent that the choice between fuel cycles is driven 
by economic considerations, an open fuel cycle prevails as long 
as the price of uranium is lower than the cost of reprocessing.3

Thus, there are no simple criteria that can serve as a basis for 
the selection of a fuel cycle, as environmental, proliferation, 
and economic issues are closely tied to a nation’s energy policy 
and that depends on the energy resources that are available to 
each country. Regardless of the type of nuclear fuel cycle that 
is envisioned, there will always be radioactive wastes that will 
require long-term solutions.

Recently, the Bush administration has proposed a series of 
initiatives, the Advanced Fuel Cycle Initiative and the Global 
Nuclear Energy Partnership, that envision a much increased use 
of nuclear power based on extensive chemical processing of 
used nuclear fuels to separate valuable and troublesome radio-
nuclides. Separated transuranium elements, such as Pu, Np, 
Cm, and Am, would be consumed in “burner” reactors that use 
fast neutrons. The neutron energy spectrum has a significant 
effect on the fission product yield, and the consumption of long-
lived actinides by fission is best achieved by fast neutrons. 
Short-lived fission product elements, such as 137Cs and 90Sr, 
could be separated from long-lived fission product elements, 
such as 99Tc and 129I, and different waste forms and disposal 
strategies would be used for each waste stream. The possibility 
of chemically processing the used fuel has stimulated renewed 
interest in the development of nuclear materials, including 
nuclear fuels for fast reactors and advanced nuclear waste forms 
for the special waste streams that will result.4,5 The design and 
selection of materials for the immobilization of nuclear waste 
has been the subject of more than 30 symposia on the Scientific 
Basis for Nuclear Waste Management held at the Materials 
Research Society meetings over the years. For present fuel 
cycles, the two principal waste forms are spent nuclear fuel 
(mainly UO2) for direct disposal and borosilicate glass for high-
level waste that remains after chemical reprocessing. 
Investigations of the corrosion and long-term durability of 
spent fuel and borosilicate glass in a wide range of repository 
conditions remains an active area of research.

During the past decade, one of the new opportunities has 
been the design and selection of highly durable ceramics for the 
immobilization of plutonium from dismantled nuclear weap-
ons, as well as the “minor” actinides, such as Np, Cm, and Am. 
A number of complex oxides, silicates, and phosphates have 
been extensively investigated as potential hosts for actinides.6

The most studied phase is pyrochlore (A2B2O7) because of its 
ability to incorporate actinides; its chemical durability; and, for 
some compositions, its resistance to radiation damage.7

Systematic studies of radiation damage response have shown 
that compositions can be adjusted so that the dose at which the 
material becomes amorphous due to alpha-decay damage can 
be substantially reduced (Figure 1). These types of studies are 
a first step in the design of waste forms for specific waste stream 
compositions and for specific repository conditions. As an 
example, one could select the waste loading of a material based 
on the interplay between radiation damage accumulation and 
the anticipated thermal future of the repository. The develop-
ment of highly durable materials for the “back end” of the 
nuclear fuel cycle will certainly improve the safety of the 
nuclear fuel cycle.

Amount of Radioactive Waste
The past 50 years of production of weapons materials and 

electric power have left the world with a considerable legacy of 
nuclear waste. Most of this nuclear waste is located in the 
United States and republics of the former Soviet Union (FSU). 
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Table I provides a summary of the nuclear waste inventories 
projected to the year 2010 for the United States (which has 
approximately one-quarter of the world’s nuclear reactors). The 
inventories of waste in the FSU are certainly of the same order, 
but their form and distribution might vary considerably.8

The first step in the nuclear fuel cycle, mining and milling 
of uranium ore, has created huge volumes of material contami-
nated with low levels of radioactivity.9,10 In addition to the 
physical and chemical enrichment of uranium, which separates 
the uranium from its radioactive decay products, most nuclear 
reactors require enrichment of 235U from the natural concentra-
tion of 0.7% to 4–5%. One metric tonne of UO2 nuclear fuel has 
a total radioactivity of 0.1 terabequerels (TBq) (1 becquerel = 
1 disintegration/s; 1 curie (Ci) = 3.7 × 1010 Bq]), but the produc-
tion of this 1 t of fuel leaves residual activities of 1.2 TBq as 
mine and mill tailing and 0.1 TBq in depleted uranium from the 
enrichment process.11 The main radionuclides of concern in the 
tailings include 238U, 226Ra, 222Rn, and 230Th. Although the half-
life of radon is short (3.8 days), radon is still a long-term con-
cern because it is a decay product of 226Ra, which has a long 
half-life (1600 years). Unfortunately, other toxic elements, such 
as arsenic, are also often constituents of the mine and mill 
tailings.9,10

When nuclear fuel is removed from a reactor, the level of 
radioactivity has increased a million-fold (105 TBq per metric 
tonne of fuel) as a result of the creation of many hundreds of 
new radionuclides by a variety of in-reactor nuclear reactions, 
as is described in the following.

Fission of 235U and 239Pu creates a bimodal distribution of 
fission product elements. Some are short-lived, such as 137Cs 
and 90Sr, with half-lives of approximately 30 years, but others, 
such as 99Tc (213,000 years) and 129I (16 million years) are 
long-lived.

Neutron capture followed by different decay schemes leads 
to the formation of transuranium nuclides (atomic number 
>92), mainly 239Pu, but also the minor actinides of Np, Cm, and 
Am. At present, global production of 239Pu in the world’s reac-
tors is 70–90 t/year, and the global inventory of this human-
made element is now just over 1800 t.

Activation products are formed, mainly in the structural 
components of the fuel assembly, such as 60Co, 14C, and 36Cl. 
Despite the dramatic increase in radioactivity, the spent nuclear 
fuel is still mainly UO2. For a typical burnup of 40 megawatt 
days per kilogram of uranium (MWd/kgU), only 4% of the ura-
nium has been consumed, converted to 1% transuranium ele-
ments and 3% fission products. The initial levels of radioactivity 
and heat decrease rapidly because they are mainly due to the 
presence of the short-lived fission product elements, whereas 
the level of radioactivity after a thousand years is due mainly to 
the actinides (uranium, 239Pu, and 237Np) (Figure 2). More than 
100,000 years of decay is required before the spent nuclear fuel 
finally returns to a level of activity comparable to that of the 
originally mined uranium with its decay-products. In the United 
States, reprocessing was done as part of the weapons programs 
(fuel from Pu-production reactors), and this has generated hun-
dreds of thousands of cubic meters of high-level waste in the 
form of liquids and sludges that are stored mainly in tanks at 
Hanford, WA, and Savannah River, SC. The high-level waste is 
being vitrified as large “glass logs” in metal containers destined 
for disposal in a geologic repository. In other countries, such as 
France and Japan, the used nuclear fuel is chemically repro-
cessed to reclaim fissile nuclides, and the remaining wastes are 
vitrified and destined for geologic disposal.

Geologic Disposal
For many years, there has been a worldwide consensus that 

a geologic repository is the appropriate and safe solution to the 
disposal of spent nuclear fuel and/or the high-level waste gener-
ated by reprocessing. In the United States, the steps, schedule, 

Figure 1. Predicted temperature dependence of amorphiza-
tion in pyrochlore-related phases containing 239Pu.7 The 
curves bend upward at elevated temperatures due to thermal 
annealing. As the curves move to the left, the temperature at 
which complete annealing occurs decreases, and the waste 
form remains crystalline despite a high alpha-decay dose. 
The range of potential repository temperatures is indicated 
by the horizontal line.

Table I: Summary of Estimated Nuclear Waste Inventories in 
the United States in 2010.

Spent nuclear fuel (commercial) 61,800 tHM 
39,800 MCi

Spent nuclear fuel (weapons 
programs)

2,500 tHM

High-level waste (reprocessing) 380,000 m3 

2,400 MCi

Buried waste (LLW) 6.2 million m3 

50 MCi

Excess nuclear materials:

 Highly enriched uranium 174 t

 Plutonium

  weapons capable 38.2 t

   not weapons usable without  
 processing

14.3 t

  depleted uranium as UF6 700,000 t

 137Cs and 90Sr separated from HLW 
 in capsules as CsCl and SrF2

90 GCi

Uranium mine and mill tailing 438 million m3  

3,000 MCi

Contaminated soil 30–80 million m3

Contaminated water 1,800–4,700 million m3

Source: Reference 13. 
Note: t = metric tonnes; tHM = metric tonnes of heavy metal.
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and requirements for the development of a geologic repository 
were outlined by the Nuclear Waste Policy Act of 1982. 
Worldwide, there are active programs of research and site 
investigations in a wide variety of rock types—clay in Belgium, 
salt in Germany, granite in Sweden and Finland, and volcanic 
tuff in Russia and the United States. However, to date, there is 
no geologic repository in operation that is receiving spent 

nuclear fuel or high-level nuclear waste. The challenge has not 
only been one of “politics,” the development of regulations, and 
social acceptance, but also one of developing a strong scientific 
basis for the prediction of materials properties and repository 
performance over hundreds of thousands of years.12,13
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Figure 2. Relative radioactivity of spent nuclear fuel with a 
burnup of 38 MWd/kgU. The activity is dominated by fission 
products during the first 100 years, thereafter by actinides.11

Preventing Nuclear Weapon Proliferation as Nuclear 
Power Expands
Siegfried S. Hecker (Stanford University, USA)

Raj et al.1 describe the promise of nuclear energy as a sus-
tainable, affordable, and carbon-free source available this cen-
tury on a scale that can help meet the world’s growing need for 
energy and help slow the pace of global climate change. 
However, the factor of millions gain in energy release from 
nuclear fission compared to all conventional energy sources 
that tap the energy of electrons (Figure 1) has also been used to 
create explosives of unprecedented lethality and, hence, poses 
a serious challenge to the expansion of nuclear energy world-
wide. Although the end of the cold war has eliminated the threat 
of annihilating humanity, the likelihood of a devastating nuclear 
attack has increased as more nations, subnational groups, and 
terrorists seek to acquire nuclear weapons.

The development of commercial nuclear power has had to cope 
with the specter of potentially aiding the spread of nuclear weapons 
for its 50 years of existence. Although commercial nuclear power 
plants have not directly led to weapons proliferation, the technol-
ogy and infrastructure for commercial and research reactor fuel 
cycles permit countries to come perilously close to obtaining the 
fissile materials, 235U or 239Pu, that fuel nuclear weapons. The chal-
lenge for expanding nuclear power worldwide is to limit the incre-
mental proliferation risk that such expansion presents. The two 
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greatest risks are (1) the possibility of fissile materials getting into 
the hands of subnational groups and terrorists and (2) the potential 
for breakout and nuclear weapons production as more countries 
develop fuel-cycle capabilities.

The presidents of the G-8 industrialized countries have called 
nuclear terrorism the greatest threat facing civilization today.2 It 
takes less than 10 kg of 239Pu or a few tens of kilograms of 235U 
to make a bomb that could destroy a modern city. The ability to 
produce these fissile materials is beyond the means of terrorist 
organizations today. However, nearly two million kilograms of 
each fissile material exist today, making theft or diversion of 
these materials combined with the construction of an improvised 
nuclear explosive the most likely route to nuclear terrorism.3

This danger exists without an expansion of nuclear power 
and, in fact, exists even if all nuclear power plants were shut 
down tomorrow. Much of the inventory of fissile materials, 
including the most vulnerable stocks, result from military pro-
grams of states with nuclear weapons or from civilian nuclear 
research programs. However, the risk will increase if worldwide 
expansion of nuclear power brings fuel-cycle capabilities to 
states that are politically or technically unprepared to safeguard 
plutonium and highly-enriched uranium (HEU, defined as ura-
nium with >20 % 235U). Protecting the world’s inventories of fis-
sile materials from terrorists is a monumental job.3 It is imperative 
to address the societal and political dimensions of international 
terrorism in concert with technical measures to prevent it.

Concern over the proliferation of nuclear weapons to states 
has also increased as nuclear technologies have spread through-
out the world and as the post-cold war security environment 
leaves more states feeling threatened. Mohamed ElBaradei, 
Director General of the International Atomic Energy Agency 
(IAEA), recently stated, “Every country, irrespective of its ide-
ology or worldview, will do what it takes to feel secure, includ-
ing if necessary seeking to acquire nuclear weapons. This is, 
sadly, the stark reality . . . And with more countries acquiring 
such weapons, the odds of use of such a weapon—either inten-
tionally or accidentally—become higher.”4 Developing nuclear 
power, especially fuel-cycle capabilities, allows countries to 
develop a nuclear-weapon option. In fact, the Nuclear 
Nonproliferation Treaty (NPT) recognizes every state’s inalien-
able right to develop peaceful nuclear energy and applications 
and even provides for assistance to such states.

On the front end of the fuel cycle (fuel fabrication), enrich-
ment presents the greatest risk. Developing the capabilities to 
enrich natural uranium from 0.7% 235U to the 3–5% required for 
light water reactors (LWRs), the commercial reactors of choice 
today, allows for potential clandestine enrichment to bomb- 
grade HEU. That is the essence of the current nuclear contro-
versy in Iran.

On the back end, extracting fissile plutonium represents the 
proliferation risk. Although LWRs, which burn low-enriched 
uranium for commercial power, yield a less attractive mix of 
plutonium isotopes, it is now generally agreed that such pluto-
nium can be used to construct a bomb.5 In addition, some reac-
tors use natural uranium, which, if used for very short burn 
cycles, as was the case for North Korea’s 5 MWe (megawatt 
electric) Experimental Reactor, can yield weapons-usable pluto-
nium. That is the North Korean problem. North Korea turned 
peaceful technical assistance from the Soviet Union in the 1950s 
and 1960s into an indigenous nuclear research and power pro-
gram, built all requisite fuel-cycle facilities, withdrew from the 
NPT (per Article X), and built a nuclear arsenal.6

As more countries develop nuclear power and more fissile 
materials are created, it is imperative to provide adequate safe-

guards of such materials through a combination of technical, 
institutional, and political measures. These include the follow-
ing options.

The number of countries that operate front- and back-end 
fuel-cycle facilities (enrichment and reprocessing, respectively) 
should be limited. There are currently several international pro-
posals for fuel leasing and fuel take-back services. However, as 
the Iranian standoff demonstrates, some nations might insist on 
being self-sufficient. Monitored, retrievable international spent-
fuel storage is also being considered to deal with back-end fuel-
cycle concerns.

Another safeguard is international cooperation to increase 
transparency and enforce the NPT regime. To accomplish this, 
all countries with nuclear power and research programs must 
provide greater transparency of operations. All countries must 
agree to augment the standard IAEA inspections that verify the 
correctness of a country’s declaration with the Additional 
Protocol that verifies the completeness of their declaration. 
Moreover, IAEA findings of violations must be backed up by 
strict enforcement by the United Nations Security Council.

Greater proliferation resistance should be built into the fuel 
cycle. The technical community has pursued proliferation-
resistant reactors and fuel cycles for decades, but it is now gen-
erally acknowledged that none are proliferation proof.7 Several 
countries have operated a closed cycle with plutonium repro-
cessing and burning. The United States has practiced an open, 
once-through cycle with plans for disposition of plutonium 
with unburned uranium and fission products at Yucca Mountain, 
NV. As part of its Global Nuclear Energy Partnership, it is now 
exploring various closed-cycle options and reactor designs, 
including fast reactors, that provide improved proliferation 
resistance through actinide recycling to limit the amount of 
direct-use plutonium. The materials challenges for such a 
scheme are embedded in the challenges faced by the develop-
ment of advanced fuels and reprocessing operations.1

Another safeguard would be to develop better detection and 
monitoring capabilities. All fuel cycles require safeguarding 
fissile materials, which, in turn, requires better detection and 
monitoring technologies. Research on better detector materials 
plays an important role in developing more effective means to 
detect neutrons and gamma rays. Materials research is also 
needed to develop better environmental monitoring capabilities 
to look for clandestine nuclear processing activities. Likewise, 
establishing a databank of nuclear materials “fingerprints” 
would aid nuclear forensics and attribution.8

Nuclear power and fuel-cycle facilities must be protected 
from sabotage and terrorist attacks. Although attacks on nuclear 
plants or facilities will not cause nuclear detonations, the 
spread of radioactivity could cause serious harm and enormous 
disruption. If more nuclear power plants and facilities come on 
line, it will be important that all be well protected against 
potential terrorist attacks. The incremental risk of expanding 
nuclear power on the potential of radiological terrorism (the 
radiological dispersal device or “dirty bomb” threat) is judged 
to be small because millions of radiation sources that could 
fuel such devices already exist in medicine, agriculture, and 
industry.

A large expansion of nuclear power in this century may meet 
the challenge of affordable, sustainable energy while slowing 
global climate change. To achieve this end, however, we must 
minimize the risk that such an expansion will lead to the prolif-
eration of nuclear weapons. This challenge can be managed 
through the proper combination of technical, institutional, and 
political measures.
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Abstract
The main concept currently in use in wind energy involves horizontal-axis wind turbines with blades 
of fiber composite materials. This turbine concept is expected to remain as the major provider of 
wind power in the foreseeable future. However, turbine sizes are increasing, and installation off-
shore means that wind turbines will be exposed to more demanding environmental conditions. 
Many challenges are posed by the use of fiber composites in increasingly large blades and increas-
ingly hostile environments. Among these are achieving adequate stiffness to prevent excessive 
blade deflection, preventing buckling failure, ensuring adequate fatigue life under variable wind 
loading combined with gravitational loading, and minimizing the occurrence and consequences of 
production defects. A major challenge is to develop cost-effective ways to ensure that production 
defects do not cause unacceptable reductions in equipment strength and lifetime, given that 
inspection of large wind power structures is often problematic.

Introduction
Wind energy can be used to power individual installations 

directly or to generate electricity to be fed into a distribution 
system. Individual wind-powered installations can be either 
fixed, as in pumps, or moving, as in ships. Although the applica-
tion of wind power to generate electricity is by far the most 
widespread application, it should be mentioned that studies are 
in progress to apply wind energy in other ways. An example is 
the E/S Orcelle zero-emissions cargo ship concept,1 proposed 
by a Scandinavian shipping company to use only renewable 
energy sources, including the sun, wind, and waves, as well as 
fuel cell technology, to meet all propulsion and onboard power 
requirements.

Why Wind Energy?
Wind energy is clean and renewable, in the sense that pro-

duction of wind energy, once the equipment is installed, during 
the operational phase, does not result in any form of solid, liq-
uid, or gaseous emissions or residues, nor does it involve the 
depletion of any form of fuel, whether natural or manufactured. 
No hazardous waste is generated, and no CO2 or toxic fumes 
are emitted. The only forms of negative environmental impact 
in the operational phase are noise and visual disturbance, as 
well as possible effects on flora and wild life; these aspects may 
be a hindrance to installation in certain locations, but there are 
many locations where they are not a significant issue.

The time frame from planning to installation of new wind 
power can be on the order of months (although currently there 
is a delivery time of about 2 years for wind turbines), and there 
are no fuel costs that can threaten the potential return on invest-
ment. Lifecycle energy balance estimates indicate that the 
energy required for the combined installation and end-of-life 
disposal phases of a wind power system is typically recovered 
in 6–12 months of operation. With a standard lifetime of 20 

years this means an energy yield factor (the ratio of energy 
produced to energy consumed) of between 20 and 40.

The main disadvantage is that wind turbines deliver power 
not according to the demand but according to the wind speed. 
Existing electrical distribution systems cannot accumulate and 
store the electrical energy generated and distribute it when it is 
needed. (See the article by Whittingham in this issue for more 
information on electrical storage.) Thus, wind energy will have 
to be combined with other sources of energy until much more 
widespread means of storing electrical energy become avail-
able. Also, wind power requires a distributed power transmis-
sion network that is different from the type of distribution 
system needed for a small number of large power stations. A 
further disadvantage at present is that, although the lifecycle 
energy yield ratio is favorable, the cost of producing electrical 
energy from wind at most locations is still uncompetitive, so 
that subsidies and incentives are needed in order to make wind 
energy attractive.

Where Should Wind Power Be Installed?
Clearly, wind power is feasible only where the wind climate is 

suitable. However, there are a great many suitable locations. Wind 
maps are available for Europe2 (Figure 1) and for many individual 
countries and states,3,4 with varying degrees of detail. Global wind 
maps have been compiled by Archer and Jacobson.5

Wind Energy Statistics and Trends
At present, wind energy accounts for a small fraction of total 

electrical energy consumption worldwide. However, the contri-
bution is growing rapidly: In the 10 years between 1996 and 
2006, it rose from 0.1% to 0.8%.6 Whereas electrical energy con-
sumption increased by about 3.5% annually during this period, 
the average annual increase in the energy generated from wind 
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was about 29%. The growth in wind energy is also reflected in 
the figures for total installed wind power (i.e., the capacity for 
generating electrical power from wind). In 2006, the total installed 
wind power worldwide increased by 25% from 59.4 to 74.3 giga-
watts (GW). The average rate of increase for the 5 years between 
2001 and 2006 was 24.4%. On the basis of cumulative installed 

power, the Global Wind Energy 
Council7 predicts the annual 
growth for 2006–2010 to be 
lower, at 19.1%, largely because 
of limited equipment production 
capacity, but the market will still 
be increasing at an average rate of 
8.4% on an annual basis.

Some geographical consider-
ations may be relevant for an 
understanding of global devel-
opments in wind energy. Of the 
power installed in 2006, 51% 
was in Europe, 23% in the 
Americas, and 21% in South and 
East Asia.6 On a national basis, 
the United States represented 
the largest market, with Germany 
a close second, followed by 
India, Spain, and China. By far 
the largest supplier of wind tur-
bine generators (WTGs) in 2006 
was Denmark, with some 35% 
of the market, with Spain, the 
United States, and Germany 
each having between 15% and 
16%. In next place was India 
with about 8%. The geographi-
cal mismatch between supply 
and demand has resulted in a 
globalization of the market for 
wind turbine generators, with 
established European companies 
setting up Asian subsidiaries and 
new manufacturers appearing 
alongside them.

The size of individual units 
is increasing steadily, because 
the cost of generated power per 
 kilowatt-hour decreases with 
increasing turbine size. The aver-
age size of a WTG installed 
worldwide in 2006 was about 1.4 
megawatts (MW), compared to 
0.9 MW in 2001. The vast major-
ity of WTGs supplied lie in the 
range of 0.75–2.5 MW, but the 
share of “multimegawatt class” 
(>2.5 MW) WTGs is increasing 
and now stands at about 4%. 
These generators can produce up 
to 6 MW with rotor diameters 
up to 126 m.

An area of rapidly increasing 
activity is offshore wind power, 
but the total installed capacity is 
still less than 1 GW. Denmark is 
in the forefront with 45% of this 
capacity.

Environmental Impact and Lifecycle 
Assessment

Two distinct types of assessment are used when considering 
environmental aspects for wind turbine installations, whether 
for individual units or for entire wind farm projects. An envi-
ronmental impact assessment (EIA) considers the effects of the 

Figure 1.  Wind map of western Europe (www.windpower.org/en/tour/wres/euromap.htm) (accessed 
January 2008).  The data for Norway, Sweden, and Finland are from a later study, are calculated 
for 45 m height above ground level, and assume an open plain.
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installation and its operation on the environment at the specific 
location. It covers such aspects as pollution, including visual 
and noise pollution, and disturbances to flora and fauna that are 
inflicted on the local environment. It can also include impacts 
on human activity, such as trawling in the case of offshore loca-
tions. A lifecycle assessment (LCA), on the other hand, is a 
broad-ranging assessment of the consequences, taking account 
of the entire lifecycle, from extraction of raw materials to end-
of-life disposal. A lifecycle energy balance can be included in 
this or established separately.

Examples of EIAs and LCAs can be found on the Web sites 
of energy companies8,9 and wind turbine manufacturers.10,11

Recent studies by Vestas Wind Systems11,12 indicated that the 
energy used in manufacturing, installing, and disposing of a 
modern, 3 MW unit should be recovered in the first 6.6 months 
of operation for an onshore installation or 6.8 months for an off-
shore installation, giving an energy yield ratio of about 35 for 
both cases if a 20-year life is assumed. The yield ratios for a 
2 MW unit were 27 and 31 for onshore and offshore installations, 
respectively. Ratios above 20 are similarly quoted in a more 
recent study by Crawford,13 who also confirmed that large units 
gave a higher energy yield ratio than smaller ones.

Economics of Wind Energy
The installation of wind power, as with most renewable 

energy, is dependent on economic incentives based on political 
decisions (see the article by Lave in this issue). A comprehen-
sive overview is provided by the Global Wind Energy Council.7

An important factor behind the growth of the European wind 
market has been strong policy support at both European Union 
(EU) and national levels. The EU’s Renewables Directive of 
2001 established the aim of increasing the share of electricity 
produced from renewable energy sources (RES) in the EU from 
15.2% in 2001 to 21% by 2010, thus helping the EU to reach a 
RES target of 12% of overall energy consumption by 2010. The 
EU Renewables Directive sets out differentiated national indic-
ative targets. The actual incentives vary from country to coun-
try within the EU (as indeed they do worldwide), the most 
common being controlled feed-in tariffs, often combined with 
tax incentives. Some cost comparisons between different energy 
sources, valid in 2001 for the United States, are given by the 
American Wind Energy Association.14

Wind Power Generator Concepts
By far the most common type of wind turbine in use today has 

a rotor with three blades mounted in an approximately vertical 
plane, with a horizontal axis of rotation, facing the wind (Figure 
2). The blades are made of fiber-reinforced plastics, sometimes in 
combination with wood. During a development period of some 
decades, this arrangement, generally known as the Danish concept, 
has been found to have many advantages over its competitors.

The main advantage of the forward-facing design over an 
arrangement with the blades downwind of the tower is that the 
tower itself does not shield the blades, so that the blades experi-
ence a more even loading and the turbine has a greater effi-
ciency. However, an automatic yaw mechanism must be 
provided to ensure that the rotor always faces the wind direc-
tion, and the blades must be sufficiently stiff, and placed far 
enough ahead of the tower, to prevent collision with the tower 
under maximum wind conditions.

Three-blade designs are by far the most common, although 
two-blade designs are sometimes used. The optimum number 
of blades is determined largely by the need to minimize the 
loading on the shaft and bearings (and the variation in that load-
ing during rotation of the rotor) while extracting as much energy 
as possible from the wind.

Relatively few vertical-axis wind turbines have been built, 
and the reader is referred to a U.S. wind energy Web site for 
more information.15 Although, in principle, they can achieve 
efficiencies similar to those of horizontal-axis types, in practice, 
vertical-axis WTGs tend to have lower efficiencies. Furthermore, 
they are not inherently self-starting; the blades are susceptible to 
resonant vibration; and because the tower rotates with the blades, 
the bearings have a very large loading on them.

Because the wind speed increases and the wind flow stabi-
lizes and becomes less turbulent with height from the ground, 
there are potential benefits in building wind turbines with blades 
as high as possible. Attempts have been made to develop novel 
concepts involving kites or sails, such as Kite Gen,16 but these 
appear to be still in the virtual modeling stage and it is unclear 
whether any such concepts will be applied in practice in the 
coming decades. There are, for example, major challenges with 
respect to deployment and retraction of such systems, as well as 
to controlling their behavior in conditions with variable wind. 
However, these challenges are more concerned with system 
design than with materials, so attention here is focused on more 
conventional wind turbine concepts and, in particular, on hori-
zontal-axis turbines.

Two major developments are occurring in conventional wind 
power systems: First, the turbines are becoming larger, and sec-
ond, there is a shift from land-based to offshore locations. 
Offshore sites offer very high wind exposure levels combined 
with relatively large areas for utilization, while often having 
more limited local environmental impacts. The same basic wind 
turbine concepts are used as for onshore installations. The main 

Figure 2. Modern wind turbine at Risø National Laboratory test site, 
Høvsøre, Denmark. The tower height is 120 m; the rotor diameter, 
110 m; and the generator power, 3.6 MW.
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challenges concern foundations and supporting structures, 
which can be either fixed or floating and are broadly similar to 
those encountered in offshore oil and gas exploitation. However, 
the corrosive marine environment does impose additional 
requirements on the turbines themselves, including the blades 
and their attachments.

Design Standards and Guidelines
The design of modern electricity-generating wind turbines 

has, from the start, been subject to independent certification 
schemes. Initially, certification schemes were developed in 
Denmark, Germany, and the Netherlands in parallel with these 
countries’ wind turbine development. In the late 1990s, the 
International Electrotechnical Commission (IEC) established 
the IEC 61400 series of standards to consolidate these different 
local schemes, and today, these IEC standards are taking over 
as reference documents for design17 and testing18,19 in the certi-
fication schemes of each country. The IEC has also proposed an 
overall wind turbine certification scheme.20 A design standard 
specifically oriented toward wind turbine supporting structures 
installed offshore has recently been issued by the certifying 
organization Det Norske Veritas (DNV).21

The standard IEC 61400-117 covers design of the entire wind 
turbine, including how to determine the design loads. The 
requirement for structural safety is specified in general terms 
and allows acknowledged steel structural design standards to be 
used for detailed design. For composite material blades, the 
extent to which IEC 61400-1 can be applied is very limited, but 
an interpretation of the requirements is provided in a DNV 
 standard for the design and manufacture of wind turbine 
blades.22

A comprehensive set of guidelines for the design of wind 
turbines is also available (DNV/Risø).23 This handbook explains 
in more detail much of the information presented here about 
wind turbine design. Guidelines for certification of both onshore 
and offshore wind turbines are also published by Germanischer 
Lloyd.24,25

Blade Concepts, Materials, and Loads
Blade Concepts and Loading

Rotor blades resemble aircraft wings in that they consist of 
two faces, the suction side and the pressure side, which together 
form an optimized aerodynamic shape (Figure 3). The faces 
meet at the leading and trailing edges; the leading edge is 
rounded, but the trailing edge is sharp. The straight line between 
the leading and trailing edges at a given cross section is referred 
to as the chord line, and its length as the chord. Unlike aircraft 
wings, WTG rotor blades have a built-in twist, which ensures 
that the effective angle of attack between the blade and the air 
is kept roughly constant along the blade. In many turbine 
designs, a mechanism is also provided to rotate each blade as a 
whole so as to maintain the desired angle of attack under vary-
ing wind speed. Such a mechanism can also be used as a brak-
ing system. Braking of the rotor can also be achieved by 
mechanical or electrical means or by rotating just the tip of the 
blades (so-called tip brakes).

When the loadings on blades are described, the term edge-
wise is used to indicate loading and bending deformation in the 
direction of the chord line (the stiff direction), whereas flapwise 
indicates the direction normal to this (the more flexible direc-
tion). The main loads on the blades are the wind loads, which 
induce both flapwise and edgewise bending, and gravity, which 
induces edgewise bending when the blade is horizontal and 
some axial tension or compression when the blade is vertical. 
Torsional deformations due to the asymmetry of the blade sec-
tion also need to be taken into account, as do loadings associ-

ated with accelerations. The loads change with time because 
of rotation and because of the disturbance of the air flow by 
the tower.

As with any other beam-like structure, bending a blade 
induces longitudinal tensile stresses in part of the blade section 
and compressive stresses in the remainder. For flapwise bend-
ing, these are predominantly the pressure and suction sides, 
respectively. Shear (tangential) stresses are also induced in 
parts of the blade. Providing effective resistance to flapwise 
bending is a major consideration in blade design, and the outer 
shell cannot usually perform this function without the assis-
tance of some internal stiffening, as shown schematically in 
Figure 3. Two main arrangements are in use to provide the 
required bending strength and stiffness. In the first (Figure 4), 
the upper and lower parts of the blade shell itself are thickened 
to carry the longitudinal stresses caused by the bending loads. 
They are joined by one or more integral webs, which help to 
inhibit buckling of the shell and carry the shear stresses associ-
ated with flapwise bending. The second, alternative arrange-
ment uses a box beam or spar to which the upper and lower 
shells are adhesively bonded (Figure 5). The flanges and webs 
of the box beam perform the same functions as the thickened 
shell parts and webs of the first arrangement. Unsupported parts 
of the outer shells giving the aerodynamic shape are normally 
built as sandwich structures.

Blade Materials and Construction
Wind turbine blades must be strong enough to withstand the 

applied loads without fracturing; thus, the ultimate strength 
must be sufficient to withstand the extreme loads, and the 
fatigue strength must be sufficient to withstand the time-vary-
ing loads throughout the intended life of the blade. The blades 
must also be stiff enough to prevent collision with the tower 
under extreme conditions. Stiffness, at a more local level, is 

Figure 3. Schematic cross section of a blade (after Reference 26).

Figure 4. Cross section of blade with overall integrated beam and shell 
(from Reference 27).
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also important for preventing buckling of those parts of the 
blade that experience compressive stresses. To minimize the 
cost of the power generated, the blade construction needs to be 
as light as possible; this has to be achieved through optimiza-
tion of the structural arrangement and dimensions in parallel 
with the materials selection. The production processes used for 
manufacturing the blades must be sufficiently consistent and 
reliable to ensure that the end product is always compatible 
with the design assumptions and calculations.

To meet these demands, the blades are usually made from 
light, strong, and stiff material based on fiber-reinforced poly-
mers, wood, and combinations thereof. The reinforcements are 
typically fabrics consisting of continuous glass fibers and/or 
carbon fibers. These are combined in a laminated (i.e., layered) 
construction with thermosetting resins, generally polyester, 
vinylester, or epoxy; the resulting composite materials are com-
monly referred to as glass-reinforced plastic (GRP) and carbon-
fiber-reinforced plastic (CFRP). Blades made of wood or hybrid 
wood/carbon fibers are normally impregnated with epoxy resin. 
The review by Brøndsted et al.29 and the volume edited by 
Lilholt et al.30 cover many of the material topics in this field.

Fiber-reinforced composites of the type used in wind turbine 
blades are laminates composed of several layers of reinforcing 
fabric impregnated with and held together by an adhesive resin. 
Such laminates can be very strong and stiff when loaded in their 
own plane, but are much weaker when loaded out-of-plane 
because the layers, or plies, can more readily be pulled apart. 
The in-plane properties are largely determined by the fibers, 
whereas the out-of-plane properties depend heavily on the 
strength and adhesive capability of the resin matrix.

Material properties depend strongly on the fiber lay-up, the 
fiber content, and the chosen processing route. In much of the 
blade cross section, the stresses are predominantly longitudi-
nal, because of flapwise and edgewise bending loads. In these 
parts of the blade, unidirectional laminates dominate as per-
formance requirements of the materials are high stiffness and 
strength, both in tension and in compression. In the internal 
webs, the main requirement is to carry shear loads. Here, we 
find predominantly biaxial lay-ups with the fibers at +/  45°. 
These laminates are often built as sandwich structures to 
reduce the tendency for buckling. Unsupported parts of the 
shell giving the aerodynamic shape are also often sandwich 
structures with multidirectional (usually triaxial) face lami-
nates and a light core material, such as balsa wood or a poly-
mer foam—often poly(vinyl chloride) (PVC). The critical 
properties of the sandwich structure are the shear strength and 
stiffness of the core and compressive strength and stiffness of 
the faces.

The blade parts are generally assembled using adhesive 
bonding. The strength and durability of the adhesive bonds are 
major design considerations and can become the main limiting 
performance factor together with the performance of the lami-
nates themselves.

Qualification of Blades
Procedures for the qualification of wind turbine blades are 

given by Wedel-Heinen et al.31,32 and in DNV OS-J102.22 A 
major part of the process involves analysis to demonstrate ade-
quate strength and stiffness to withstand the applied loadings. 
The strength calculations must verify that both the ultimate 
strength and the fatigue strength, for a given design life (nor-
mally 20 years), are sufficient. For structural parts in compres-
sion, buckling must be considered.

Design Loads
The design loads for a wind turbine are divided into two 

groups: ultimate (extreme) and fatigue (cyclic) loads. IEC 61400-
117 specifies both types of loads in a way that allows for their cal-
culation from the aeroelastic response of the wind turbine 
determined from time simulations of different scenarios. 
Modeling of the turbine’s control and safety system is an impor-
tant part of the aeroelastic simulation. The loads are quantified 
primarily in terms of the flapwise and edgewise bending moments 
they induce at a given cross section of the blade. Figure 6 shows 
a typical time simulation of these bending moments at the blade 
root for a multi-megawatt turbine during operation in turbulent 
wind flow. Transverse flapwise and edgewise shear forces, axial 
forces, and torsional moments also need to be established, 
although these loading components are often of secondary 
importance.

The environmental conditions are defined17 in terms of a 
50-year extreme wind speed, a frequency distribution of the 
wind speed, and reference turbulence. Measurements of loads 
on prototype turbines18 are used as a verification of the simu-
lated extreme and fatigue loads for the turbine.

In addition to extreme wind speed, important extreme load 
cases are operational with high turbulence intensity in the wind 
flow and emergency braking of the rotor, where the blades are 
turned quickly to orient the chord line parallel to the rotor axis. 
Conditions accounting for malfunctions of the control or safety 
system must also be considered.

The fatigue loads for wind turbines are typically calculated 
from 10-min simulations of the response at 10 different wind 
speeds in the operational interval. Turbines are normally in 
operation at wind speeds of 4–25 m/s. Loads in frequent tran-
sient events such as starting and stopping are also included.

Figure 5. Section of blade with load-carrying box and attached shells: 
(a) perspective view, (b) cross-sectional view (from Reference 28).

a

b
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Structural Analysis
In principle, each load case can be defined in terms of the 

six load components and their variations along the blade: edge-
wise and flapwise bending moments, edgewise and flapwise 
transverse shear forces, torsional moments, and axial forces 
(tension or compression). From these load components are cal-
culated either stresses or strains at a series of locations in the 
blade. The negative influences of geometric imperfections 
(within the allowed manufacturing tolerances), fiber misalign-
ments, and variable quality of workmanship need to be taken 
into account in the calculations. In the past, the loads on the 
blades were transformed into stresses or strains by use of simple 
elastic beam theory. For recent blade designs for megawatt tur-
bines, the elements in the blade structure are more slender so 
that the blade cross section deforms during loading. In box-
girder bridge and ship hull structures, this distortion is limited 
by the presence of transverse internal frames or bulkheads, but 
such internal stiffening has not been provided in wind turbine 
blades thus far. Further, the strains are sensitive to buckling 
deformations combined with geometric imperfections. For this 
reason, linear or nonlinear finite element analysis is now often 
used to calculate the stresses or strains.

Special calculations may be necessary for the blade root, the 
root–blade transition, the tip brake system, bonded joints, and 
regions susceptible to local buckling. In some cases, it is neces-
sary to verify the strength and rigidity of complicated substruc-
tures by means of separate full-scale tests.

To an increasing extent, the properties of laminates and 
structural assemblies can be predicted from numerical models, 
combined with knowledge of the properties of the individual 
fiber, matrix, and sandwich core materials and the use of cohe-
sive laws for interfaces and joints.33,34 However, the properties 
must be verified by mechanical testing.

Mechanical Testing
Mechanical tests are carried out on coupons and subcompo-

nents with a representative lay-up and a processing route similar 
to that of the blade in question. This includes adhesive bonds, 
which must be tested for sufficient static and fatigue strength.28,35

The final qualification requires full-scale tests on prototype 
blades.19,36

Tests for stiffness and static (ultimate) strength of materials 
are carried out under quasistatic loading. Fatigue tests are 
 carried out under cyclic loading, normally with constant ampli-
tude. Properties are measured under tensile, compressive and 

shear loads, or combinations thereof. The measurement of 
 laminate properties for blade design has been the subject of a 
great deal of study, as there are many available test methods and 
ways of processing and presenting the results. Standards origi-
nally developed for the aerospace industry, which uses thin, 
optimized laminates with high homogeneity and only minor 
imperfections, have required adaptation to permit application to 
wind turbine blades. These aspects have been addressed in 
 several research projects, including a series of joint European 
 programs. Static and fatigue properties of glass–polyester and 
glass–epoxy laminate materials have been measured, test 
 techniques developed, and reference design curves established. 
The results have been collected and summarized in a series of 
books37,38 and articles,31,32,39 as well as databases such as FACT40

and the more recent OptiDAT.41 In parallel with the European 
activity, a nationally supported program in the United States 
has investigated the properties of polymer composite materials 
for wind turbines. The results are collected in the large DOE/
MSU (Department of Energy/Montana State University) 
database.42,43

In the current European project UpWind,44 models for dam-
age mechanics and micromechanics have been reviewed.45

Topics such as frequency and temperature effects,46 life exten-
sion, condition assessment, and repair will be further devel-
oped, and test methods will be systematized to form the basis 
for an extended standardization giving more accurate and reli-
able testing techniques.

Design Against Fatigue
Design of composite blades against fatigue presents special 

challenges. The load histories obtained as described earlier 
from simulation are transformed into stress (or possibly strain) 
histories at a given location, and a rain-flow counting proce-
dure23 is applied to divide the continuous histories for the indi-
vidual stress components into discrete stress cycles. Each stress 
cycle is represented by a mean stress value and a stress range. 
The cycles are then grouped into a number of mean stress and 
stress range intervals. Based on a specified wind speed distribu-
tion over the turbine’s 20-year life, the number of cycles in each 
group from the 10-min simulations is scaled according to the 
number of hours expected at each wind speed interval. Thus, 
the stress cycles are summarized for the complete 20-year life 
of the turbine.

Individual fatigue tests of blade materials are usually car-
ried out at constant stress amplitude. Specimens are tested at 
several different stress amplitudes (or ranges) and with selected 
values of the ratio between the minimum and maximum 
stresses. An interpolation procedure is used for intermediate 
values of the stress ratio, and the Palmgren–Miner rule is used 
for summing the damage from cycles of differing stress range 
and ratio, as is common for metals. Detailed testing with vari-
able-amplitude loading31,39 has shown that this approach intro-
duces a considerable amount of modeling uncertainty and that 
it is important to test coupons at stress ratios and ranges that 
are critical for the calculated fatigue life of the blade structure. 
Improved models for damage accumulation are needed to 
reduce the modeling uncertainty, allow the use of reduced par-
tial safety factors, and provide an improved basis for optimiza-
tion of design.

In addition to these issues, the procedure for fatigue life 
estimation assumes that coupon strength is representative of the 
strength of the laminates in the full-scale composite structure. 
However, experience with blade failures in full-scale approval 
tests and in the field indicates that manufacturing defects and 
imperfections that are not normally present in small-scale cou-
pons can also be very important for strength.

Figure 6. Flapwise and edgewise moments  and  at the root of a 
megawatt turbine in operation (from Reference 30).
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Production Processes, Defects, and Damage
Processes for Blade Production

Currently, the most commonly used processes for produc-
tion of the blade components involve resin infusion, generally 
vacuum-assisted. However, in some designs, fabrics that have 
been preimpregnated with resin (called prepregs) are laid up, 
covered by a sealed vacuum bag, and then cured by heating 
under vacuum. These processes have replaced the hand-layup 
processes used previously, largely to avoid exposure of the 
workforce to harmful fumes. The completed shell components 
making up the aerodynamic surfaces are joined to each other 
and to the internal parts using adhesive bonding.

Production Defects
Many types of production defects can arise in the composite 

production and bonding processes. Overviews are provided by 
Åström47 and Hayman et al.48

For single-skin (solid) laminates and face laminates of sand-
wich structures, production defects include

delaminations;
dry zones and voids;
poor curing (giving reduced physical properties);
wrinkles;
fiber reinforcement defects; and
misalignment of fibers, both small-scale (fiber waviness) and 
larger.
For sandwich structures, core/skin debonds must also be 

considered, as well as voids and inclusions in the core and lack 
of bonding at joints between blocks of core material.

Geometric imperfections can occur at a number of different 
levels, ranging from local out-of-straightness of the fiber tows 
associated with the weaving or stitching process to global out-
of-straightness or out-of-flatness in beams or panels. Geometric 
imperfections also include eccentricities of loading introduced 
at joints between structural elements and steps associated with 
joints and overlaps.

Defects in bonded joints are mainly of two types: voids due 
to partial filling of the joint with adhesive, often caused by 
badly fitting parts, and lack of adhesion caused by contamina-
tion or poor preparation of the surfaces to be joined.

At present, the defects and imperfections that appear to be 
of most concern in wind turbine blade production are delamina-
tions, bond defects, wrinkles, and other geometric imperfec-
tions that give rise to local stress concentrations (and thus to 
reduction of strength and shortening of fatigue life). Larger 
geometric imperfections that influence the buckling resistance 
are also of concern.

Consequences of Production Defects
As production defects in composites can be of many types 

and sizes, their influence on structural behavior can vary greatly. 
Generally, production defects reduce the strength and lifetime 
of the structure as compared to the corresponding properties of 
a defect-free structure. They can also reduce the stiffness, but 
generally the effect on stiffness is less than that on strength, as 
changing the stiffness of a part requires a change in the proper-
ties of a significant volume of material whereas the strength can 
be reduced by very localized changes.

Some types of production defects are small and are distrib-
uted through the material so that they are taken into account in 
the material testing, provided that the test specimens are taken 
from a batch of material that is typical for the production of the 
blades themselves. However, many types of defects and imper-
fections require specific consideration.

In structural design, defects and imperfections are normally 
taken into account at the design stage by using appropriate 

safety margins or knock-down factors when assessing the struc-
ture’s strength in relation to the loads it is intended to resist. If 
the extent of defects and thus their effects on strength are not 
well understood, it is necessary to build in large safety margins 
to cover this uncertainty. For composite structures, such an 
approach can lead to unnecessarily conservative designs that 
are not economically (or even technically) viable, but if these 
margins are not built into the design, there can be an unaccept-
able risk that the structure will fail as a result of the presence of 
defects.

The industry needs to have a good understanding of the 
causes of production defects and imperfections and the mea-
sures that can be taken during production to reduce or eliminate 
them. This is especially important when production facilities 
are being established at new sites, with new personnel who may 
lack experience in high-quality composite production. It is also 
important when the scale of production is increased, in terms of 
either size or quantity of items produced. Knowledge of the 
influence that a defect or imperfection of given type, size, and 
location can have on the strength or lifetime of a structure or 
component is needed in order to determine the production toler-
ances and the acceptance limits for defects that must be speci-
fied in a production control system.

When considering defects in metal structures, it is most 
common to focus on tensile stress situations, as these tend to 
initiate and open cracks at the defect sites. For laminated com-
posites, defects can reduce the tensile and shear strength of the 
bonds between layers. They can also reduce or destroy the sup-
port the resin matrix gives to the fibers, thereby allowing them 
to buckle under compressive loading in the fiber direction.

An important tool in the understanding and modeling of 
many types of defects, especially crack-like defects such as 
delaminations and debonds, is the science of fracture mechan-
ics. This science is appreciably more complex for composite 
materials than for metals because composites are both inhomo-
geneous and anisotropic.

Delaminations
Delamination is the separation of laminate plies as a 

result of absence or failure of the bonding between layers of 
 reinforcement, either locally or covering a wider area. It can 
occur during either the manufacturing process or the subse-
quent service life of the laminated part. During the manufactur-
ing process, delaminations are caused mainly by contaminated 
reinforcing fibers, by insufficient wetting of fibers, or by shrink-
age that occurs during the curing of the resin and the resulting 
exotherm.

Generally, delaminations reduce the compressive strength 
by lowering the resistance to out-of-plane buckling of the 
groups of plies to either side of the delamination. Furthermore, 
they can grow under repeated loading, with failure occurring 
when the delamination reaches a critical size.

As an illustration, a series of tests by Short et al.49 on flat and 
curved GRP specimens showed that compressive failure loads 
were, in some cases, reduced by as much as 34% by the presence 
of a delamination, whereas a study by Hwang et al.50 showed that 
multiple delaminations, which tend to occur when a laminate 
suffers impact damage, led to as much as a 65% reduction.

Sandwich Debonds
Among the most critical types of defects in sandwich struc-

tures is an absence of connection between the face and the core, 
generally referred to as a debond or disbond. This kind of defect 
resembles delamination in a solid laminate but can be highly 
critical to the sandwich structure, as the basic sandwich princi-
ple is compromised.
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Debonds can occur in production if the adhesive layer forming 
the interface between the face and the core is absent in parts of the 
panel or if the adhesion is deficient as a result of inadequate surface 
preparation or incomplete curing. Debonds occurring as produc-
tion defects may be difficult to identify, as they do not necessarily 
cause any visible disturbance to the face sheet, although they can 
often be detected by tapping a coin or light hammer on the surface. 
Debonds can also occur as a result of in-service damage.

The influence of debonds on the strength of foam-cored sand-
wich panels was investigated both experimentally and theoreti-
cally using an advanced mixed-mode fracture mechanics approach 
by Berggreen and co-workers.51–53 Thus far, the studies have been 
mainly confined to cases with single loading, but damage growth 
under repeated loadings is currently being studied.

Wrinkles
Wrinkles can arise in single-skin (solid) laminates and in 

face laminates of sandwich composites. A wrinkle is caused by 
an excess of reinforcement in one or more of the plies in relation 
to the surface area available when the reinforcement is being 
placed. These plies are unable to lie completely flat and there-
fore form a small, outward buckle or wrinkle. The wrinkle can 
involve only the outermost plies of the laminate, but it can also 
start deeper down in the lay-up, even involving the entire thick-
ness in extreme cases (Figure 7). Wrinkles can significantly 
reduce the compressive strength of a laminate for in-plane load-
ing applied perpendicularly to the line of the wrinkle. In single-
skin laminates, the strength reduction is often so severe that the 
defect has to be repaired or the component rejected. However, 
in sandwich configurations, the core seems to have a stabilizing 
effect so that the strength reduction is less dramatic.54 In wind 
turbine blades, a major concern is the reduction in fatigue life 
that can result from the stress concentration at a wrinkle.

Geometric Imperfections
Geometric imperfections in composite structures have been dis-

cussed by Hayman et al.48 and Berggreen et al.55 Such imperfections 
consist essentially of two main types: out-of-straightness or out-of-
flatness within components and eccentricities or misalignments at 
connections. They can exist at many different scales in a composite 
component or structure and have many different causes. Geometric 
imperfections can never be totally eliminated, but to some extent, it 
is possible to limit their size by careful design of the production 
processes and then to take them into account in design.

At the most local level, waviness in the reinforcing fibers can 
significantly reduce the compressive strength of unidirectional 
laminates, especially those with carbon reinforcements. Fiber 
waviness can be either in-plane or out-of-plane. For a unidirec-
tional material, several models have been developed to determine 
 theoretically the compressive failure due to microbuckling. 
Budiansky56 presented a model in which this “kinking” phenom-
enon was described for an elastic-perfectly plastic, unidirectional 
composite. Soutis, Curtis, and Fleck57 investigated theapplicability 

of this model to multiaxial CFRP lay-ups. These studies showed 
that an increase in the imperfection angle by just a few degrees 
reduces the compressive strength dramatically. The effect of this 
type of defect is taken into account in the material testing pro-
vided the test samples are representative for the blade production 
process.

Most types of geometric imperfections cause increases of 
local stresses that can reduce the fatigue life of a blade. Larger 
scale geometric imperfections arising in the curing process 
influence the performance of components and structures that 
are subject to buckling failure.

Failure Involving Buckling
Taking adequate account of buckling effects in combination 

with production defects and geometric imperfections presents 
considerable challenges in the design of wind turbine blades, 
especially as blades become larger and more highly optimized. 
In contrast to design of metal structures, design of FRP struc-
tures against buckling normally follows a much simplified 
approach based on the calculation of an elastic critical load of 
the idealized, geometrically perfect structure, at best modified 
by a knock-down factor to account for the effects of geometric 
imperfections and residual stresses. A separate check for local 
material failure is performed, but usually, this does not consider 
the amplification of stresses that results from buckling defor-
mations in combination with imperfections. This is probably 
due to the facts that relatively few test results are available for 
buckling of FRP structures and that there is little published 
information on the manufacturing imperfections for which 
allowance needs to be made. An additional aspect is that com-
posite structures generally have a lower sensitivity to geometric 
imperfections than many of their much thinner metal counter-
parts. However, this does not mean that the effects of geometric 
imperfections can be neglected. Furthermore, for thicker com-
posites, the effects of the shear deformation that occurs through 
the laminate section need to be taken into account in the buck-
ling assessment, as illustrated recently for thick cylindrical 
composite shells by Vedeld.58

Defect and Damage Tolerance
As described previously, the issues of understanding pro-

duction defects, limiting their occurrence, and taking into 
account in blade design those defects and imperfections that 
may arise are critical aspects of wind turbine production. 
Different production defects and imperfections influence the 
structural performance in different ways, and it is important to 
have models that reflect these different influences. A number of 
theoretical and empirical models exist or are under develop-
ment to predict the reductions of strength that result from such 
defects and imperfections, as well as from transportation dam-
age and in-service damage such as that caused by bird, hail, and 
ballistic impacts. Combining these models of local phenomena 
with the global strength modeling of a large structure such as a 
wind turbine blade presents some challenges, and there is a 
need to develop rational but manageable procedures for doing 
so. Approaches such as that proposed by Hayman59 for defect 
and damage assessment of ship hulls built from sandwich com-
posites may find some application in this context.

Even greater challenges arise with respect to the types of 
defects and damage that can grow as the structure is subjected 
to repeated loadings in service. The effects of small defects that 
are inherent in, and typical for, a given production process can 
be taken into account in the fatigue properties obtained from 
tests on representative coupon specimens; the uncertainties that 
nonetheless exist in fatigue design have already been mentioned. 
Larger defect types such as delaminations and debonds require 

Figure 7. Sections through wrinkle defects of differing depths 
in a sandwich face laminate. The face laminate thickness is 
5.4 mm in each of the cases shown.
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more specific attention. In some cases, damage growth can cause 
the structure to fail, or at least decrease the residual strength such 
that the margin of safety is reduced to an unacceptably low level. 
In other cases, the redistribution of stresses or the introduction 
of new mechanisms such as fiber bridging giving increased 
crack resistance can cause the damage growth to slow and even-
tually stop. These growth phenomena in composites are still not 
fully understood, and damage growth models for composites are 
less well established than are those for metals.

When models for damage growth are available, it is possible 
to use damage tolerance principles in design and in inspection 
and maintenance planning. The basic principle is that one deter-
mines the growth rate and maximum damage size that are 
acceptable for the structure to perform satisfactorily. Then, one 
ensures that inspection is carried out both immediately after pro-
duction and at specified intervals during the service life of the 
structure such that an undetected defect or damage cannot grow 
to an unacceptable level in the interval before the next inspec-
tion. This approach is required, for example, by the U.S. Federal 
Aviation Authority Rules60 in the case of composite structures 
used in aircraft. However, failure in an aircraft structure can 
involve the loss of many lives as well as high economic losses, 
and the qualification, production, and maintenance regimes 
reflect this. It is yet to be seen whether this kind of approach can 
be usefully and economically applied to wind turbine blades.59

The Challenges
Existing Materials

As already discussed, the main challenges related to the 
application of existing materials concern fatigue life prediction 
methods and the development of models to describe the effects 
of production defects and imperfections on the strength and 
lifetime of a wind turbine blade.

New Materials
In the longer term, there is scope for improving the materials 

used in wind turbine blades. As indicated previously, wind tur-
bine blades need to be strong, stiff, and of low weight. Two 
particular weaknesses of laminated fiber-reinforced composites 
are their low tensile and shear strength in the out-of-plane direc-
tion and the fact that developments that increase their stiffness 
and tensile strength in the fiber direction do not generally have 
the same beneficial effect on the compressive strength. A fur-
ther consideration is recyclability: The thermosetting resins 
currently used cannot be recycled, and the only disposal method 
for fiber-reinforced composites containing these resins is to 
break the composite up into small pieces and incinerate them, 
feeding the heat into a district heating system, for example. This 
is not necessarily a major disadvantage, but greater flexibility 
with regard to recycling and disposal is desirable.

Carbon fiber reinforcements are being introduced into blades. 
These can be used to improve the stiffness and tensile strength in 
the fiber direction, as compared to materials containing glass, but 
the gains in compressive strength are generally significantly lower. 
Thus, it is often most economical to use a mixture of glass and 
carbon, with carbon being used mainly to increase the global blade 
stiffness. The same is likely to apply to any new high-strength and 
high-stiffness reinforcement fibers that may be introduced.

At present, moderately priced polymer resins and adhesives 
tend to be either strong, stiff, and brittle or weak, compliant, and 
tough. The development of products that provide a better combi-
nation of strength (including good adhesion), stiffness, and tough-
ness than those available at present would be a great step forward. 
However, such materials must not degrade in service and should, 
if possible, be recyclable. As mentioned by Brøndsted et al.,29

thermoplastic resins offer a number of advantages, including high 

toughness and a higher degree of recyclability. Disadvantages are 
the high temperatures needed during blade production and the 
difficulty in bonding finished parts together.

Environmental considerations may also lead to greater inter-
est in renewable materials such as natural cellulose fibers for 
reinforcement and biobased resins, rather than polymer materi-
als based on oil.

Improved Structural Design
In addition to the introduction of new materials, the struc-

tural design of blades offers some potential for development. 
The three data points to the extreme right in Figure 8 show the 
weight reductions that have already been achieved in recent 
years for fiber composite blades, through improved structural 
arrangements combined with some use of carbon fiber rein-
forcements. The structural design of the heavy root section of 
rotor blades has been optimized, leading to thinner root diame-
ters and thus smaller, lighter, and less expensive hubs. As men-
tioned previously, further optimization of blades and increases 
in their size mean a greater susceptibility to buckling failures 
and a need for better methods for taking account of the effects 
of geometric imperfections. There is also a need to develop 
practical approaches for achieving damage tolerant design.

The special behavior of anisotropic nonsymmetrical lami-
nates under combined bending and twisting has been exploited 
to design composite laminates and blade structures in which the 
blade bends and twists simultaneously, in a predetermined way. 
Thus, the aerodynamic profile of the rotor blade can be made to 
adjust itself optimally at low wind speeds for maximum aero-
dynamic performance and to twist itself out of the wind at high 
wind speeds so that the loads on the blade are reduced. This 
replaces the need for a conventional pitch control mechanism, 
which is generally slow to respond to gusts. There is a potential 
for further development of such “smart” blades.

Nondestructive Inspection and Structural Health 
Monitoring

The ability to deal effectively with production defects will 
be central to the cost-effective production of larger blades. An 
important aspect is the ability to detect unacceptable defects at 
an early stage. This is a formidable task for nondestructive 
inspection (NDI) because of the large areas and curved shapes 
that have to be scanned, the difficulty of accessing internal 
parts, and the variety of defect types that may be present. 
Although much progress has been made in the development of 
NDI techniques for composites in recent years,59,61 this area still 
presents some major challenges. Currently most blades are sub-
jected only to visual inspection. In some cases, inspection is 

Figure 8. Development in rotor blade weight versus length. 
Symbols indicate different manufacturers and processing 
technologies (from Reference 29).
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performed using the pulse–echo ultrasound technique, which 
can be readily built into a rapid scanning system. However, it 
cannot detect all kinds of defects in all materials. Thick sand-
wich materials present special challenges for NDI, and at pres-
ent, it is necessary to use a combination of different NDI 
techniques, some requiring access from both sides of the sand-
wich, if all important defect types are to be detected.

In view of the uncertainties still present in the prediction of 
degradation due to fatigue, especially in the presence of unde-
tected production defects, it is also of great interest to be able 
to monitor degradation of a blade while in service and to detect 
the incidence of damage due to events such as lightning strikes 
and hailstorms. Structural health monitoring systems, based on 
acoustic emission, optical fibers, and advanced sensor technol-
ogy, are under development to allow continuous recording of 
important parameters for the state of degradation of the materi-
als and to predict remaining lifetime with the aid of damage 
models. An unexpected change in the state of degradation, if 
detected, can be used to initiate inspection, repair, or replace-
ment of rotor blades.

Conclusions
The installation of wind power is growing rapidly and is 

expected to continue to do so for many years to come. At 
present, the majority of the production of wind turbines is 
located in Europe, while the major markets now include Asia 
and the Americas. Much of the necessary expansion of pro-
duction capacity for wind turbines can be expected to occur 
in Asia.

In the foreseeable future, it is expected that the horizontal-
axis wind turbine concept, most commonly with three blades 
made of composite materials, will continue to dominate in the 
generation of electrical power from wind. This applies to both 
land-based and offshore applications. As the units become 
larger and more highly optimized, stiffness, strength, and 
fatigue life will continue to be the main design considerations 
for the blades, with the prevention of buckling failure having 
increasing importance. The main materials challenges will be 
to ensure a consistent quality in production as the blades become 
larger, as new large-scale production facilities are established 
and as variations in production techniques are introduced, and 
to take into account in a cost-effective way those production 
defects and geometric imperfections that may be present. 
Improved knowledge of defects, their causes, and their influ-
ence on structural behavior under both static and time-varying 
loads will be essential to achieve this.
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Harvesting energy directly from sunlight using photovoltaic 
(PV) technology or concentrating solar power (solar thermal 
energy conversion) is increasingly being recognized as an essen-
tial component of future global energy production. The decreased 
availability of fossil fuel sources and the realization of the detri-
mental long-term effects of emissions of CO2 and other green-
house gases into the atmosphere are driving research and 
deployment for new environmentally friendly energy sources, 
especially renewable energy resources. An additional driving 
force is the increasing worldwide sensitivity toward energy secu-
rity and price stability. Capturing even a small fraction of the 
162,000 terawatts (TW) that reaches the earth would significantly 
impact the overall energy balance. PV systems, in addition, are 
portable and well-suited to distributed applications. The large-
scale manufacturing of photovoltaics is increasingly economi-
cally viable. The rapid expansion of manufacturing capability in 
PV components and the deployment of concentrating solar power 
(CSP) systems offers the potential for supplying a significant 
fraction (10% without need for storage) of our energy demand 
with minimal environmental impact. (See accompanying sidebar 
by Mehos for additional detail.) In addition, it is clear that these 
technologies represent one of the next major high-technology 
economic drivers eventually succeeding microelectronics, tele-
communications, and display industries. Truly achieving this 
goal will require materials-science-driven cost reductions, not 
just incremental cost reductions through economies of scale.

In 2004, the average total worldwide power consumption 
was 15 TW (1.5 × 1013 W), with 86.5% from the burning of fossil 
fuels, according to U.S. Department of Energy statistics. In 
2003, 39.6 quads (1 quad = 1 quadrillion BTU = 1.055 × 109 GJ, 
29.9 quad = 1 TW-year) of energy, largely from fossil fuels, was 
consumed to produce electricity just in the United States. After 
conversion losses, 13.1 quads of net electrical energy was output 
by power plants for general consumption.1 This amount of elec-
tricity could be produced by a 100 km × 100 km area of high 
solar insolation, such as in the desert southwestern United States, 

covered with solar modules with a power conversion efficiency 
of 15%. In order to meet the U.S. Department of Energy cost 
goal of $0.33/W or $0.05–0.06/kWh for utility-scale production, 
these modules would need to be manufactured at a cost of $50/
m2 or less. Goals for solar thermal power are comparable. 
Although the costs of modules are falling substantially, reaching 
these objectives with today’s technology will require significant 
improvements in cell performance, as well as in the additional 
components making up the balance of solar systems. In addition, 
a variety of new technologies including thin films, thin silicon, 
organic photovoltaics, multijunction concentrator approaches, 
and next-generation nanostructured devices have the potential to 
significantly reduce the cost per watt.

With the recognition of the vast potential of photovoltaic 
technology, worldwide production levels for terrestrial solar cell 
modules have been growing rapidly over the past several years, 
with Japan recently taking the lead in total production volume 
(Figure 1). Current production is dominated by crystalline sili-
con modules (including both large-grain polycrystalline and 
 single-crystalline materials), which represent 94% of the market. 
Devices based on silicon wafers, single- or polycrystalline, have 
been termed “first-generation” photovoltaic technology. These 
are fairly simple single-junction devices (diodes) that are limited 
by thermodynamic considerations to a maximum theoretical 
power conversion efficiency of 31% under direct AM1.5 sun-
light.2 Solar cells and modules are usually characterized accord-
ing to the IEC norm3 under standard test conditions (STC), which 
correspond to 1 kW/m2 (100mW/cm2) direct perpendicular irra-
diance under a global AM 1.5 spectrum at 25°C cell temperature. 
This means that an ideal silicon solar cell operating under direct 
sunlight converts approximately 30% of the illuminating solar 
radiation into electrical power, although actual cells suffer from 
parasitic losses. Current silicon solar cell design represents a con-
siderable evolution beyond that of a simple single-junction 
device incorporating passivation of the surfaces, light trapping, 
and sophisticated anti-reflection coatings to help absorb most of 
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Abstract
The direct conversion of solar energy to electricity by photovoltaic cells or thermal energy in con-
centrated solar power systems is emerging as a leading contender for next-generation green 
power production. The photovoltaics (PV) area is rapidly evolving based on new materials and 
deposition approaches. At present, PV is predominately based on crystalline and polycrystalline Si 
and is growing at >40% per year with production rapidly approaching 3 gigawatts/year with PV 
installations supplying <1% of energy used in the world. Increased cell efficiency and reduced 
manufacturing expenses are critical in achieving reasonable costs for PV and solarthermal. CdTe 
thin-film solar cells have reported a manufactured cost of $1.25/watt. There is also the promise of 
increased efficiency by use of multijunction cells or hybrid devices organized at the nanoscale. This 
could lead to conversion efficiencies of greater than 50%. Solar energy conversion increasingly 
represents one of the largest new businesses currently emerging in any sector of the economy.
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the light in the wavelength range accessible to silicon and ensure 
that each absorbed photon leads to a carrier in the external circuit. 
Figure 2 illustrates a Sanyo high-efficiency Si heterojunction 
with intrinsic thin layer (HIT) solar cell that has an efficiency of 
up to 22.3%.4 In fact, for the bandgap of Si, some current cells 
are pushing against the theoretical limit, so that it is methods to 
achieve significant cost reductions for the manufacturing of these 
sophisticated structures that are needed.

The progress in the efficiency of research-scale photovoltaic 
devices over the past several decades is shown in Figure 3. In 
nearly every technology, better understanding of materials and 
device properties has resulted in a continuous increase in effi-
ciency. Si, as already noted, is very close to its theoretical limit. 
In contrast, thin films such as amorphous Si (a-Si), Cu(In,Ga)Se2
(CIGS), and CdTe are all well below their potential maxima, and 
research efficiencies do not easily translate into production effi-
ciencies. New technologies such as dye cells, organic photovolta-
ics, and third-generation concepts have just begun and have a 
long materials and development path ahead. These observations 
are apparent in the referenced compilation of highest confirmed 
cell and module efficiencies for many of the PV technologies.5

One key to the development of any photovoltaic technology 
is the cost reduction associated with economies of scale. This 
has been very evident in the case of crystalline silicon (c-Si) 
photovoltaics. Figure 4 shows the decrease in the cost of crystal-
line silicon photovoltaic modules as the production rate has 
increased, as well as predicted future costs for both wafer-based 
c-Si and the emerging technologies to be discussed.6 The current 
cost of $4/Wp (Wp = watt peak) is still too high to significantly 
influence energy production markets. Although it is difficult to 
determine exactly, best estimates are that costs for wafer-based 
Si panels will level off in the range of $1–1.50/Wp in the next 10 
years,7 substantially higher than the $0.33/Wp target.

Thus, over the past decade, there has been considerable effort 
in advancing thin-film, “second-generation” technologies that do 
not require the use of silicon wafer substrates and can therefore be 
manufactured at significantly reduced cost. Steady progress has 
been made in laboratory efficiencies as can be seen in Figure 3

for devices based on CdS/CdTe, 
Cu(In,Ga)Se2 (CIGS), and amor-
phous Si. These devices are fabri-
cated using techniques such as 
sputtering, physical vapor deposi-
tion, and hot-wire chemical vapor 
deposition. Multijunction cells 
based on amorphous Si and amor-
phous SiGe alloys have been 
the most economically successful 
second-generation technology to 
date because of their ability to be 
fabricated at relatively low cost 
and to be integrated into electron-
ics and roofing materials. These 
cells, together with other single-
junction amorphous Si devices, 
comprise 6% of the market not 
dominated by silicon.

However, it is not clear that 
second-generation technologies 
are capable of displacing silicon 
unless they can demonstrate sig-
nificant cost reductions. The sin-
gle counterexample has been the 
recent emergence of CdTe from 
First Solar,8 with a compelling 
low manufacturing cost in the 
range of $1.25/Wp. However, 

there are some residual concerns about the environmental 
effects of Cd, leading First Solar to adopt a “cradle-to-grave” 
approach, from sourcing of Cd from mining byproducts through 
recovery and recycling of Cd from used solar cells.

Although not based on thin films, concentrating solar applica-
tions using either photovoltaic cells (typically high-efficiency but 
costly groups III–V multijunction devices) or solar thermal col-
lectors, take advantage of the relatively low cost of concentrating 

Figure 1. World photovoltaic module production (in megawatts), total consumer, and commercial per 
country (from , Paul Maycock, Editor; February 2004). Most of this production is from 
crystalline or multicrystalline Si solar cells at present.

Figure 2. Illustration of the Sanyo heterojunction with intrinsic thin 
layer (HIT) cell that is based on crystalline Si and has demonstrated a 
22% efficiency. TCO means transparent conducting oxide, typically 
used as a contact, and CZ indicates Czochralski-grown, which means 
pulled from the melt as a single crystal. The three types of amorphous 
silicon (a-Si) included in the cell differ in the types of dopants (or 
impurities) that have been added: -type (or intrinsic) is undoped,  

-type contains a dopant (such as phosphorous) that increases the 
number of free negative charge carriers (i.e., electrons), and -type 
contains a dopant (such as boron) that increases the number of free 
positive charge carriers (i.e., holes). The types and amounts of 
impurities in the silicon affect its conductivity and other properties.



357 

optics to compensate for high-cost converters. These approaches 
are cost-competitive with most of the thin-film technologies.

In addition, an emerging set of devices employ organic- or 
dye-based absorbers/acceptors including the Grätzel cell, organic 
photovoltaic cells, and a number of third-generation concepts 
including intermediate-band devices (i.e., devices that use an 
impurity level in the bandgap of the semiconductor to essentially 
split the gap to absorb more solar radiation), quantum dot solar 
cells, and multiple exciton devices. Some of these devices (i.e., 
the Grätzel cell and polymer-based bulk heterojunction devices) 
have demonstrated initially attractive efficiencies of >10% and 
>5%, respectively. Many of these devices can be fabricated with 
low-cost, solution-based, low-temperature, atmospheric-pressure 

processing approaches such as 
spray painting or inkjet printing.

The increasing manufacturing 
capacity in solar cells depicted in 
Figure 1, coupled with the uncer-
tainties of fossil fuel energy sources, 
is clearly a significant driver for 
 current photovoltaic technologies. 
Ultimately, however, there will be 
limits on how much the costs of cur-
rent technologies can be reduced. 
Achieving truly competitive cost 
and efficiency might require break-
throughs even in mainstay technol-
ogies. This is represented by the red, 
black, and blue “learning curves” in 
Figure 4, where significant techno-
logical advances might be neces-
sary to stay on the present trajectory 
at very high production volumes. 
This has driven more attention to 
the concept of third-generation PV 
technologies, as shown in Figure 
5.9,10 Here, the primary focus is on 
those approaches to solar energy 
conversion that strive to achieve 
very high efficiencies by exploiting 

processes that have smaller losses than a diode-based approach 
including hot-carrier collection, multiple electron–hole pair cre-
ation, and thermophotonics where the theoretical maximum effi-
ciencies are in excess of the 31% Shockley–Queisser limit for a 
single-junction device. In this case, the allowed cost of the cell 
can be higher. An alternative is to develop moderate-efficiency 
devices ( 15%) at extremely reduced costs. This is where print-
able organic solar cell devices and other approaches that are not 
capital- or energy-intensive might become important. Achieving 
the goal of <$0.30 per watt will require significant basic and 
applied science advancements over the next 20 years in a variety 
of technologies.

As we look to the future of solar energy, it is clear that mate-
rials science plays a critical role in this arena—in the near term 
for the improvement of Si, thin-film, and concentrator technol-
ogies and in the next 20–30 years for the development of third-
generation technologies. Although the focus here is on cell- and 

Figure 3. Progress of research-scale photovoltaic device efficiencies, under AM1.5 simulated solar 
illumination for a variety of technologies (as compiled by Larry Kazmerski, National Renewable Energy 
Laboratory).

Figure 4. Historical and projected costs for wafer and film c-Si 
photovoltaic modules versus their cumulative production (in mega-
watts). Extrapolations for future technologies are also shown (from 
References 5 and 6). The 70%, 80%, and 90% curves represent 
learning curves for the technology; the lower the percentage, the more 
rapid the learning, and the more rapid the price decrease with 
increasing production.

Figure 5. Cost-efficiency analysis for first- (I), second- (II), and third- 
(III) generation PV technologies (from Reference 9).
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device-level materials science, it is important to keep in mind 
the broad range of materials considerations required for cost-
effective solar conversion systems. For example, solar systems 
must have anticipated installation lifetimes and warranties of 
up to 25 years. To accomplish this goal, all of the system com-
ponents must be long-lived, low-maintenance, and stable. This 
requires solar cell packaging, contacting (bus structures), and 
support structures to be stable in a wide variety of climates with 
extremes in temperature, humidity, and wind, for example. 
Crystalline Si and stabilized amorphous Si have been able to 
meet these challenges. To date, the other thin-film technologies 
have not been commercially available long enough to evaluate 
their lifetimes, making the ability to perform accelerated aging 
on modules to predict stability a critical emerging area of solar 
science. Coupled closely to the development of improved cost-
effective photovoltaics is the eventual development of low-cost 
energy storage solutions, as discussed elsewhere in this issue 
(see the article and sidebar by Whittingham and the article by 
Crabtree and Dresselhaus). Also, as with all other technologies, 
PV modules contain valuable materials that will need to be 
recycled. Such considerations are generating interest in cradle-
to-grave or lifecycle approaches by some solar companies (such 
as First Solar mentioned earlier), whereby they install and will 
eventually remove and recycle their products. The natural 
resource needs, environmental issues of the various technolo-
gies, and impacts of recycling on the efficacy of technologies 
that use scarce or toxic materials are also important consider-
ations as the solar energy sector moves forward.

First-Generation Technologies
First-generation technologies are primarily crystalline Si 

(including large-grain poly- and single-crystalline) materials. 
Figure 6 shows a 2 megawatt (MW) system installed at the 
Sacramento Municipal Utility District power station in Rancho 
Seco, Arizona.

The current technologies are rapidly evolving toward costs 
of $1–2/Wp (see Figure 4). Key issues are Si feedstock supply, 
losses involved in preparing silicon wafers, and the develop-
ment of lower cost high-throughput processing. To this end, a 
number of companies are exploring the use of ribbon-based 
technologies in which crystalline Si is grown as a thin sheet 
directly from molten Si. This avoids the kerf loss (materials lost 
by sawing) associated with cutting blocks of polycrystalline 

silicon or boules of single-crystal Si into wafers. To date, the 
materials produced by the ribbon approach have not yielded the 
efficiencies of wafer-based single-crystal materials, but their 
efficiencies are reasonable for commercial viability. Both the 
ribbon and boule technologies are striving to achieve thinner 
cells. A cell that is approximately 30 microns ( m) thick and 
has an efficiency comparable to that of current cells (which are 
100–200 m thick) would significantly reduce materials costs. 
Manufacturing such a cell would require new ways to process, 
contact, and handle such thin materials. For example, contact-
ing could be done by inkjet noncontact printing instead of the 
screen-print approach currently employed.

Second-Generation Technologies
Second-generation technologies are those that have demon-

strated practical conversion efficiencies and potentially lower 
costs per watt than crystalline silicon, but that have no signifi-
cant market penetration at present. Commercialization of these 
approaches is typically in the early manufacturing phase. This 
group represents a fairly broad base of technologies, including 
thin-film photovoltaics, solar concentrators, solar thermal con-
version, and the emerging field of organic photovoltaics that 
sits between second- and third-generation technologies. The 
potential for producing power at substantially reduced cost has 
recently been demonstrated by First Solar for CdTe solar cells, 
with a reported manufacturing cost of $1.25/Wp. Some of the 
key elements of thin-film inorganic PV approaches are sum-
marized here, and further details can be found in a recent MRS 
Bulletin issue.11

Amorphous silicon has been the most commercially success-
ful thin-film PV technology to date, with 5–6% of the total PV 
market. Devices are typically single- or triple-junction designs 
laid down in multiple layers by vacuum deposition processes 
such as sputtering and plasma-enhanced chemical vapor deposi-
tion (Figure 7). The continued development of these multijunc-
tion cells is a materials challenge pushing the limits of materials 
synthesis and processing that is still not fully understood.

Amorphous silicon is attractive because its bandgap is quasi-
direct, leading to a larger absorption coefficient and hence thin-
ner absorbing layers and less materials cost than crystalline 
silicon. That is, Si absorbs light less efficiently near its band 
edge (indirect gap) than does a-Si, in which absorption turns on 
very rapidly (direct gap). Alloying with Ge allows absorption to 
be tuned across a useful range of the solar spectrum as is shown 
in Figure 7.12 Amorphous Si, however, suffers from a light-
induced instability known as the Stabler–Wronski effect that 
causes the cell efficiency to degrade with time. Although the 
effect cannot, as yet, be eliminated, the extent of the degradation 
can typically be reduced to 10–20% of the as-manufactured (not 
aged) efficiency. Maintaining the initial efficiency of a-Si is one 
of the great materials science challenges facing this technology. 
Most of the work to limit this degradation is focused on control-
ling the hydrogen content and morphology of the film during 
growth. The same growth techniques used to deposit amorphous 
silicon can also be used to grow films consisting of nano- or 
microcrystalline silicon, either with or without an accompany-
ing amorphous matrix, if the hydrogen content and deposition 
temperatures are changed, for example. These materials show 
crystalline, regularly ordered regions on a small length scale and 
usually form at increased process temperature. As grain size 
grows, the film begins to have more of the characteristics of 
polycrystalline silicon (also called polysilicon), with the energy 
gap becoming more indirect, thicker layers being required for 
complete absorption, and passivation becoming more important. 
Large-grain-size polycrystalline silicon thin films produced by 
solid phase crystallization of amorphous silicon are also being 

Figure 6. Two megawatt system installed at the Sacramento Municipal 
Utility District power station in Rancho Seco, Arizona.
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explored and are now in production (CSG Solar). In addition, 
combinations of polysilicon, amorphous silicon, and microcrys-
talline silicon are being explored to develop low-cost thin-film 
silicon solar cells on glass that could substantially reduce costs 
for large-area production.

High-Efficiency Concentrators
The highest efficiency solar cells known are multijunction 

cells based on GaAs and related groups III–V materials. Here, 
very sophisticated molecular beam epitaxy or metal–organic 
chemical vapor deposition (MOCVD) techniques are employed 
to grow a multilayer structure such as the triple-junction cell illus-
trated in Figure 8. These cells are too expensive for large-area 
applications but are usually used at the focus of mirrors or lenses 
that concentrate the solar light by 
a factor of 50–1,000. For maxi-
mum efficiency, the optic collec-
tion system must track the sun, 
which adds mechanical complex-
ity to the system. However, by 
concentrating the solar energy by 
up to 500 times, the cost of the cell 
can be reduced to the point that the 
cost of the optics dominates. Thus, 
if inexpensive optics and trackers 
can be developed, the technology 
is very competitive with thin-film 
technologies. This is a significant 
materials challenge in its own 
right.

The efficiency of a single-
junction device is limited by 
transmission losses of photons 
with energies below the bandgap 
and thermal relaxation of carriers 
created by photons with energies 
above the bandgap. The purpose 
of a multijunction device is to 
capture a larger fraction of the 
solar spectrum while minimizing 
thermalization losses. By stack-
ing cells in order of their band-
gaps, with the cell with the largest 
bandgap at the top, light is auto-
matically filtered as it passes 
through the stack, ensuring that it 
is absorbed in the cell most effi-
ciently able to convert it. Another 
elegant simplification is that, 
if bandgaps are appropriately 
selected, all of the cells in the 
stack will generate close to the 
same current, so the cells can be 
simply interconnected in series. 
Figure 8 shows how a three-
 junction cell splits the solar spec-
trum, leading to a theoretical 
efficiency of 52% of the incom-
ing energy converted to useful 
power for this particular combi-
nation of materials. The theoreti-
cal limit for multijunction devices 
where the number of junctions 
can be unlimited is above 60%. 
The best efficiencies to date 
have actually been over 40%, as 

recently reported for Spectrolabon multijunction cells with solar 
concentration. Achieving much higher efficiencies might require 
an increase in the number of junctions and/or integration of new 
absorber materials with more optimal bandgaps into the 
devices.13 The added complexity of concentrator systems, which 
must use tracking and concentrating optics, raises other issues 
such as appropriate site locations for tracking concentrators and 
the potential reliability/maintenance questions for active 
mechanical devices. The concentrator approach also collects 
little of the diffuse (scattered) solar radiation.

Solar Thermal Conversion
Historically, the most prevalent use of solar thermal systems 

has been flat-plate systems for domestic hot water or heating. 

a b

c

Figure 8. (a) Schematic of a possible configuration for a three- (triple-) junction device and (b) picture 
of a GaInP/GaAs/GaInAs cell with a demonstrated 31.3% efficiency. (c) Solar spectrum illustrating the 
basic approach for spectrum splitting by a multijunction cell. A four-junction device with bandgaps of 
1.8 eV, 1.4 eV, 1.0 eV, and 0.7 eV would have a theoretical efficiency of >52%.

Figure 7. Triple-junction spectrum-splitting amorphous (Si/Ge and Si) and microcrystalline silicon solar 
cell structure produced on a flexible steel substrate.  TCO, transparent conducting oxide; PECVD, 
plasma-enhanced chemical vapor deposition. (From United Solar Ovonic.)
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Worldwide, this is perhaps the largest use of solar energy at pres-
ent, estimated at up to 88 gigawatts (GW) per year according to 
an Environment California report. In fact, solar hot water is 
required for new housing in some countries such as Israel. These 
systems can be either passive or active. A passive system typi-
cally uses no pumps and depends on a gravity feed, as shown in 
Figure 9. These systems represent an important energy-saving 
technology that can be applied almost anywhere.

More recently, large-area solar thermal systems have emerged 
as a promising option. Such systems use concentrating collec-
tors for the solar radiation and heat a working fluid to a high 
temperature; the hot fluid can then be easily stored and utilized 
later to make steam to turn a turbine to generate electrical power. 
Figure 10 shows the solar power tower in California, which uses 
molten salts as a working fluid to produce 10 MW of power.

Other approaches to central solar thermal power include 
parabolic dish systems and parabolic trough systems. All of the 
systems operate at relatively high temperatures, ideally 400°C 
or higher. This enables in situ storage and ready generation of 
steam. Key materials challenges lie in the development of 
working fluids for solar collectors that are stable throughout the 
broad temperature range experienced and have high heat capac-
ities (amount of heat stored per molecule) but are still low in 
cost. New working fluids include polysilicones, nanostructured 
fluids, and molten salts. The other major area is the develop-
ment of high-efficiency optical coatings for mirrors and for the 

absorption of solar energy. Estimates are that solar thermal 
electrical power production could be up to 7 GW by 2015. (See 
the sidebar by Tritt et al. for further information.)

High-Efficiency Thin Films
Figure 11 shows typical cross sections of polycrystalline 

Cu(InGa)Se2 (CIGS or CIS with no Ga) and CdTe solar cells. 
Laboratory efficiencies for the former are approaching 20% 
(Figure 3),14,15 and a large number of companies around the 
world are developing a variety of manufacturing approaches 
aimed at low-cost, high-yield, large-area devices that maintain 
laboratory-level efficiencies.

Materials challenges exist regarding each layer of these 
devices, as well as the interactions between layers, beginning 
with the search for improved transparent conducting oxide 
(TCO) contacts. Such contacts need to be made from low-cost, 
plentiful elements; have high conductivities and high transpar-
encies in the visible spectrum; and allow for easy electrical 
isolation of devices.

Another example is provided by the thin CdS contact layer 
in both devices that also functions as a window for solar radia-
tion. Because CdS absorbs in the blue wavelength range, it is 
important that this layer be thin. When the layer is too thin, 
however, pinholes between the TCO contact and the absorber 
layer create short circuits. This is especially problematic for 
CdTe cells, in which diffusion of sulfur into the CdTe layer 
during post-growth annealing further decreases the CdS layer 
thickness. The inclusion of thin buffer layers between the TCO 
and the CdS, such as a highly resistive transparent oxide, 
improves efficiency.15,16 The exact role of the buffer layer, 
whether it simply introduces resistance into short circuits or 
changes the interfacial energetics, is not well understood, and 
optimization of this interface is a critical need. As can be seen 
in Figure 11, although the absorbing CIGS and CdTe films are 
thin (ideally 1 m and 5 m, respectively), the grain size for 
efficient devices is a large fraction of the thickness. In the case 
of CdTe, this large grain size is achieved by a post-deposition 
annealing in the presence of CdCl2 and oxygen, which pro-
motes low-temperature grain growth. Finding controllable and 
manufacturable methods for performing this annealing treat-
ment, or, better still, for incorporating it directly into the growth 
process, is an active area of research and development. The 
highest efficiency CIGS films are produced by physical vapor 
deposition, in which the grain microstructure is defined by a 
complex evolution from Cu-rich to In- and Ga-rich phases dur-

Figure 9. Passive solar hot water system on a residential 
roof top.

Figure 10. Solar 2 power tower in Barstow, California. The plant uses a 
combination of 60% sodium nitrate and 40% potassium nitrate as a 
working fluid and heat storage medium.

Figure 11. Cross-sectional scanning electron microscopy images of a 
Cu(InGa)Se2 (CIGS) solar cell (left) and a CdTe cell (right). The absorber 
layers are 1–2.5 and 2–8 m thick, respectively. CTO (cadmium tin 
oxide) and ZTO (zinc tin oxide) are transparent conducting oxides used 
as transparent electrical contacts to the solar cell.
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ing growth.17 Reproducing this growth path with other more 
manufacturable deposition options is a major challenge. 
Incorporation of Na+ ions, which occurs naturally as an aspect 
of growth on soda lime glass substrates, is also important to 
optimizing the CIGS device efficiency. Although there is no 
definitive explanation for the beneficial effects of Na, Na is 
believed to reduce the resistivity of the film and possibly 
increase the grain size.18 The defect structures at the grain 
boundaries in both CIGS and CdTe are just beginning to be 
understood and are believed to play a dominant role in both 
minority carrier lifetime and carrier collection. Other absorber 
layer materials and processing issues that affect cell costs 
include the need to lower growth and processing temperatures 
which presently exceed 500°C for the highest efficiency films, 
and the desire to use thinner films without loss of absorption. 
The latter goal requires methods for increasing the optical path 
length through back-reflection, texturing, or light trapping.

For the back contact, significant challenges exist in under-
standing and improving the electronic and structural character-
istics of these layers in both CIGS and CdTe devices. 
Delamination issues, for example, in CIGS cells are typically 
correlated with problems in the molybdenum back contact layer. 
Finally, we note that, although both CIGS and CdTe technolo-
gies have demonstrated good operating lifetimes, both are sensi-
tive to moisture. They are presently protected by being sealed 
between glass plates. A thin-film encapsulation approach that 
provides a moisture barrier without compromising efficiency 
could be a significant advance. Beyond the simple thin-film cells 
depicted in Figure 11 is the potential to combine thin-film mate-
rials, Si, a-Si, CIS, and CdTe to form tandem cells that capture 
more of the solar spectrum, analogously to the previously men-
tioned multijunction concentrator structures. Such an approach 
would place even more stringent requirements on understanding 
and controlling the interfaces between dissimilar materials.

Organic Photovoltaic Cells
As detailed in a recent MRS Bulletin issue,19 organic photo-

voltaics (OPV) represents a rapidly emerging device technology 
with the potential for low-cost non-vacuum-processed devices. 
OPV devices have rapidly moved from very low efficiency to 
efficiencies obtained by Plextronics and Konarka of 5.4% and 
5.2%, respectively, as documented by the National Renewable 
Energy Laboratory (NREL). The key is that these devices com-
bine polymers, small molecules, and inorganic nanostructures to 
build an excitonic-based structure. An excitonic solar cell first 
goes through an excited bound electron–hole state that subse-
quently generates charge carriers (which can do work in an exter-
nal circuit) by decomposing at an interface. The charge carriers 
are then collected conventionally. Although the excitonic mecha-
nism is different from the conventional PV mechanism, the theo-
retical efficiency is the same as for conventional semiconductor 
devices, with a cost structure similar to that for plastics process-
ing, leading to the potential for significant reductions in cost per 
watt. The development of materials for OPV systems is being 
leveraged by the emergence of an organic electronics industry 
based on displays (organic light-emitting devices, OLEDs) and 
transistors.20,21 A key aspect of OPV technology is that the organic 
small-molecule and polymer materials that are being investigated 
are inherently inexpensive; typically have very high optical 
absorption coefficients (very thin films work); are compatible 
with plastic substrates; and can be fabricated using high-through-
put, low-temperature approaches by low-capital-cost roll-to-roll 
processes.22 Thus, if efficiencies are comparable to or even 
slightly lower than those of existing technologies, there might be 
compelling cost arguments favoring OPV devices. Another 
important aspect of organic materials is their versatility. Organics 

exhibit a remarkable flexibility in the synthesis of basic mole-
cules, allowing for alteration of a wide range of properties, 
including molecular weight, bandgap, molecular orbital energy 
levels, wetting properties, structural properties (such as rigidity, 
conjugation length, and molecule-to-molecule interactions), and 
doping. The ability to design and synthesize molecules and then 
integrate them into organic–organic and inorganic–organic com-
posites provides a unique pathway in the design of materials for 
novel devices. Additionally, with the abilities to alter the color of 
the device, fabricate devices on flexible substrates, and poten-
tially print them in any pattern, OPV cells can be integrated into 
existing building structures and into new commercial products in 
ways impossible for conventional technologies.

A number of key issues must be overcome for the ultimate 
success of OPV technology. One is the development of red 
absorbing molecules to utilize more of the solar spectrum without 
losing open-circuit potential. It is also necessary to develop opti-
mized interfaces at the nanoscale that allow for exciton decom-
position, charge transfer and optimization of the morphology of 
the organic constituent. Additionally, a key materials issue faced 
by the organic electronics community in general is the stability 
of the organic materials. It is encouraging that, for instance, auto-
motive paints contain chromophores that are similar to molecules 
commonly used in OPV devices and that organic light-emitting 
displays are demonstrating acceptable lifetimes under high injec-
tion currents. Device degradation pathways stem largely from 
changes in morphology, loss of interfacial adhesion, and interdif-
fusion of components, as opposed to strictly chemical decompo-
sition. Thus, careful design, prudent materials engineering, and 
improved encapsulation should substantially improve device 
lifetimes. In fact, the issue of encapsulation is important to all PV 
technologies and is becoming an increasingly active area of 
research. Development of encapsulants that are stable for 10–25 
years with no yellowing and no diffusion of oxygen or water, that 
have low initial costs, and that are easy to process is a significant 
challenge. Increasingly, as for the OPV devices themselves, 
researchers are considering nanomaterial/polymer composites 
for sealants in which both elements scavenge impurites and slow 
diffusion. There are also efforts to develop new polymers with 
very little diffusion or photosensitivity to be the top and bottom 
layers for flexible PV devices.

Third-Generation Technologies
The term “third-generation photovoltaics” originally was 

coined to describe an “ultimate” thin-film solar cell technology. 
Features specified included high efficiency (derived from operat-
ing principles that avoided the constraints upon the performance 
of single-junction cells) and the use of abundant, nontoxic, and 
durable materials. In general usage, however, the term has been 
applied to any advanced photovoltaic technology ranging from 
organic cells to three-junction multijunction concentrator cells.

The multijunction approach discussed earlier is one of the 
best known and most investigated approaches meeting the aim of 
improving on the performance of single-junction cells. Efficiency 
ideally is limited merely by the number of cells in series; how-
ever, practical considerations tend to limit devices to between 
three and five junctions. Although the best cells do not meet the 
original definition of third-generation technology because they 
are not thin films and they use toxic and nonabundant materials, 
these disadvantages are not as severe in solar concentrating sys-
tems.23 Such concentrating systems closely resemble solar ther-
mal electric systems, particularly dish-Stirling and power tower 
concepts, although the photovoltaic conversion unit is simpler, is 
potentially more reliable, and now has higher conversion effi-
ciencies. (Note that a dish-Stirling system generates power by 
using parabolically arranged mirrors to reflect sunlight onto a 
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small focal receiver, thereby heating a gas chamber connected to 
a piston and drive shaft. The drive shaft powers a generator that 
produces electricity to be distributed to a grid.)

The multijunction cell approach is also being extended to 
much less expensive and more exploratory materials systems. 
The approach potentially has the same efficiency advantages, for 
example, in organic and dye-sensitized solar cells, but in this 
case, the difficulty is finding a stable, low-bandgap cell that uses 
similar/compatible materials. Combinations of these materials 
with inorganic cells that have a lower absorption threshold have 
worked well, but such devices violate the basic guideline that the 
best cells need to be on top in a stacked cell design. Another 
multijunction approach explores the use of quantum confinement 
to increase silicon’s bandgap and hence allow implementation of 
a higher temperature “all-silicon” tandem cell.24 By embedding 
Si quantum dots in a matrix of silicon oxide, nitride, or carbide, 
an increased optical bandgap has been demonstrated (Figure 12). 
Transport of photogenerated carriers is determined by dot density 
because, the closer the dots, the easier it is for carriers to tunnel 
between them. Stacks of either one or two of these quantum dot 
cells on top of a thin-film Si bottom cell have been proposed, with 
the effective bandgap of each cell determined by dot size.

Figure 13 shows the thermodynamic limiting efficiency for 
multijunction designs as well as a range of other options sug-
gested as possible third-generation approaches. For diffuse sun-
light, the thermodynamic limit on the terrestrial conversion of 
sunlight to electricity is about 74%, although the limit for con-
version approaches that are time-symmetric is somewhat lower 
at 68%. A multijunction cell with a large number of cells in the 
stack can theoretically approach this limit, with limiting effi-
ciency steadily dropping as the number of cells in the stack 
decreases, bottoming out at 31% for a single cell. (The best 

single laboratory cells made from Si or GaAs reach about 80% 
of this limiting efficiency.)

Hot-carrier cells also have close to the maximum theoretical 
performance potential. Rather than introducing complexity by 
stacking a large numbers of cells as in the multijunction approach, 
hot-carrier designs transfer the complexity to their operating phys-
ics (Figure 14). Although hot-carrier cells could be implemented 
as “simple” two-terminal devices and would almost certainly be 
very thin because of operating requirements, these requirements 
are severe. Unlike conventional cells, where photoexcited carriers 
quickly thermalize with the cell atomic lattice, a hot-carrier cell has 
to be designed so that the carriers are collected before this thermal-
ization occurs. This suggests small transport distances and tech-
niques for reducing the interaction between the carriers and the 
host lattice. Progress in nanostructural engineering aimed at con-
trolling lattice vibrational properties might provide some opportu-
nities here. Increasing the challenge further is the fact that careful 
attention has to be paid to the interface between the hot carriers and 
the outside world. Ideally, transfer should occur over only a narrow 
range of energies to prevent cooling of the hot carriers, again pro-
viding practical challenges. Resonant tunneling through quantum 
dots has been suggested as one way of meeting this requirement.

Next in efficiency in Figure 13 come the thermal approaches. 
A limiting efficiency of 54% applies to diffuse light conversion 
using such approaches. For direct sunlight conversion, such as 
for the concentrating solar power systems discussed earlier, this 
limiting efficiency jumps to 85% (but this value applies to only 
the fraction of the available light that is direct). The multiple 
processes in series in this case, as well as temperature constraints, 
limit practical efficiencies to only a fraction of this value.

Three other classes of approaches are also included in Figure 
13. The first is based on multiple-step excitations between differ-

ent energy levels deliberately 
introduced into a material. Again, 
nanostructures are being investi-
gated as a means of introducing 
different ranges of available ener-
gies within a material so that two-
step excitations are possible. The 
limiting efficiency is identical to 
that possible using optical upcon-
verters, which could be placed at 
the rear of a cell.25 In this case, two 
low-energy photons, which are 
not able to cause excitations in the 
cell individually, can be combined 
in the upconverter in two-step 
excitation to produce one higher 
energy photon, which the cell can 
use. There is also some advantage 
in using down-conversion,26 where 
one high-energy photon produces 
two (or more) lower energy pho-
tons prior to the light entering the 
cell.

The final option shown in 
Figure 13 is impact ionization 
(see also Figure 15) but also 
includes multiple exciton gener-
ation (MEG), an approach that 
has created much recent interest. 
Evidence for the creation of up to 
eight excitons from a single pho-
ton has been found in PbS, PbSe, 
PbTe, CdSe, and InAs quantum 
dots, with more recent work 
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Figure 12. Silicon quantum dots in an oxide material (micrograph) and resulting photoluminescence 
(PL) spectra as a function of quantum dot diameter. (a) Different particle sizes and associated PL 
wavelengths and (b) high-resolution transmission electron microscope image of the 5-nm particles for 
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showing MEG in Si quantum dots as well.27 What is now needed 
is a way of converting these multiple excitons to electrons 
doing useful work.

It is clear that new materials, particularly nanomaterials, are 
closely linked to current third-generation research efforts. The 
flexibility offered by nanomaterials in the engineering of criti-
cal materials properties might allow for the eventual implemen-
tation of even the more challenging of these approaches.

Summary
As discussed herein, the solar power industry, both PV and 

thermal technologies, is on track to become an increasingly signifi-
cant component of future global energy supplies. Although the 
industry is currently based on Si, ultimately, Si might not be able 
to meet long-term cost goals, opening the door to thin films and 
solar thermal conversion. Significant materials challenges exist for 
these technologies as well, but they are nearing manufacturability 
on a large scale, as evidenced in the recent growth of CdTe produc-
tion. New high-efficiency or low-cost technologies such as multi-
junction and organic-based devices are advancing rapidly and 
might have second- and third-generation embodiments. Finally, 
new very high-efficiency approaches to solar energy conversion 
offer the potential in the extended time frame to produce devices 
that can convert much larger portions of the solar spectrum. Given 
the anticipated market growth, nearly all of these approaches will 
have to be investigated in parallel to meet the demand.

Given the length of this article, the discussions of various 
solar technologies were of necessity brief, and adequate credit 
could not be given to all of the many leading scientists who 
have contributed to this field. For more information, interested 
readers are referred to the works previously cited as well as to 
the following resources on specific aspects of solar technology 
and the references cited therein: Si and thin-film inorganic pho-
tovoltaics,28–31 organic photovoltaics,32,33 third-generation pho-
tovoltaics,34,35 and solar thermal electricity.36
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CSP’s Great Potential

Photovoltaics is not the only means of using sunlight to gener-
ate electricity. Another major solar technology is called “concen-
trating solar power” or CSP. CSP technologies use concentrating 
optics to generate high temperatures that are used to drive con-
ventional steam or gas turbines. CSP is generally considered a 
central generation technology, rather than a source of distributed 
generation. That is, a large amount of power is generated in one 
location, with transmission and distribution to the various points 
of use, rather than generating small amounts of the power at 
numerous points of use. Because of this feature, CSP is predomi-
nantly a utility-scale source of power.

A 2005 study commissioned by the Western Governors’ 
Association (WGA) looked at the solar resource and suitable 
available land in seven southwestern U.S. states (California, 
Arizona, Nevada, Utah, Colorado, New Mexico, and Texas) 
and calculated a capability of generating up to 6,800 gigawatts 
(GW) using CSP technologies—almost seven times the current 
electric generating capacity of the entire United States. It should 
be noted that this Geographic Information Systems (GIS) anal-
ysis determined optimal CSP sites with high economic potential 
by excluding regions in urban or sensitive areas (e.g., national 
parks), regions with low solar resource (e.g., those with insuf-
ficient hours of daily direct-normal radiation), and regions 
where terrain would inhibit the cost-effective deployment of 
large-scale plants (e.g., terrain that had more than a degree or 
two of slope). Other factors considered included land owner-
ship, road access, local transmission infrastructure capabilities, 
and state policies and regulations. The WGA study found that, 
with a build out of only 2–4 GW of CSP, the technology will be 
competitive with conventional natural-gas-fired combined-
cycle plants with a cost of less than $0.10 per kilowatt-hour. 
With increasing capacity and further research and development 
in thermal storage, CSP can be competitive with future coal-
based generation, especially when considering the cost and 
performance impact of carbon constraints on future plants.

However, the southwestern United States is not the only area 
with great potential for CSP. Projects are under way in Spain and 
Northern Africa (e.g., Egypt, Algeria, and Morocco), with addi-
tional projects planned for Israel, the Middle East, Northern 
Mexico, and Australia. In total, over 40 utility-scale CSP plants 

are in construction or under various stages of development 
worldwide. These projects will lead to significant deployment in 
other regions with high solar resources, which includes areas 
with extended periods of sunny skies and relatively few clouds.

Three Basic CSP Systems
The three main types of concentrating solar power systems 

are parabolic trough systems, dish/engine systems, and power 
tower systems. Variants of these systems are also being consid-
ered, such as the compact linear Fresnel reflector system, which 
uses flat, rather than parabolic, mirrors with a Fresnel lens to 
concentrate the solar thermal energy.

Parabolic trough systems concentrate the sun’s energy 
through long, rectangular, curved mirrors (see Figure 1). The 
mirrors are tilted toward the sun, focusing sunlight on a receiver, 

Another Pathway to Large-Scale Power Generation: 

Concentrating Solar Power

Mark Mehos (National Renewable Energy Laboratory, USA)

Figure 1. Aerial photograph of Acciona’s Nevada Solar One, 
a 64 MW parabolic trough power plant near Las Vegas, 
Nevada, that covers 280 acres (  Acciona Solar Power). 
Inset: Closeup of an individual parabolic trough unit at 
Kramer Junction, California, showing the curved mirror and 
the receiver (  Henry Price).
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which is a special tube that runs along the focal line of the 
trough, with heating oil flowing through the receiver. The hot 
oil is then used to boil water in a conventional steam generator 
to produce electricity. Alternatively, water can be boiled directly 
in the receiver using a direct-steam receiver. As with towers, 
parabolic trough systems can use thermal storage, thus giving 
the systems the flexibility to dispatch electricity coincident with 
peak utility loads, which often occur late in the evening. 
Currently, parabolic trough systems are the most commercially 
developed technology, but the other technologies are also start-
ing to see commercial deployment.

A dish/engine system uses a mirrored dish, similar to a very 
large satellite dish. The dish-shaped surface collects and concen-
trates the sun’s heat onto a receiver, which absorbs the heat and 
transfers it to a gas within a Stirling engine (i.e., a closed-cycle 
regenerative hot-air engine) or gas turbine. The heat allows the 
gas to expand against a piston (Stirling engine) or power a tur-
bine to produce mechanical power. The mechanical power is 
then used to run a generator or alternator to produce electricity.

A power tower system uses a large field of mirrors to concen-
trate sunlight onto the top of a tower, where a receiver is located. 
This focused sunlight heats a working fluid such as molten salt or 
water/steam flowing through the receiver. Similar to oil in a para-
bolic trough receiver, the salt in a tower receiver is used to gener-
ate steam (using heat exchangers) to generate electricity through 
a conventional steam generator. Molten salt can be stored in tanks, 
allowing separation of the collection of solar energy from the gen-
eration of electricity. This is an important consideration for many 
areas of the U.S. southwest, where the peak utility loads often 
occur after the sun has set in the evening. Future low-cost storage 
options should allow both troughs and towers to operate as base-
load plants, potentially displacing coal-based generation.

Energy, Security, and Environmental Benefits 
of CSP

As CSP generates electricity, it also generates significant 
benefits related to energy, security, and the environment. First, 
as the WGA study determined, CSP can provide a huge capacity 
of electrical generation within the southwest U.S states. This 
utility-scale power is generally considered intermediate-load 
generation (capacity factors in the range of 30–70%), although 
advances in thermal storage as mentioned previously will pro-
vide baseload status in the future. Second, the “fuel” for these 
systems is sunlight—a domestic resource in all countries. 
Therefore, CSP technologies bolster energy security by not 
requiring imported fuel and decreasing the use of other conven-
tional fuel sources such as coal and natural gas. Finally, the 
environmental impact of CSP is also low, both in the manufac-
turing of the systems and during normal operations.

Materials-Related CSP Issues
The main challenges related to materials research and devel-

opment (R&D) are in the areas of optical materials (i.e., absorb-
ers and reflectors) and heat-transfer/storage fluids. In advanced 
absorber materials, the important factors are high absorbtivity, 
low emissivity, and good performance at high temperatures. In 
advanced reflectors, key factors are high reflectivity, high dura-
bility, and low cost.

One way to reduce the cost of parabolic trough technology 
is to increase the operating temperature of the solar field from 
400°C to 500°C or higher. Therefore, a materials-related chal-
lenge is to develop new, more efficient selective coatings for the 
absorbers that have both high solar absorbances and low ther-
mal emittances at 500°C. Moreover, although the absorbers are 

likely to be used in an evacuated environment, the coatings 
need to be stable in air in case the vacuum is breached.

Selective absorber surface coatings can be categorized as 
intrinsic, semiconductor–metal tandems, multilayer absorbers, 
metal–dielectric composite coatings, textured surfaces, or selec-
tively solar-transmitting coatings on a blackbody-like absorber. 
Intrinsic absorbers use a material having intrinsic properties that 
result in the desired spectral selectivity. Semiconductor–metal 
tandems absorb short-wavelength radiation because of the semi-
conductor bandgap and have low thermal emittance as a result 
of the metal layer. Multilayer absorbers use multiple reflections 
between layers to absorb light and can be tailored to be efficient 
selective absorbers. Metal–dielectric composites—cermets—
consist of fine metal particles in a dielectric or ceramic host 
material. Textured surfaces can produce high solar absorbances 
by multiple reflections among needlelike, dendritic, or porous 
microstructures. Additionally, selectively solar-transmitting 
coatings on a blackbody-like absorber are also used but are typi-
cally found only in low-temperature applications. To achieve the 
stated properties of high absorbance and low emittance at high 
temperatures, CSP research has focused on multilayer cermets.

For reflectors, environmental concerns are causing research-
ers to explore new designs for manufacturing mirrors. For exam-
ple, some scientists are studying thin-glass mirrors with 
copper-free reflective surfaces that use lead-free paints. This 
basic mirror construction is radically different from the historical 
constructions, and outdoor durability must be determined and 
any problems mitigated to achieve a commercially viable prod-
uct. Scientists are also developing mirrors using a silvered poly-
mer commercial laminate construction. Another option is 
front-surface reflectors that use a silvered substrate protected by 
an alumina hardcoat deposited under high vacuum by ion-beam-
assisted deposition. All of these reflectors must be able to be pro-
duced at low cost and must maintain high specular reflectance for 
lifetimes of 10–30 years under severe outdoor conditions.

Further materials R&D is also needed in thermal energy stor-
age, which includes developing advanced thermal storage mate-
rials and improving heat-transfer fluids. Note that the electricity 
generated by CSP can be stored in technologies discussed else-
where in this MRS Bulletin issue, such as batteries and flywheels 
(see the article and accompanying sidebar by Whittingham). 
However, storage in the realm of CSP specifically refers to effec-
tively storing thermal energy in the system, which is much more 
efficient and cost effective than other forms of storage at this 
time. This stored thermal energy can then be used to generate 
electricity at a later time, when the solar resource may not be 
available. Materials with improved heat-capacity characteristics 
will extend the storage capabilities and overall generating effi-
ciency of CSP systems.

Castable ceramic and high-temperature concrete are being 
tested for solid-media, sensible-heat storage systems (i.e., sys-
tems in which the addition or removal of heat results in a change 
in temperature). Other scientists are pursuing the development 
of improved phase-change materials such as high-temperature 
nitrate salts to allow large amounts of energy to be stored in 
relatively small volumes (for example, see the article and side-
bar by Judkoff and Bonfield, respectively, in this issue).

For further information on CSP technology, the interested 
reader can consult References 1–7.
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Introduction
The field of thermoelectricity began in the early 1800s with 

the discovery of the thermoelectric effect by Thomas Seebeck.1
Seebeck found that, when the junctions of two dissimilar materi-
als are held at different temperatures ( T ), a voltage (V ) is gen-
erated that is proportional to T. The proportionality constant is 
the Seebeck coefficient or thermopower:  = − V/ T. When the 
circuit is closed, this couple allows for direct conversion of ther-
mal energy (heat) to electrical energy. The conversion efficiency, 

TE, is related to a quantity called the figure of merit, ZT, that is 
determined by three main material parameters: the thermopower 

, the electrical resistivity , and the thermal conductivity . 
Heat is carried by both electrons ( e) and phonons ( ph), and 

= e + ph. The quantity ZT itself is defined as

ZT T
k k

2

e ph (1)

where  is the electrical conductivity. In addition, the thermo-
electric efficiency, TE, is given by

h hTE C

ZT

ZT
T
T

1 1

1 C

H

(2)

where C is the Carnot efficiency, C = (TH–TC)/TH and TH and 
TC are the hot and cold temperatures, respectively. Thus, a sig-
nificant difference in temperature (large T ) is also needed to 
generate sufficient electrical energy, and the infrared (IR) region 
of the solar spectrum can supply the needed hot temperature, 
TH. This is important because IR radiation generates only waste 
heat in conventional semiconductor-based solar photovoltaic 
cells.

It was not until the mid-1900s, when semiconductor materi-
als research became prevalent, that thermoelectric materials 
and devices became more important.2,3 Semiconducting materi-
als permit band tuning and control of the carrier concentration, 
thus allowing optimization of a given set of materials. A ther-
moelectric couple is made up of n-type and p-type materials, 
and in a thermoelectric device, many of these couples are then 
connected electrically in series and thermally in parallel. The 

thermal-to-electric energy conversion is a solid-state conver-
sion process that is quiet, has no mechanical parts, and provides 
long-term stability. Thermoelectric devices can be used either 
for cooling (Peltier effect) or for power generation (Seebeck 
effect).4 Thus, heat (typically waste heat) can be converted 
directly into useful electrical energy. Thermoelectric materials 
and devices was the theme topic of the March 2006 issue of 
MRS Bulletin, and readers are referred to the articles therein for 
more detail.4

Current thermoelectric materials, as shown in Figure 1, 
have ZT = 1, and new materials with ZT values of 2–3 are sought 
to provide the desired conversion efficiencies. The current 
materials exhibit conversion efficiencies of 7–8% depending on 
the specific materials and the temperature differences involved. 
With regard to solar energy conversion, thermoelectric devices 
will likely utilize the IR spectrum of solar radiation as shown 
in Figures 2 and 3. For example, a thermoelectric power con-
version device with ZT = 3 operating between 500°C and 30°C 
(room temperature) would yield about 50% of the Carnot effi-
ciency. As shown in Figure 4,5 a value of ZT >4 does not sig-

Thermoelectrics: Direct Solar Thermal Energy 

Conversion

Terry M. Tritt (Clemson University, USA), Harald Böttner (Fraunhofer Institut für Physikalische 

Me technik, Germany), and Lidong Chen (China Academy of Sciences, China)
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nificantly increase the conversion efficiency over that of a 
material with ZT = 2–3.5 Therefore, we believe that the “Holy 
Grail” of thermoelectric materials research is to find bulk mate-
rials (both n-type and p-type) with a ZT value on the order of 
2–3 (efficiency = 15–20%) with low parasitic losses (e.g., con-
tact resistance, radiation effects, and interdiffusion of the met-
als) and low manufacturing costs. With respect to solar energy, 
these materials would need to operate at about 1000 K ( 700°C). 
The solar energy conversion process could be envisioned as 
shown in Figure 3, where a high-efficiency solar collector turns 
the sunlight (from the IR spectrum) into heat that is then trans-
formed by the thermoelectric devices into usable electricity. In 
addition, the solar energy could be stored in a thermal bath and 
transformed into electricity through thermoelectrics when the 
sun was not shining.

Thermoelectric Applications
Thermoelectric applications are broad. Thermoelectric 

 materials had their first decisive long-term test with the start of 
intensive deep-space research. During the Apollo mission, ther-
moelectric materials were responsible for the power supply, and 
currently, radioisotope thermoelectric generators (RTGs) are the 
power supplies ( 350W) used in deep-space missions beyond 
Mars. Recently, the Cassini satellite was launched with three 
RTGs using 238Pu as the thermal energy source and SiGe as the 
thermoelectric conversion material.5 Smaller self-powered sys-
tems such as thermoelectric-powered radios were first mentioned 
in Russia around 1920; a thermoelectric climate-control system 
in a 1954 Chrysler automobile shows the scope of this technol-
ogy. Currently, millions of thermoelectric climate-controlled 
seats that serve as both seat coolers and seat warmers are being 
installed in luxury cars. In addition, millions of thermoelectric 
coolers are used to provide cold beverages. Even wristwatches 
marketed by Seiko and Citizen and biothermoelectric pacemak-
ers are being powered by the very small temperature differences 
within the body or between a body and its surroundings.

Thermoelectric materials were previously used primarily in 
niche applications, but with the advent of broader automotive 
applications and the effort to utilize waste-heat-recovery tech-
nologies, thermoelectric devices are becoming more prominent. 
The rising costs of fossil fuels have helped spawn a program 
between the Energy Efficiency and Renewable Energy office of 
the U.S. Department of Energy and several automotive manu-
facturers to incorporate thermoelectric waste-heat-recovery 
technology in the design of heavy trucks. Indeed, without such 
systems, more than 60% of the primary energy of fossil fuels is 
lost worldwide as unusable waste energy; the loss is as high as 
70% in some automobiles.

This field of thermoelectrics also covers forthcoming appli-
cations and markets for remote “self-powered” systems for 
wireless data communications in the microwatt power range, as 
well as automotive systems and deep-space probes in the inter-
mediate range of hundreds of watts. Researchers hope to pro-
duce systems of several kilowatts using waste heat energy from 
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stand-alone woodstoves and also transform the huge amounts 
of waste energy from industrial furnaces and power plants.

The Future of Thermoelectric Materials
The future expansion of thermoelectric energy conversion 

technologies is tied primarily to enhanced materials perfor-
mance along with better thermal management design. The best 
thermoelectric material should behave as a so-called phonon–
glass–electron–crystal; that is, it should minimally scatter elec-
trons, as in a crystalline material, whereas it should highly scatter 
phonons, as in an amorphous material. Materials researchers are 
now investigating several systems of materials including typical 
narrow-bandgap semiconductors (half-Heusler alloys), oxides, 
and cage-structure materials (skutterudites and clathrates).4
More exotic structures that exhibit reduced dimensionality and 
nanostructures have been the focus of much recent research, 
including superlattices, quantum dots, and nanodot bulk materi-
als. Also, recent progress in nanocomposites, mixtures of nano-
materials in a bulk matrix, has generated much interest and hope 
for these materials.4 The emerging field of these thermoelectric 
nanocomposites appears to be one of the most promising recent 
research directions. Such nanocomposites could allow for higher 
ZT values by reducing thermal conductivity while maintaining 
favorable electronic properties. With new higher efficiency 
materials, the field of harvesting waste energy through thermo-
electric devices will become more prevalent.

The most stable, long-term, and readily available worldwide 
energy source is that of solar energy. The issue has always been 

low-cost transformation and storage. Other alternative energy 
technologies such as fuel cells, wind energy, and thermoelec-
trics will provide some assistance in meeting our future energy 
needs. Many hybrid systems will be needed, and thermoelec-
trics is able to work in tandem with many of these other tech-
nologies, especially solar as it can use the heat source provided 
by solar radiation. Over the past decade, thermoelectric materi-
als have been developed with ZT values that are a factor of 2 
larger than those of previous materials. Another 50% increase 
in ZT (to ZT ≈ 3) with the appropriate material characteristics 
and costs will position thermoelectrics to be a significant con-
tributor to our energy needs, especially in waste heat or solar 
energy conversion. The likelihood of achieving these goals 
appears to be within reach in the next several years. Furthermore, 
some contribution from many of these alternative energy tech-
nologies such as thermoelectrics will be needed in order to ful-
fill the world’s future energy needs.
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The World Bank estimates that over two billion people on 
the planet live their daily lives without access to basic, reliable 
electric services.1 Rural populations in Africa, Latin America, 
Asia, and island nations need clean water, health services, com-
munications, and light at night. Small, simple, solar electric 
systems are part of the solution—increasing the quality of life, 
often at a cost that is less than what is presently being spent for 
kerosene, dry-cell batteries, and the recharging of automotive 
batteries that must be lugged to the nearest town on a weekly 
basis (see Figure 1).

Better technology through advanced materials can reduce 
costs and improve both the performance and reliability of 
solar electric systems, but in the field, nothing is “mainte-
nance-free.” A loose connection or a dry battery can quickly 
disable the most sophisticated system. The success of solar 
systems in remote areas depends not only on competitive cost, 
but also on the human infrastructure needed to deploy and 
maintain the systems. Work over the past two decades in pilot 
deployments of solar photovoltaic (PV) systems has high-
lighted a few issues that must be addressed if solar PV is to 
provide the promise of cost-effective, reliable energy solu-
tions in remote regions.2

Off-Grid Solar for Rural Development

Wole Soboyejo (Princeton University, USA) and Roger Taylor (National Renewable Energy Laboratory, 

USA)

Figure 1. In the village of Irapura, Ceara, Brazil, homes were fitted with 
50 W solar panels for night lighting, television, and radio. A battery 
stores electricity generated by the solar panel for use at night. 
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Although PV panels are close to maintenance-free, PV 
 systems are not; therefore, a maintenance support infrastructure 
needs to be established and nurtured. This issue must be addressed 
from the very conception of a project. This support infrastructure 
need not be complex, but it does need to be functional and 
 appropriate for the size, complexity, and sophistication of the 
systems deployed. A training program with documentation that 
is matched to the local capabilities, regular refresher courses, 
planning for personnel turnover, a spare-parts inventory, compo-
nent resupply, and funds for preventive and problem mainte-
nance must all be addressed.

In small stand-alone systems for homes, schools, health 
clinics, water pumping, and other applications, strong efforts 
need to be made to decouple the concepts of electricity sales 
measured in pennies per kilowatt-hour from fee-for-service 
monthly payments. Many rural customers are already paying 
$5–15/month for basic energy services that can be better met 
with stand-alone renewable energy systems (and without sub-
sidies). It is often difficult to convince electric utilities and other 
local officials to think about an energy-services approach where 
customers pay a flat fee-for-service—for lighting, refrigeration, 
or communications, for example—instead of a per-unit price 
per metered kilowatt-hour.

Rural electrification generally consists of power line 
extension or diesel mini-grids based on an annual budget for 
installations. The concept of life-cycle cost analysis, which 
equitably compares capital-intensive versus operating-
expense-intensive technologies, is still uncommon in small 
consumer transactions. The concept of life-cycle costing 
needs to be integrated into the training of officials charged 
with rural electrification.

Energy-efficient end-use applications/appliances are critical 
to economically sized renewable energy systems. Investing in 
energy efficiency has much more economic value than adding 
generation capacity to meet the demand of inefficient appli-
ances. It is important that a complete systems-engineering 
approach be maintained, attempting to deliver the best end-use 
service for the least overall system life-cycle cost.

The most important factor for successful implementation is 
a supportive, positive attitude by the rural electrification offi-
cials. The existence of a champion for solar-based rural electri-
fication, who is in a position of authority, is required to maintain 
momentum during and after installation. There is no substitute 
for a dedicated, influential, local champion.

In order to sustain a newly implemented rural electricity 
system, an administrative system needs to be developed and 
sustained. Many rural villages have formed cooperatives for 
fishing, agriculture, and other economic development activi-
ties. The specific electricity administrative solution will be 
regional or village-dependent or both. Although a number of 
models have been successful, care is needed in matching the 
administrative system to the village social dynamics.

Renewable energy solutions for village power applications 
can be economical, functional, and sustainable. Pilot projects 
are an appropriate step in the development of a commercially 
viable market for renewable rural solutions. Moreover, a sig-
nificant number of rural electrification projects are under way 
that employ various technologies, delivery mechanisms, and 
financing arrangements. These projects, if properly evaluated 
and communicated—so that their lessons are incorporated in 
future projects and programs—can lead the way to a future that 
includes a robust opportunity for cost-effective, renewables-
based village power systems, bringing modern electric services 
to rural populations at a cost that is competitive with or less than 

those of both central-station generation and stationary diesel 
generators.

In an effort to explore the sustainable application of solar 
energy in rural settings, a number of applications have been 
explored recently by the U.S./Africa Materials Institute 
(USAMI) at Princeton University, Princeton, New Jersey, and 
the Global Development Network (GDN), based in New Delhi, 
India. These include community-based solar energy approaches 
at an ecotourism lodge in Il Motiok, Kenya; rural electrification 
of the Aang Serian School in Eluai village, Monduli District, 
Tanzania; and a solar refrigeration project for cooling and pre-
serving vaccines during transportation to remote and rural parts 
of Kenya that cannot be reached by land rover. The last project 
was undertaken in close collaboration with the Art Center 
College of Design, Pasadena, California. In all cases, the proj-
ects have been designed to provide electricity to people living 
on less than a dollar a day. Hence, sustainability was considered 
carefully in the design and installation of the systems.

In the case of the ecotourism lodge in Il Motiok (Figure 2), 
a community-based solar system was provided to a women’s 
group that had set up an ecotourism lodge to attract local and 
international tourists to a remote off-grid region in the Laikipia 
district in Kenya. The solution involved the use of high-effi-
ciency crystalline solar cells, a charge controller, and two 
locally made 100 amp-hours (Ah) deep-cycle batteries that 
were used to develop a small station for the charging of solar 
lanterns (light-emitting devices or LEDs). Each charge was 
found to provide up to five days of lighting for local families in 
the local village. The lanterns were also used by guests who 
come largely from Europe and North America to enjoy the 
wildlife and local culture in the Laikipia plateau. The system is 
sustainable because the local people derive income from the 
ecotourism lodge. They also charge a small fee to charge cell 
phones that are now a common feature of life in most parts of 
rural Africa. Above all, the local managers of the charging sta-
tion were trained in solar maintenance and installation after the 
system was installed. This provided a much better alternative to 
driving 2 h to the nearest town, Nanyuki, to charge the solar 
lanterns and cell phones for local use.

Figure 2. Solar-powered light-emitting devices that provide five days 
of light after each charge at the Ol Gaboli Community Lodge, an 
ecotourism lodge in Il Motiok, Kenya.
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The experience of the 
Noonkodin Secondary School, 
which is run by the Aang Serian 
Community, is also of some 
interest. This is a school that was 
established to provide high 
school education to the nomadic 
Maasai and Hazabe people 
within the context of their local 
cultures and indigeneous knowl-
edge. Photovoltaic systems 
(Figure 3) were installed to pro-
vide electricity to the boarding 
house, classrooms, and homes of 
the teachers and headmaster. The 
local people and the staff at the 
school were also trained to main-
tain the system, which provided 
rural electrification for the first 
time to the people of the village. 
As income is earned from the 
school, the system can be main-
tained to provide for the long-
term electricity needs of the school and the local community.

In the area of global health, solar energy provides a crucial 
means of preserving vaccines in rural off-grid areas. Because of 
the high energy consumption associated with refrigeration, 
novel system designs are needed to develop sustainable solu-
tions for transporting vaccines to places that cannot be reached 
by the most rugged of land rovers. In such cases, the vaccines 
are often transported on camels on missions that can last up to 
seven days. In the case of the Mpala Clinic in Mpala, Kenya, a 
small group of nurses and local doctors provides healthcare to a 
population of about 150,000 people. Much of the community-
based care and vaccination of children, therefore, requires the 
preservation of vaccines. This motivated the development of a 
solar-powered refrigeration system that is powered by both flex-
ible and rigid solar cells (Figure 4). The system, which includes 
a special camel saddle, was designed jointly by a team from the 
Art Center College of Design and the USAMI researchers.

Larger scale rural electrification programs have been carried out 
by the Solar Electric Company of India (SELCO). This company 
has worked with banks to provide financing schemes to enable rural 
people to pay for solar systems in remote villages. Such approaches 
have enabled village economies to grow through stimulation of 
nighttime trading by the provision of solar electrification. They have 
also enabled off-grid rural people to enjoy the benefits of solar 
energy at rates that can be sustained by the local economies. This 
has been sufficient to stimulate the sustained growth of SELCO for 
more than a decade.

Similar models are being explored in Nigeria, where a recent 
collaboration between the U.S. and Nigerian academies of sci-
ence has investigated the concepts that could stimulate the 
establishment of science-based industries in Nigeria. Funded 
by the Gates Foundation as a pilot program, the group of U.S. 
and Nigerian scientists worked with local entrepreneurs, gov-
ernment representatives, and academics to explore the feasibil-
ity of establishing an off-grid solar company that could provide 
energy in an environment where power cuts are frequent in the 
urban areas, and often unavailable in the rural areas.

The U.S./Nigerian study essentially recognizes that the 
long-term viability of such off-grid solar companies requires 
the connection of solar energy to a successful business model. 
Furthermore, the business model must include financing 

schemes through banks or community savings groups; social 
entrepreneurship by local companies; the integration of main-
tenance costs into the financing and sales agreements; and the 
development of local technical expertise that can install, main-
tain, and replace these systems over the projected system life of 
about 20 years.

Although these examples show how current solar energy tech-
nologies are improving the lives of off-grid rural and rural/urban 
people, much work is needed to develop the materials technolo-
gies that could dramatically reduce the costs of solar energy. In the 
short term, the lowest cost per kilowatt-hour can be achieved by 
the use of amorphous solar energy systems provided by thin-film 
deposition technologies.2,3 However, the current–voltage charac-
teristics of these systems are often designed to provide relatively 
low currents (about 1 A). Hence, it is often necessary to have a 
greater number of amorphous solar cells (than crystalline solar 
cells) to provide the required amount of charge.

In the medium to long term, there is much hope that the so-
called balance of system costs could be reduced by advances in 
battery and charge controller technologies, as well as the devel-

a b

Figure 3. Solar electric power at the Aang Serian Community School in the village of Eluai in Monduli 
District, Tanzania: (a) crystalline silicon solar cells on the roof of one of the school buildings and (b) solar 
lanterns (light-emitting devices) and compact disc players powered by deep-cycle batteries at the 
school.

Figure 4. Solar-powered refrigerator for vaccine storage and 
preservation during transportation on camels to remote areas. 
(Courtesy of Patrick Kiruki and Marianne Armatullo of the Art Center 
College of Design, Pasadena, California.)
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opment of organic electronic structures that could provide the 
potential for low-cost solar energy. In the long term, such 
advances have the potential to reduce the cost of solar cells by a 
factor of 10. Such a reduction could greatly facilitate the global 
applications of solar energy in both the developed and the devel-
oping world. However, additional research is needed to improve 
the efficiencies of the solar cells and the stability of the organic 
electronic structures for rural and urban electrification (Figure 
5).4 Ongoing materials research efforts in this area are motivated 
by issues related to charge transport across bilayers and bulk 
heterojunctions and polymer/interfacial stability. This is espe-
cially true for organic solar cells and organic light-emitting 
devices, which are essentially solar cells run in reverse.

Before closing, it is important to note that recent advances 
in research have resulted in a rapid increase in the efficiencies 
of organic solar cells from about 1% to 6%.5 If the current trend 
continues, it is likely that organic electronic structures could 
soon become competitive alternatives to commercial silicon-
based solar cells that have efficiencies between 5% and 15%. 
This has motivated an integrated research effort in the global 
materials community.
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Figure 5. Organic electronic structures for rural and urban 
lighting: (a) flexible organic solar cells and (b) schematic of 
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California continues its tradition of leading the United States 
in environmental stewardship through the California Solar 
Initiative (CSI), a $3.3 billion program established in January 
2006. The goal is to generate 3 GW of electricity by 2017 through 
photovoltaic methods by installing solar cells on the roofs of 
existing and new residential and commercial buildings (see 
Figure 1).1 CSI will “reduce our output of greenhouse gases by 
3 million tons,” California Governor Arnold Schwarzenegger 
said in a speech given in October 2006. “That is equivalent to 
taking one million cars off the road.”

Although specific materials technologies are not mandated 
by the program, photovoltaic systems “are expected to be the 
common technology to receive incentives” according to the CSI 
Handbook.2 The fact that incentives paid to participants are 
based on the amount of electricity generated will motivate con-
sumers to adopt the most efficient solar cell technologies, thus 
increasing the performance level of the “common technology.” 
This should result in significant market pressure to drive com-
petition between photovoltaic cell manufacturers to produce the 
highest quality product.

The 3 GW Initiative

Tim Palucka (Science Writer, USA)
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The current list of approved products includes 861 photo-
voltaic modules from 44 companies worldwide.3 Approved 
modules are primarily amorphous Si, single-crystalline and 
multicrystalline Si, and thin-film CdTe devices. Prior to 
approval, all photovoltaic modules are tested according to 
PVUSA Test Conditions (PTC), which yields a wattage rating 
based on 1000 W/m2 solar irradiance, 20°C ambient tempera-
ture, and a wind speed of 1 m/s. PTC measurements for the 
861 approved modules range from 9.9 W to 1545.5 W. In addi-
tion, critical system components must have been commer-
cially available for at least one year to be eligible for the 
program.

CSI’s initial provisions called for a one-time, up-front rebate 
called the Expected Performance-Based Buydown (EPBB). 
The payment was to be made based on the calculated capacity 
of each system’s electricity production, taking into account 
such variables as the amount of incoming sunlight in a particu-
lar geographic region, the efficiency of the installed solar pan-
els, the tilt of the roof, and estimates of shading effects.

On August 24, 2006, however, the California Public Utilities 
Commission revised this system in favor of a Performance-

Based Incentives (PBI) plan.4 PBI called for monthly payment 
of incentives to owners of systems with a capacity of 100 kW 
or more based on the actual metered amount of electricity pro-
duced. (The EPBB plan is still in effect for systems smaller than 
100 kW.) Current incentive levels are $2.50 per generated watt 
for residential and commercial participants, with rates sched-
uled to decrease according to a fixed schedule over the 10-year 
lifetime of the program.

The early success of the CSI effort is evident in the fact that 
1157 projects valued at 9.4 MW in generated electricity and $25 
million in incentives have already been completed. In addition, 
there are currently 5,109 applications for installation of photo-
voltaic systems that would generate 160.5 MW of electricity 
and $320 million in incentives. The pace of applications is 
accelerating, starting with approximately 200 in January 2007 
and increasing to over 1200 in the month of August alone as the 
program becomes more widely known.

Ten percent of the $3.3 billion has been set aside for low-
income and affordable housing.5 In addition, the California 
Energy Commission is in charge of a 10-year, $400 million 
New Solar Homes Partnership, to encourage new home build-
ers to include solar energy capabilities in their designs.6 The 
fact that new home builders are not required by CSI to include 
solar cells in their designs continues to be a point of debate 
among Californians.
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Figure 1. California homes and commercial buildings with rooftop 
photovoltaic solar cells installed as part of the California Solar Initiative. 

 Sacramento Municipal Utility District, www.smud.org (accessed 
January 2008).
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Combustion: Opportunities and Challenges
An estimated three billion people continue to rely on solid 

fuels burned in the home to meet their basic energy needs.8

Approximately two million deaths annually are related to 
indoor air pollution from the burning of biomass.9 Apart from 
the obvious indoor emissions issue, there are other serious 
impacts of biomass energy use by the poor, including time spent 
(often by women and children) collecting fuel, deforestation (a 
limited effect), degradation of soil quality (due to the use of 
animal wastes as fuel), global warming due to products of 
incomplete combustion, and costs (mostly to rural families).

In the near term, there is a great need for biomass cookstoves 
that improve efficiency and dramatically reduce indoor emis-
sions. It is easy to improve the 15% efficiency of the three-stone 
fire, and any efficiency gains will serve to reduce the associated 
health and environmental problems. To be most effective, these 
new technologies must be inexpensive to purchase and main-
tain, and they must be disseminated widely. In the longer term, 
optimal solutions should enable the poor to cheaply and easily 
access cooking fuel that does not damage their local environ-
ment or expose them to hazardous emissions. Such technolo-
gies could use different fuels but could also continue to be 
biomass-based. Greenhouse gas (GHG) issues might also be 
addressed in these new technologies, in ways that basic human 
energy needs for cooking, heating, and lighting are supported 
simultaneously with climate change imperatives.

Many biomass combustion power plants are in operation 
throughout the world. The prime factors determining their loca-
tion and economics are fuel quality, quantity, seasonality, and 
ease of access. As a result, biomass power plants exist only in 
large-scale niche applications such as self-generation for paper, 
lumber, or sugarcane processing. In order to make these plants 
more competitive with fossil fuels, several key areas of research 
need to be pursued.

In the very near term, co-combustion of biomass in coal 
plants shows great promise as a low-cost solution to cut CO2, 
sulfur, and nitrogen oxide emissions.10 In the short term, 
improvements in the efficiency and alterations in the scale of 
combustion technology, including its ability to handle various 
fuels of inconsistent heating value, can greatly help increase 
capacity factors. Because the quality of biomass is much more 
variable than that of most fossil fuels, improved fuel collection, 
handling, and preprocessing can dramatically improve effi-
ciency. In the long term, efforts are needed to bring about a 
significant increase in the efficiency of the entire combustion–
generation system. Currently, typical efficiencies are in the 20–
25% range for electricity generation from biomass.11 It might 
well be more effective and economical to focus research efforts 
on generation from biomass gasification, as this technology 
holds more promise for improvements in efficiency, and to 
phase out large-scale generation from combustion. Break-
throughs in the following specific materials research areas can 
make a substantial contribution to biomass combustion 
technology:

improved refractory materials for furnace walls that will 
result in better thermal insulation and hotter flue gases, lead-
ing to increased thermal efficiency, and
reactor design and fuel processing methods that will result in 
more complete combustion.

Gasification
Gasification is a process in which solid or liquid carbona-

ceous material, such as biomass, coal, or oil, reacts with air, 
oxygen, and/or steam to produce a gas product called syngas or 
producer gas that contains primarily CO and H2, along with 
lesser amounts of CO2, CH4, and N2. This combustible mixture 

of gases is then burned to produce energy. About 70–85% of the 
energy in the biomass can be transferred to a gaseous form.12

Biomass gasification begins at a lower temperature than coal 
gasification because biomass is more reactive than coal. 
Biomass also contains potassium, sodium, and other alkali met-
als that can cause deposition of liquefied ash (slagging) and 
fouling problems in conventional gasification equipment. 
Biomass gasification is an old technology, but research and 
development in it has stagnated because of low fossil fuel 
prices. Many industrial routes for the utilization of biomass gas-
ification exist, such as production of H2 by the water–gas shift 
reaction and production of diesel fuel by the Fischer–Tropsch 
process.12

Gasifiers come in many designs, but all use one of two oxi-
dizing agents: air or oxygen. The main advantage of oxygen 
gasification is the production of high-heating-value gas that can 
be suitable for use in conventional natural gas turbines and also 
for pipeline distribution if necessary. However, a substantial 
penalty is incurred in terms of the cost and safety issues entailed 
by an oxygen handling subsystem.13 Hence, oxygen gasification 
is rarely used, but its potential advantages should make it an 
active area for research.

In steam gasification, steam is used as a reducing agent to 
produce a gas of higher heating value. The steam reacts with 
both methane and carbon monoxide to produce larger amounts 
of hydrogen. However, the costs for the subsystems associated 
with steam gasification are currently very high.14

Larger scale (>1MW) gasifiers are generally used for power 
production with an engine or, less frequently, with gas turbines. 
Gas turbines require the fuel to be compressed, and technolo-
gies are being developed to gasify biomass under pressure to 
eliminate the considerable energy cost of compressing the pro-
ducer gas. Currently, most pressurized gasifiers are of the fluid-
ized-bed type, but the technology is far from commercial.7

Fixed-bed updraft gasifiers are the oldest and simplest 
 gasification technology, in which biomass fuel is introduced 
at the top of the reactor and air is introduced at the bottom. The 
 producer gas exits from the top of the reactor. The main advan-
tages of an updraft gasifier are its ability to handle fuel with a 
high moisture content, its simplicity and low cost, and its ability 
to handle fuel with a high ash content. The main disadvantages 
are the high tar content of the gas and the low efficiency of 
conversion.

In a fixed-bed downdraft gasifier, the biomass fuel and the 
air move downward together; thus, the intermediate product 
gases move through the hottest zones of the reactor. This burns 
off most of the tars to produce much cleaner gas, which is the 
main advantage of downdraft gasifiers. The main disadvantages 
are the need for strict moisture limits in the fuel and the high 
amounts of nitrogen oxides and particulates in the product. This 
design is very popular in applications up to 1 MW.

Fluidized-bed gasifiers are very similar to fluidized-bed 
combustion furnaces. A heat-transfer medium such as sand is 
fluidized along with the biomass fuel by high air velocities. 
Like combustors, fluidized-bed gasifiers are also designed to be 
bubbling or circulating. Because of the high energy cost of air-
blowing subsystems, the benefits of fluidized-bed reactors are 
realized only at larger scales of operation. Some of the major 
advantages of fluidized-bed gasifiers are similar to those of flu-
idized-bed combustors, including high reaction rates and con-
version efficiencies and the ability to tolerate a wide variation 
in fuel types and characteristics.

The producer gas from a gasifier is directly used as a work-
ing fluid for power generation, which is essential to the effi-
ciency advantage of gasification over direct combustion, but 
which also means that the gas must be free of contaminants. The 
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same is true of syngas used to produce biofuels, as discussed 
further below. Thus, gas cleaning downstream of the gasifier is 
an integral part of any gasification technology. Biomass-derived 
producer gas can contain up to several hundred parts per million 
(ppm) of sulfur, depending on the source. Although this is far 
below the levels from coal gasification, sulfur must be removed 
from biomass-derived producer gas to levels approaching 
1 ppm for fuel synthesis. In addition, removal of tars, alkali, 
chlorine, ammonia, and particulates is required for virtually all 
downstream conversion processes. The main contaminants, the 
problems they cause, and the cleanup options are summarized 
in Table I.

The removal of particulates and alkali metals is simple but 
inefficient. Thus, there is much to be gained from the develop-
ment of materials and technology to remove these contaminants 
at high temperatures.

Tars in the producer gas can either be removed or be 
destroyed by cracking. Water scrubbing is the most widely used 
method for the physical removal of tars. However, the removal 
efficacy is not nearly as good for scrubbing as for cracking, 
mainly because tars need to be coalesced and cooling alone is 
not sufficient to remove them from the gas stream. In addition, 
this technique is fairly expensive and generates large amounts 
of polluted water.7 Thermal cracking avoids these problems, but 
on the other hand, is less effective and also has an added energy 
cost. Catalytic cracking can be very effective at temperatures of 
800–900°C with up to 99% tar destruction, but is expensive.13

Nitrogen compounds in biomass are also volatilized as 
ammonia and hydrogen cyanide. During combustion, these can 
form NOx. Fuel-bound nitrogen can be reduced in the following 
ways: selecting biomass without much nitrogen, applying water 
scrubbing, controlling combustion to reduce NOx formation, 
and using selective catalytic reduction at the exhaust.13

Gasification: Opportunities and Challenges
More than 70% of the energy content of most types of bio-

mass is easily volatilized in a gasifier, and when gasification is 
combined with partial oxidation, up to 85% of the energy con-
tent can be gasified.15 Such a high energy recovery through gas-
ification is not possible for many other fuels including coal. 
When this benefit is combined with efficiency gains through 
combined-cycle gas turbine generation in a process known as 
biomass integrated gasification combined-cycle (BIGCC) gen-
eration, the potential advantage of gasification over combustion 
is easily apparent.

In theory, gasifiers can accept mixed fuel inputs, making it 
possible to use heterogeneous, diffuse wastes. However, sig-
nificant barriers remain before this potential can be realized. 

Biomass gasification is not significantly commercialized, so its 
costs are much higher than those of conventional combustion-
based electricity generation. In addition, some serious technical 
issues need to be overcome before biomass gasification can 
become widespread. Foremost among these are yet-to-be-
proven treatment technologies for the producer gas to remove 
contaminants that can damage internal combustion engines and 
gas turbines.

In the long term, gasification should be able to offer benefits 
to the vast unelectrified areas of the developing world that have 
dispersed and low-quality fuel. Small (<50  kW), low-cost gas-
ifiers that could operate reliably in rural villages, vary output 

readily, and handle heteroge-
neous biomass fuel would be in 
great demand. These units also 
need to be rugged and prefabri-
cated for easy assembly and low-
maintenance operation in the 
rural areas of the developing 
world.

Anaerobic Digestion
Anaerobic digestion (AD) is 

the breakdown of organic mate-
rial by a microbial population 
that operates in an oxygen-free 
environment. AD is of great 
interest in energy production 
because the main product of the 
digestion process is methane, a 

powerful greenhouse gas. However, AD is primarily used as a 
waste management technology to eliminate pathogens, reduce 
odors, prevent nutrient contamination of groundwater, produce 
useful fertilizers, and eliminate releases of methane.16 In addi-
tion, AD can produce a gas that can be used for heating or elec-
tricity generation.

Because AD was commercialized as a waste management 
technology, it is substantially more mature than many other 
renewable energy technologies. In the United States and Europe, 
AD has primarily been employed in animal husbandry and in 
wastewater treatment as a cheap, effective, and environmentally 
low-impact means of dealing with waste. The product gas from 
AD is not necessarily used for electricity and heat generation, 
but simple retrofits are feasible for most digester systems.

Although little attention has been paid to AD in recent years, 
this technology can play an important role in reducing GHG 
emissions in two ways.17 First, untreated organic waste matter 
aerobically decomposes to release methane and carbon dioxide. 
When waste is instead collected and directed to a digester and 
used for energy production, these methane emissions are 
avoided. Second, the biogas produced can be used for com-
bined heat and power, frequently offsetting a more GHG-inten-
sive source of power. The avoided methane and CO2 emissions 
from waste collection are, in most cases, much larger than the 
emissions offset by electricity and heat production.18 Lower 
chemical fertilizer use in farms where the solid residues of AD 
are spread on the field is another source of avoided emissions 
that must be counted.

Opportunities to capitalize on these GHG emissions reduc-
tions are important for the adoption of AD technologies. In their 
absence, many AD installations in the United States and Canada 
do not produce power because the economics dictates against 
it.19 Further, small animal farms across the developing world are 
responsible for substantial methane emissions. These farmers 
could afford AD technologies if they were able to access carbon 
markets that would make such investments worthwhile. Once a 

 Produced Gas Contaminants, Problems, and Cleanup Processes.

Contaminants Examples Problems Cleanup Process

Particulates Ash, char, bed material Erosion Filtration, scrubbing

Alkali metals Sodium compounds Corrosion Condensation, filtration, 
adsorption

Tars Long-chain aliphatics Deposition on turbine 
blades, clogging of 
filters

Tar cracking, tar 
removal

Fuel nitrogen Ammonia, HCN NO  formation Scrubbing, catalytic 
reduction

Sulfur, chlorine H2S, HCl Corrosion, air pollution Lime scrubbing, 
adsorption

Source: Reference 13.
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digester is installed, it is extremely simple to use the biogas it 
produces for heating needs such as cooking. Therefore, wide-
spread installation of digesters on small farms could lead to 
reduced wood and charcoal use for domestic heat, which would 
have beneficial implications for indoor air quality, climate 
change, quality of life, and deforestation.

Although AD is clearly a mature technology, researchers see 
great potential in novel uses for it. In the near term, digester gas 
can be upgraded to natural gas quality and injected into regular 
natural gas pipelines in places where electricity production is not 
appropriate. In the long term, there is great interest in the engi-
neering of microorganisms that can produce hydrogen directly 
from anaerobic digestion of biomass.20,21 This effort is still early 
in the research phase, but it shows great promise as an inexpen-
sive source of hydrogen if successful. Another novel concept is 
an integrated biofuel–feedlot facility where animal feed is a 
coproduct of biofuel production and AD is used to augment 
power generation. (One such facility is now in commercial oper-
ation in Mead, Nebraska; see www.e3biofuels.com.)

Electricity Generation
Electricity generation technologies, and especially their gas 

quality requirements, create some of the key challenges for bio-
energy technology improvements. Such technologies typically 
include internal combustion (IC) engines and gas or steam 
turbines. (The latter two can be operated together for more effi-
cient combined-cycle generation.) In addition, there have been 
several recent installations in which AD gas is used to power 
medium-scale molten carbonate fuel cells. Microturbines could 
function as possible generators, but this technology is still bat-
tling to overcome durability problems.

The steam turbine is the most common technology currently 
used for the generation of power from biomass. Because the 
flue gas is not a working fluid, it does not need to meet any 
quality requirements when it powers a steam cycle. (Air emis-
sion requirements might apply, however.) Steam cycle efficien-
cies are low, between 15% and 25%.7 In contrast, biomass-based 
gas turbines and combined-cycle units require very clean gas 
and compression, but they can be up to 60% efficient. These 
higher efficiencies explain the great interest in biomass gasifi-
cation technologies.

Advantages of IC engines include ready scalability and (up 
to 100 kW scale) better tolerance of high levels of gas impuri-
ties than gas turbines. However, these parameters vary greatly 
depending on engine size and operating temperature. Overall, 
engines can be coupled with ambient-pressure gasifiers much 
more easily than can turbines.

To produce commercially viable large-scale BIGCC plants, 
the research agenda must target two key issues: the producer 
gas heating value and gas quality requirements for a gas turbine. 
The heating value of the producer gas from air-blown gasifiers 
is insufficient to power most contemporary gas turbines. (The 
cleaning of producer gas has already been discussed.) Turbine 
blades are very sensitive to acids, alkalis, tars, and particulates 
entrained in the fuel gas. Reliable data on these tolerances are 
difficult to obtain, but it is unlikely that turbines can be built to 
accept more of these impurities. Hence, the onus is on superior 
gas cleaning technology to enable gas turbines to run reliably 
on gasified biomass.

Biofuels
Modern biofuels have been used in some countries since the 

late 1970s, as one response to the oil price shocks of that time. 
Over 90% of current biofuel production today is ethanol pro-
duced through fermentation, which is described in the sidebar 
by Wyman on cellulosic ethanol. Current biofuels are essen-

tially traditional agricultural commodities that have been put to 
a new purpose as fuel, but they are not particularly good fuels.22

For instance, ethanol has a low energy density, can make fuel 
blends corrosive, can increase air pollution in some fuel blends, 
and is relatively expensive to produce. (The costs of production 
of cellulosic ethanol are unclear because no commercial-scale 
plants exist, although six pilot plants are now being built with 
the aid of grants from the U.S. Department of Energy. The expe-
rience gained in their construction and operation will probably 
lower production costs significantly.) These negative attributes 
suggest why biofuels have needed significant government 
support in the form of consumption mandates and various sub-
sidies to attain even the relatively minor levels of market 
penetration that they have today. Support for biofuels is essen-
tially an agricultural policy designed to provide added income 
to producers and processors.22 Subsidies for biofuels are 
 estimated to have reached $15 billion in 2007 for the 
Organization for Economic Cooperation and Development 
(OECD) as a whole.23

However, the recent rise in the price of crude oil has made 
some biofuels economically attractive, which, when combined 
with significant production subsidies and consumption man-
dates, has led to a rapid expansion of world biofuel use. Current 
consumption of biofuels globally constitutes about 2% of trans-
portation fuels by energy content, and this could expand to 
about 10% by 2020.

More recently, achieving reductions in GHG emissions has 
been added to the rationales for biofuel policies.24,25 However, 
the GHG emissions of current biofuels range from somewhat 
lower to greater than those from fossil fuels.26 Without appro-
priate incentives and regulations that lead to technological 
innovation, biofuels are likely to worsen climate change.2,23

Figure 1 illustrates the fact that dozens of biofuel pathways 
are possible and that many of them produce animal feed or elec-
tricity as coproducts. Today’s dominant biofuel production 
pathways are highlighted in Figure 1: corn ethanol, sugarcane 
ethanol, soy biodiesel, and palm biodiesel.

The first research challenge for biofuels is to address the 
problems these compounds entail when used as fuels (as previ-
ously described). It is likely that new compounds with superior 
properties and better production processes will emerge.12,27

Also, note that multiple pathways to biofuel-based hydrocar-
bons, electricity, and hydrogen exist. Because hydrocarbons are 
excellent liquid fuels, they might be promising in the short run, 
whereas in the long run, electricity and hydrogen pathways 
might offer a preferred technology.

The second research challenge for biofuels is related to 
their environmental performance. Current biofuel production 
can have high GHG emissions, as noted above, and also causes 
considerable pollution in some cases, consumes significant 
quantities of water, and may involve large monocrops of genet-
ically modified organisms. All of these issues need to be 
addressed.

Most importantly, the currently dominant biofuel produc-
tion pathways all require fertile land because they originate 
with agricultural crops, which is unsurprising given how bio-
fuel production is supported. Thus, biofuel feedstock produc-
tion competes with other land uses, such as food production and 
wilderness protection. The availability of fertile land is likely 
to be a limiting factor (along with water) for the volume of bio-
fuels that can be produced. (See the sidebar by Gust et al. for a 
discussion of this issue.) Increasing biofuel production will 
induce land use change, including conversion of natural ecosys-
tems into agricultural land (e.g., deforestation). This releases 
tremendous amounts of GHGs and threatens ecosystems. 
Although the effects of land use change are indirect and often 
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ignored, it is increasingly being recognized that, because of the 
effects of changes in land use, agricultural-based biofuels have 
much higher GHG emissions than is commonly believed.25,28

Sustainable biofuels that reduce GHG emissions and protect 
ecosystems are likely to require nonagricultural feedstocks, 
such as wastes and residues, as well as plants grown on low-
quality land.29 Another approach might be the increased inte-
gration of biomass feedstock production with food production, 
possibly improving nutrient and water management as well.30

The overall research challenge for biofuels, therefore, is to 
develop the technologies for producing more useful compounds 
at low cost while minimizing the use of scarce resources such 
as arable land and water. This means less reliance on the current 
suite of agricultural crops and greater use of wastes, residues, 
and feedstocks that can grow on low-quality land. Crucially, 
these feedstocks include lignocellulosic materials and algae.

Therefore, the development of low-cost methods for pro-
ducing biofuels from lignocellulosic feedstocks or algae is the 

Figure 1. Selected biofuel production pathways with currently dominant pathways highlighted. (Based on a figure drawn by A.D. Jones for 
Reference 24.)
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key to solving the challenge of sustainable biofuels. Such 
advances could permit large-scale production of biofuels with-
out using fertile land, there by releasing it for food production 
or allowing it to remain as wilderness.

Lignocellulosic production pathways for biofuels include 
either biological (fermentation) or thermochemical (e.g., gas-
ification) steps. Fermentation by yeasts or other microorgan-
isms requires simple sugars (e.g., glucose), which can be 
obtained directly from some feedstocks (e.g., sugarcane) or 
through the depolymerization of starch or cellulose. Because 
less processing is needed for sugar-bearing plants, biofuels 
made from these feedstocks are inherently less costly to pro-
cess (and have lower GHG emissions), followed by starches 
and then by lignocellulosic material. Thus, cellulosic feed-
stocks are abundant and cheap, but currently expensive to pro-
cess. This is why many of the key biofuel research issues are 
in the area of biotechnology to develop new and improved 
methods for overcoming the recalcitrance of cellulose and 
decomposing it into constituent sugars (called depolymeriza-
tion). The sidebar by Wyman discusses some key issues.

In addition to biofuels, interest in developing new bioprod-
ucts has also grown recently.31,32 Although bioproducts might 
substitute for products currently based on fossil fuels, there is 
no room for a discussion of them here.

Pyrolysis
Pyrolysis is the chemical decomposition of organic materi-

als by heating in the absence of oxygen; it is the process used 
to produce charcoal from wood and an early step in gasifica-
tion.33 Biomass pyrolysis products include volatile liquids, 
combustible gases, and solid char, the proportions of which are 
controlled through the temperature and the rate of reaction. The 
combustible gases can be used to generate power or heat, and 
the liquids can be converted to biofuel. Recent interest has 
focused on the synthesis of biofuels from pyrolysis. In the 
1980s, “fast pyrolysis” was developed as a means of increasing 
to 80% the liquid fraction, called bio-oil or bio-crude, which 
can be processed further into biofuels. Bio-oil mixtures can 
contain more than 400 different compounds, including alcohols, 
aldehydes, esters, and aromatic compounds. Fast pyrolysis of 
biomass typically occurs at 400–900°C and takes less than 2 s.12

During the past two decades, several different reactor designs 
have been explored that meet the rapid heat-transfer properties 
required.33 However, there is a great need for the development 
of better process controls to consistently achieve target liquid 
yields with the desired chemical composition.

Several commercial biomass pyrolysis technologies that 
produce bio-oils currently exist. However, bio-oils have signifi-
cant drawbacks, including low volatility, high viscosity, coking, 
and corrosiveness. Bio-oils must be upgraded or blended to be 
used as a transportation fuel. Techniques for upgrading include 
hydrogenation, zeolite upgrading, and steam reforming, all of 
which use catalysts but none of which have been perfected.12

Few studies have focused on the use of catalysts for biomass 
cracking (in situ upgrading) to generate fuels.33

Catalysis
A number of different catalytic processes might be impor-

tant in future biofuel production pathways, including Fischer–
Tropsch synthesis (FTS), hydrodeoxygenation of bio-oils, 
steam reforming, catalytic gasification, and biocatalysis.

FTS uses Co-, Fe-, or Ru-based catalysts to produce linear 
hydrocarbons and oxygenates, including unrefined gasoline, 
diesel, and waxes. This technology was used by Germany dur-
ing the 1930s and 1940s to produce liquid fuels from coal and 
is still in use in South Africa.34 The product distribution obtained 

from FTS depends on the catalyst and the process parameters 
such as temperature, pressure, and residence time.34 When 
either iron- or cobalt-based catalysts are used in the temperature 
range of 210–250°C, about 60% of the FTS product is heavier 
than diesel, but this product can be hydrocracked selectively to 
yield about 80% aromatic free diesel.35 The diesel yield can be 
increased further by additional processing. Because FTS prod-
ucts are predominantly linear hydrocarbons, they have an 
excellent cetane number (about 75 versus the typically required 
minimum of 45). High-temperature fluidized-bed FT reactors 
with iron catalysts are ideal for the production of linear olefins, 
which are higher-priced petrochemicals.

Biomass gasification yields mainly H2, CO, CO2, and CH4, 
which is not suitable for direct use in FTS but can be tailored 
by CH4 reforming, water–gas shift, and CO2 removal. 
Unfortunately, the FTS process appears always to yield prod-
ucts that range all the way from methane (normally unwanted) 
to high-carbon-number (up to 22) hydrocarbons.35 In addition 
to olefins and paraffins, oxygenated products such as alcohols, 
aldehydes, and carboxylic acids are also produced. As these 
oxygenated products are predominantly linear, it could be of 
commercial interest to develop suitable catalysts and operating 
conditions to maximize their selectivity.

Hydrodeoxygenation of bio-oils involves treating bio-oils at 
moderate temperatures (300–600°C) with high-pressure H2 in 
the presence of heterogeneous catalysts to remove the oxygen 
and form saturated C–C bonds. The energy content of the fuel 
is significantly increased, and the stability of the fuel increases 
during hydrodeoxygenation.12

Most hydrodeoxygenation work has focused on sulfided 
CoMo- and NiMo-based catalysts, which are industrial 
hydrotreating catalysts for the removal of sulfur, nitrogen, and 
oxygen from petrochemical feedstocks. However, bio-oils can 
also be upgraded using zeolite catalysts to reduce the oxygen 
content and improve the thermal stability. Temperatures of 
350–500°C and atmospheric pressure are used for zeolite 
upgrading. The advantages of using a zeolite catalyst are that 
no H2 is required, atmospheric processing reduces operating 
cost, and the temperatures are similar to those for bio-oil pro-
duction. However, poor hydrocarbon yields and high yields of 
coke limit the usefulness of zeolite upgrading.12

Steam reforming of fossil fuels is a well-established tech-
nology, and steam reforming of bio-oils is an extension of this 
technology. Steam reforming reactions are performed at high 
temperature (600–800°C) and short residence time, usually 
with a Ni-based catalyst. This reaction predominantly produces 
CO and H2 syngas. Commercial catalysts consist essentially of 
Ni supported on alumina. Steam reforming of bio-oils is com-
plicated because some bio-oil components are thermally unsta-
ble and decompose upon heating. Deactivation of the catalysts 
due to coking is one of the major problems, and bio-oils have 
more deactivation problems than do petroleum-derived oils. To 
address some of the above issues, a high temperature is needed 
in the reactor to gasify coke deposits formed by thermal decom-
position, and large quantities of steam are necessary to avoid 
catalyst deactivation by coking.12

In addition to traditional noncatalytic gasification processes 
(described above), catalytic gasification of biomass can be used 
to lower the operating temperature, making the process more 
economically feasible. Typically, temperatures above roughly 
750°C are required for noncatalytic gasification. Gasification 
catalysts can lower the operating temperature to around 600°C, 
resulting in substantial energy savings. A common gasification 
catalyst is dolomite [CaMg(CO3)2], an inexpensive carbonate. 
However, rapid deactivation by tar formation at the lower tem-
peratures of catalytic gasification has led to the search for more 
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tar-resistant, but still active, gasification catalysts. Ni-based 
catalysts have been widely studied, but they are usually based 
on steam reforming formulations and have not been optimized 
for catalytic gasification reactions and still suffer from deacti-
vation by tars.36

Catalysis research can also aid in more efficient gas cleanup 
from gasification. Currently, catalysts for the decomposition of 
tars downstream of the gasifier (as opposed to in-bed tar 
removal) are typically based on Ni catalysts, which operate at 
700–900°C. These catalysts are subject to deactivation, but rel-
atively few systematic studies of the deactivation process or 
how to regenerate the catalyst, particularly in situ, have been 
performed. Improvements in these technologies could be 
important.36 One other objective of catalysis research in gas 
cleanup is to intensify the processes/materials required to 
remove all of the contaminants, simplifying them into as few 
continuous operations as possible. Examples include combin-
ing alkali and particulate removal and catalytic tar and ammo-
nia decomposition on a particulate-resistant support.36

Specific research areas for catalysis include the following:
 FT catalysts and/or process conditions with better selectivity 

for carbon number. Meeting these objectives would require 
the successful manipulation of the FT chain-growth mecha-
nism. Unfortunately, to date, none of the hotly contested pro-
posed FT mechanisms have indicated how this goal could be 
achieved.35

Cost-effective gasification catalysts that are resistant to deac-
tivation and that will help improve the overall economics.36

Novel catalytic reactor designs tailored to the typically 
smaller scale of biomass conversion processes.36

Mechanically stronger FT catalysts to reduce erosion.
Catalysts for downstream adjustment of the H2/CO ratio for 
specific end products and for the reforming of biomass-
derived liquids (e.g., from pyrolysis).
Production of hydrogen-rich gases for subsequent hydrogen-
powered energy devices.

Novel Concepts
Several novel concepts are now emerging in the area of bio-

fuels. One is the potential of using free-floating algae to pro-
duce biofuels, perhaps similarly to how they are used today to 
produce food supplements such as spirulina.37–40 Most research 
efforts in this area are biological in nature, but research needs 
include materials and processes to maintain adequate growing 
conditions and catalysts or other processes to convert algae-
derived materials into suitable fuels.

Microbial fuel cells (MFCs) are a special class of fuel 
cells in which biocatalysts such as microorganisms or enzymes 
are employed instead of metallic inorganic catalysts.41,42 Such 
devices were discovered over a century ago and largely aban-
doned, but recent advances in nanoscale science and technol-
ogy might make it possible to overcome key drawbacks, such 
as short lifetime and low power density, that have limited 
enzyme-based biofuel cells from being used for practical 
applications. Various nanostructures exhibit the potential to 
stabilize and activate enzymes with much improved perfor-
mance. The large surface areas that nanostructures provide 
for the attachment of enzymes can increase the enzyme load-
ing and possibly improve the power density of biofuel 
cells. In that sense, nanoscale engineering of the biocatalysts 
appears to be critical in the next stage of advancement of bio-
fuel cells.

One innovative approach would be to join biomass and coal 
gasification with carbon capture and sequestration (CCS) in a 
single production pathway.43 Several studies have shown that 
the generation of negative atmospheric carbon emissions by 

integrating CCS and biomass energy technologies is potentially 
economical. The ability of biomass–CCS to generate negative 
atmospheric carbon emissions could fundamentally change the 
role of biomass in achieving deep emissions reductions by pro-
viding a mechanism to offset emissions anywhere in the econ-
omy.44,45 Recently, there has been extensive discussion of the 
possibility of using a biomass integrated gasification Fischer–
Tropsch (BIG–FT) process.46 A BIG–FT plant would cogene-
rate electricity, heat, and fuel from biomass and potentially 
lower GHG emissions significantly.

Another novel concept is the use of nuclear process heat in 
biofuel production, leaving more of the scarce biomass to be 
turned into fuel.47 Further, if nuclear-derived hydrogen were 
available, all of the carbon could be converted to high-quality 
hydrocarbon liquid fuels, possibly doubling the volume of 
available biofuels.

Bioenergy Supply Projections
The predicted volume of bioenergy in the global supply over 

the next half-century is much contested.2,48 The wide variation 
in projections is not surprising given the wide range of forces 
that can drive bioenergy use. Key uncertainties include differ-
ing predictions regarding the state of bioenergy and fossil fuel 
technologies, feedstock costs, the rate of global economic 
growth, climate policy, and the need for and availability of land 
for energy crops, among others.

Berndes et al.48 usefully categorized studies of bioenergy 
supply as shown in Table II. Demand-driven studies assess the 
demand for bioenergy that is determined by policy, economic, 
and environmental drivers. Resource-focused studies estimate 
the bioenergy resource base that can be feasibly extracted. 
Table II shows the upper and lower bounds of both types of 
studies, which suggest that the share of bioenergy might pro-
vide 5–40% of the total primary energy supply in 2050.

However, resource-focused assessments assume that energy 
crops make up the majority contribution to the bioenergy sup-
ply. The potentials for wastes, biomass production on degraded 
lands, and novel concepts such as algae-derived biofuels have 
not been considered in these studies, although they could be 
substantial. For instance, a recent evaluation found that, in the 
United States, municipal solid waste and forestry residues could 
contribute the equivalent of 10–30% of annual gasoline 
demand.49

Thus, it appears that bioenergy can eventually supply a sub-
stantial fraction of world energy (up to several tens of percent). 
However, for such levels to be environmentally sustainable and 
to not adversely affect the food security of the poor, improve-
ments in both technologies and policies are needed.2

Conclusions
Biomass remains a key energy supply for several billion 

people living in developing countries, and with near-record oil 
prices, the production of liquid biofuels for transportation is 
growing rapidly. However, both traditional biomass energy and 

Table II: Bioenergy Supply Projections in 2050.

Demand-Driven 
Studies

Resource-Focused 
Studies

Low estimate (EJ/
year)

22 47

High estimate (EJ/
year)

320 460

Note: Global energy demand is about 470 EJ/year.
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crop-based biofuels technologies have negative environmental 
and social impacts that are unlikely to continue to be acceptable. 
Therefore, technological innovation will be needed in bioen-
ergy, and changes in public policies will be equally critical.

Most immediately, enhancements in cookstoves can have 
multiple benefits such as improved indoor air quality and 
improved quality of life for the rural poor in developing coun-
tries. Further, resources that are diffuse or are currently wasted, 
such as grasses and organic waste, could, with improved tech-
nology, serve as fuels for distributed electricity generators that 
supply the rural poor.

In terms of biofuels technologies, the most important areas 
for research are those that enable the use of lignocellulosic 
feedstocks and yield high-quality liquid fuels, such as bio-based 
hydrocarbons. The ability to use lignocellulosic feedstocks, in 
turn, permits biofuel production without the use of productive 
land, releasing the land for food production or allowing it to 
remain as wilderness. Other biofuel technologies that require 
little or no arable land, such as algae, are similarly important. 
If carbon capture and sequestration technologies can be 
 successfully applied, bioenergy production could become 
 carbon-negative, creating a potentially lucrative opportunity. 
Fortunately, many possible production pathways from lignocel-
lulosic feedstocks to high-quality biofuels could become 
 feasible with materials (and other) research.

Technological progress will not be sufficient, however, as 
agricultural land might be used to grow energy crops instead of 
food crops because of the higher market value of the former, 
and the implications such land use can have for food prices 
appears to be adverse.50,51 This could force the poorest commu-
nities to compete for food with the richest attempting to buy 
fuel. Moreover, under current policies, the environmental 
effects from biofuel production might be worse than those from 
fossil fuels.

With improved policies and technologies, however, bioen-
ergy could contribute significantly to economic, social, and 
environmental goals. Eliminating the traditional mindset of 
biofuels as simply a new market for agricultural crops, subject 
to major support policies such as subsidies, will be essential to 
the development of cost-competitive biofuels. Policies that 
limit environmental impacts of biofuels, such as deforestation 
and greenhouse gas emissions, will help advance improve-
ments in technology. The increased demand for biomass for 
energy could potentially improve farm incomes, and with well-
designed policies, it could benefit the poorest farmers.
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What Is Cellulosic Biomass?
Although ethanol is now made from the sugars in the starch 

fraction of corn and other crops and from the sugar in sugar-
cane, a much greater impact for ethanol in terms of fuel use 
could be realized if the sugars from more recalcitrant cellulosic 
biomass could be converted to ethanol. Cellulosic biomass is 
the structural portion of plants and includes agricultural (e.g., 
corn stover, which is all of the above-ground portion of the 
corn plant, excluding the grain) and forestry (e.g., sawdust) 
residues, major fractions of municipal solid waste (e.g., waste 
paper and yard waste), and herbaceous (e.g., switchgrass) and 
woody (e.g., poplar) crops grown as energy resources.1

Although distinctive in outward appearance, these materials all 
comprise about 40–50% cellulose and 20–30% hemicellulose, 
with lesser amounts of lignin and other compounds such as 
sugars, oils, and minerals. Cellulose is a polymer of glucose 
sugar molecules that are physically linked together in a crystal-
line structure to provide structural support for plants. 
Hemicellulose is also made up of sugars covalently joined 
together in long chains, but it generally includes five different 
sugars: arabinose, galactose, glucose, mannose, and xylose. In 
addition, hemicellulose is an amorphous, branched material. 
Lignin is a phenylpropene compound that can be viewed as a 
low-sulfur, immature coal.

Biological Conversion of Cellulosic Biomass to 
Ethanol

The overall approach to converting cellulosic biomass 
to ethanol is outlined in Figure 1. Acids can break down 
the long chains in hemicellulose and cellulose to release 
the sugars comprising these materials through hydrolysis 
reactions, but because of their high specificity, enzymes 
known as cellulase can achieve higher yields of glucose 
from cellulose and are often favored.2 However, to survive 
in nature, cellulosic biomass has evolved a structure that 
resists enzymatic attack, and it must first be pretreated to 
better expose the cellulose to enzymes. Over the years, bio-
logical, chemical, mechanical, physical, and thermal pre-
treatments have been tried, but currently, only methods that 
treat biomass at temperatures of about 80–200°C with one 
or more chemicals have been able to realize the high sugar 
yields vital to economic success. Leading thermochemical 
pretreatment options include dilute sulfuric acid, ammonia 
fiber expansion (AFEX), neutral pH, and lime, although 
the choice depends on many factors including the nature of 
the substrate, enzymes, and organisms and other process 
details.3,4

A portion of pretreated biomass can be used to feed a fun-
gus or other organism that produces cellulase that can then be 
added to the bulk of the pretreated solids to release glucose 
from cellulose. In addition, the enzymes must be capable of 
releasing sugars contained in hemicellulose if the pretreat-
ment step does not fully accomplish this. Then, an organism 
is added to ferment all of the sugars to ethanol. Although con-
ventional yeasts ferment glucose and other sugars containing 

six carbon atoms efficiently, they do not use the five-carbon 
sugars arabinose and xylose well, and bacteria and yeasts have 
been genetically modified to accomplish this task. Following 
fermentation, the broth then passes into a distillation system 
for recovery and concentration of the ethanol, while the lignin 
and other portions not converted into ethanol can be burned to 
generate all of the heat and electricity needed to run the entire 
process, with excess power left to export to homes and busi-
nesses. The sugars released during pretreatment and/or enzy-
matic hydrolysis of hemicellulose and cellulose could also be 
biologically or chemically converted into other products in 
addition to ethanol, and lignin, an aromatic compound, could 
be employed to produce various materials such as adhesives 
and fillers.5

Benefits of Cellulosic Ethanol
Petroleum provides more energy internationally than any 

other source, accounting for about 35% of total energy pro-
duced, and unstable regions of the world hold the bulk of all 
known reserves. In addition, because over half of the petro-
leum is used for a transportation sector that is almost totally 
dependent on petroleum, developing alternative sources of 
liquid transportation fuels is vital to alleviating this perilous 
dependence,6 with biomass uniquely suited to sustainably 
meet this need. As one measure of its abundance, the U.S. 
Department of Agriculture (USDA) and Department of Energy 
(DOE) recently projected that about 1.3 billion dry tons of 
cellulosic biomass could be produced annually in the United 
States, from which enough ethanol could potentially be made 
to replace over half of the gasoline now used in the country.7

Cellulosic Ethanol: A Unique Sustainable Liquid 
Transportation Fuel
Charles E. Wyman (University of California–Riverside, USA)

Figure 1. Overall process flow diagram illustrating the important 
operations in the biological conversion of cellulosic biomass to ethanol.
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Thus, cellulosic ethanol production could play a major role in 
significantly reducing petroleum imports, improving energy 
security, creating rural agricultural and manufacturing jobs, 
and dramatically cutting the trade deficit for oil imports.

Ethanol has higher octane content than regular or even pre-
mium gasoline; this property, coupled with a higher heat of 
vaporization, permits operation with a higher compression 
ratio when ethanol is used as a pure fuel. The result can be 
considerably better efficiency compared to gasoline in terms 
of miles powered per unit energy content of the fuel, compen-
sating to some degree for the somewhat lower energy content 
of ethanol compared to gasoline. Thus, ethanol must sell for 
about 67–80% of the price of gasoline to provide equivalent 
cost per distance traveled. However, a larger portion of etha-
nol is used as blends with gasoline, and all automobile manu-
facturers warrant their vehicles for this use and employ 
appropriate materials in fuel lines to accommodate the some-
what greater corrosivity of blended ethanol. Although pure 
ethanol has low evaporative losses that can cause smog, low-
level blends with gasoline increase evaporation somewhat, 
potentially negating some of the benefits for reducing tailpipe 
emissions.

In addition to the powerful strategic and economic attributes 
of cellulosic ethanol, the use of lignin to power the cellulosic 
ethanol production facility and the low fossil fuel inputs 
required to plant, grow, harvest, and transport cellulosic bio-
mass and to transport ethanol to its destination result in very 
favorable energy balances for cellulosic ethanol. As a result, 
less than 10% of the ethanol energy produced has required fos-
sil energy inputs.8 Even more importantly, these low fossil fuel 
requirements translate into very low net greenhouse gas emis-
sions of less than 12% of those of gasoline;8 this ratio could be 
improved if the electricity exported to the power grid displaced 
requirements for coal and more renewable fuels were employed 
in all operations.9 In addition, more carbon dioxide could be 
removed than released in the process if the virtually pure carbon 
dioxide produced during fermentation could be sequestered 
in underground caverns or through other techniques being 
developed.10

Technical and Economic Progress
Cellulosic biomass is a low-cost feedstock, with a cost of 

about $40/dry ton being competitive with petroleum at about 
$13/barrel on an equivalent-energy-content basis.11 Although 
the resistance of biomass to biological breakdown has been his-
torically expensive to overcome, an important advantage to 
using biological processes for this operation is that we can 
employ the power of modern biotechnology to dramatically 
improve the process and reduce processing costs.12 In this vein, 
advances in pretreatment, enzymes, and fermentative organ-
isms as well as process integration have lowered the costs from 
about $4–5/gal of ethanol in the early 1980s to being competi-
tive with ethanol made from corn now.13 Furthermore, costs as 
low as about $0.60/gal could be realized if leap-forward tech-
nology advances were made in the most expensive processing 
steps: pretreatment and the biological conversion steps of 
enzyme production, enzymatic hydrolysis, and fermenta-
tion.14,15 For example, genetically modifying organisms to make 
their own enzymes while also fermenting the sugars they release 
to ethanol with high yields is one promising approach. Another 
would be advanced pretreatment systems, or plants that are 
genetically modified to be more susceptible so that just water 
could be used for pretreatment, thus avoiding the need for 
exotic materials of construction. Advances in low-cost materi-

als of construction to handle dilute acid or other chemicals 
would also be invaluable.

Commercial Challenges
Despite its tremendous potential benefits and ongoing 

technical and economic progress, cellulosic ethanol technol-
ogy has yet to be commercialized. First, enzymes have been 
too expensive historically, but through funding from the U.S. 
DOE, both Novozymes and Genencor claim to now be able to 
produce low-cost enzymes.16,17 In addition, although operating 
costs can be low for technology that achieves high ethanol 
yields, capital costs are high, and private investors are reluc-
tant to undertake such large projects for first-of-a-kind opera-
tions. The fact that ethanol is a commodity product with tight 
margins further impedes commercialization. Thus, the inher-
ently high capital costs coupled with the high cost of capital 
for first projects is the major obstacle.15 Various opportunities 
can be employed to counter this risk, such as retrofitting exist-
ing facilities, financing with low-cost government bonds, sell-
ing higher value coproducts, and using low-cost wastes as 
feedstocks. However, although cellulosic ethanol can ulti-
mately compete without subsidies, government assistance and 
policy will likely be critical to overcoming the concerns about 
risk for first applications and getting the industry off the 
ground, just as it was in facilitating the emergence of the pet-
rochemical industry during World War II. To be effective, 
incentives for the first few commercial facilities must be per-
manent so that large capital investments cannot be stranded by 
changes in government policy. Improving our knowledge of 
the fundamentals of the complex interaction of solid cellu-
losic biomass with enzymes and organisms would also build 
confidence in technology applications and suggest routes for 
dramatically advancing the technology to reduce costs.

Closing Thoughts
The production of ethanol from low-cost and abundant cel-

lulosic biomass provides a powerful and unique route to sus-
tainable production of liquid transportation fuels that our 
society uses so extensively and offers tremendous economic, 
strategic, and environmental benefits. Significant progress has 
been made in advancing the technology so that it is cost-
 competitive now, and lower costs are foreseeable. However, the 
challenge to widespread use and commercialization is over-
coming the risk of first applications, with well-directed govern-
ment policies likely being critical to the emergence of this 
industry, an industry that can have a major impact on our quest 
to reduce use of petroleum from unstable regions of the world 
and also cut greenhouse gas emissions that present a mounting 
threat to our way of life.
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All oxygen-dependent life depends on photosynthesis. In 
addition to breathing the oxygen produced by photosynthesis, 
humans have been harnessing energy from photosynthesis for 
millennia. Since the beginning of human societal structures, 
human needs have driven the evolution of agricultural produc-
tion, and they continue to do so. Recently, it has been suggested 
that agriculture can contribute substantially to human techno-
logical (nonnutritional) energy needs. This possibility raises 
concern because the projections of human energy needs argue 
convincingly that without large increases in energy conversion 
efficiency (ECE), land-grown biofuel production and food pro-
duction will compete for land, a largely untenable compromise 
given the current nutritional status of the world’s underdevel-
oped societies.

In addition to using the fuel provided by nature’s photosyn-
thetic process, humans have devised direct routes for harness-
ing solar energy including, for example, photovoltaic (PV) 
cells. These cells produce energy in the form of electromotive 
force (emf, electricity), which, although ideal for many applica-
tions, is not easily stored and used for fuel (e.g., in transporta-
tion). We posit that transformational progress toward meeting 
the goals of supplanting fossil fuels, providing energy security, 
and mitigating climate change can be made at the intersection 
of technology and biology. This intersection comprises artificial 
photosynthesis, other bio-inspired energy conversion processes, 
and the design of organisms that specialize in efficient biofuel 
production from solar energy. As outlined here, artificial con-
structs can contribute directly to solar energy conversion, can 
be incorporated into hybrid systems, and can inform the design 
of new photosynthetic organisms.

What Do We Mean by Efficient, and Why Isn’t 
Natural Photosynthesis More Efficient?

The initial energy-conserving steps in the conversion of 
solar energy to either electricity or biomass can be described by 

elementary photophysical processes; the essential ones are 
shown in Figure 1. The absorption of light (red and green 
arrows) promotes an electron to a higher energy level, which 
leads to an excited state in which an electron is repositioned in 
spatial and energy coordinates and a positive charge (hole) is 
left behind. This is the transformation of solar to chemical 
energy; the electron is chemically reducing (low electrochemi-
cal potential), and the hole is chemically oxidizing (high 
 electrochemical potential). In molecular systems, the further 
stabilization necessary to prevent wasteful relaxation back to 
the ground state involves moving the electron and hole farther 
apart; there is a concomitant loss of energy (illustrated by the 
dash-dotted arrows in Figure 1) necessary to drive this charge 
separation process. In typical PV cells, the hole and electron are 
separated and thereby stabilized by an internal electric field at 
the junction of the n- and p-type semiconductor materials. 
The energy associated with separating the charges (dash-dotted 
arrows in Figure 1) reduces the electrical energy available 
in the external circuit. Charge separation sets the stage for 
 describing three efficiency-defining processes: a high fraction 
of the photons absorbed must yield charge separation (i.e., the 
quantum yield of charge separation must be high); the energy 
of the charge-separated state must be high; and recombination 
of the electron and hole, producing heat, must be much slower 
than chemical reactions making productive use of the oxidation 
and reduction potential (or slower than the conduction of charge 
in a PV device).

ECE is defined as the usable electrical or harvestable chemi-
cal energy output divided by the total solar energy incident on the 
organism or device. In terms of meeting human energy needs, 
which are usually expressed on an annual basis, it is convenient 
to calculate ECE using insolation (incident solar energy) per year 
summed over diurnal and seasonal cycles. ECE is a fundamental 
parameter that determines the area required to provide a specified 
amount of energy for human use. Some examples of the ECEs of 
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biofuel production by photosynthetic organisms and electrical 
work by a typical PV cell are listed in Table I.

Clearly, not all of the energy of incident sunlight can be 
converted into useful work. In addition to the efficiency-
 limiting processes mentioned above, other factors come into 
play. The ECE is limited first by the fraction of sunlight 
absorbed by the organism or device: photons having less 
energy than required for the lowest-energy absorption transi-
tion of the material will not be absorbed. This is illustrated by 
the pink arrow in Figure 1. The ECE is also limited because 
both photosynthetic organisms and simple PV devices such as 
silicon solar cells function as single-threshold systems. In 
other words, the energy of absorbed photons that is above the 
lowest excited singlet state of chlorophyll (or the conduction-
band energy of a solar cell) is lost as heat during the electronic 
relaxation processes that populate the lowest excited state (see 
arrow labeled “Internal conversion” in Figure 2 and the dashed 
arrow in Figure 1). In photosynthesis, this leads to a loss of 
about one-fourth of the absorbed energy. A threshold or band-
gap of about 1.3 eV is optimal. The increase in chemical poten-
tial of the charge-separated state with increasing bandgap 
comes at the expense of the fraction of photons (in the pink 
arrow category in Figure 1) absorbed from the solar spectrum. 
The bandgap in water-oxidizing photosynthesis is about 1.8 eV, 
well on the high-energy side of optimal. Finally, as mentioned 
above, conversion devices—natural and artificial—sacrifice 
some of the potentially available energy in order to slow charge 
recombination reactions and 
drive desired chemical or elec-
trical processes forward. As a 
result of these factors, illustrated 
by the dash-dotted arrows in 
Figure 1, a significant fraction 
of photon energy must be lost as 
heat in any conversion device. 
The best single-threshold photo-
voltaic devices have ECEs that 
approach the Shockley–Quiesser 
limit of about 30%, which was 
calculated taking all of the above 
considerations into account. In 
contrast, although the initial 
steps of plant and bacterial 
 photosynthesis often have very 
high quantum yields, the ECE of 
natural photosynthesis is rela-
tively low (maximally about 
6% but usually observed to be 
<0.8%).

The apparent paradox of a 
high quantum yield and low ECE 
in natural photosynthetic systems 
can be resolved by analyzing the 
energy flow in the photosynthetic 
process presented in Figure 2, 
which qualitatively illustrates the energy losses from absorbed 
incident radiation during photosynthesis by a typical terrestrial 
plant leaf at full sunlight. Photosynthetic organisms have evolved 
by maximizing flexibility in metabolism and nutrient supply and 
are therefore able to adapt to diverse environmental conditions 
that are not necessarily consistent with overall energy storage 
efficiency. The physiological reactions required for steady-state 
maintenance of energized membranes and reproduction (that is, 
the biosynthesis of components that are not particularly energy-
rich and the turnover of cellular components) are essential to the 

survival of the organism (Figure 2, arrow labeled “Growth and 
maintenance”). These processes require copious amounts of 
energy and resources, but do not directly produce harvestable, 
high-energy-content biomass for human use.

The evolution of natural photosynthesis was not driven by 
maximally efficient energy storage, but rather allowed organ-
isms to tap into a new power source, solar energy, and thus to 
colonize and survive in new environments far from the geo-
chemical energy sources that likely powered early life. In this 
view, natural photosynthesis can be thought of as an “add-on 
module” that probably appeared after many of the central meta-
bolic and bioenergetic processes had been established. Although 
the fierce evolutionary struggle of photosynthetic organisms to 
prevail in their local surroundings has certainly tuned photo-
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Figure 1. Simplified diagram of a single-threshold solar 
energy conversion device. Photons with energy higher than 
the bandgap are thermalized to the energy of the bandgap 
(dashed arrow). Photons with energy lower than the bandgap 
are not absorbed (pink arrow). Energy loss to separate 
charge and to prevent charge recombination and drive the 
system forward to do chemical or electrical work is shown 
by dash-dotted arrows.

Table I: Annual Biofuel Production and Energy Conversion Efficiency by Photosynthetic 
Organisms and Electrical Energy Production by a Photovoltaic Cell.

Oil Producer Fuel Production [kg/(ha 
year)]

Energetic Equivalent 
[kWh/(ha year)]

ECE (%)

Oil palm 3,600–4,000 33,900–37,700 0.16–0.18

Jatropha 2,100–2,800 19,800–26,400 0.09–0.13

Tung oil tree 
(China)

1,800–2,700 17,000–25,500 0.08–0.12

Sugarcane 2,450 16,000 0.08

Castor oil plant 1,200–2,000 11,300–18,900 0.05–0.09

Cassava 1,020 6,600 0.03

Microalgae 91,000 956,000 4.6

Si-based PV 
cell

3 × 106 14.3

Source: References 14,15.
Note: ECE (energy conversion efficiency) is calculated by dividing the energetic equivalent by the energy content of the 
total solar spectrum averaged over 1 year incident on 1 hectare (ha) for a sunny climate at moderate latitude [21 million 
kWh/(ha year)] (Phoenix, AZ; http://rredc.nrel.gov/solar/old_data/nsrdb/redbook/). Si-based PV cells produce electricity, 
not fuel. We assume 80% of the hectare can be covered by solar collectors operating at 18% efficiency, 0% tilt. 
Comparing PV ECE with biological ECE requires knowledge of the efficiency of converting either fuel to electricity or 
electricity to fuel. Modern power plants can convert fuel to electricity at about 60% efficiency. Electrolysis of water to 
yield hydrogen and oxygen is the only commercial example of the conversion of electricity to fuel. Commercial 
electrolyzers can operate at 80% efficiency.
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synthesis to work well with this “legacy biochemistry,” there 
are apparent inefficiencies; evolution might not have explored 
fundamentally new pathways.

Several examples illustrate the energetic mismatch between 
the add-on module, photosynthesis, and legacy bioenergetics. 
The main chemical and electrochemical fuels of life [e.g., ATP 
and NAD(P)H] evolved under anaerobic conditions where an 
organism had to eke out a living on small redox gradients (like 
running a machine with a very low voltage battery). 
Photosynthesis made available both large redox gradients, span-
ning about 2.4 V in water-oxidizing photosynthesis, and highly 
energetic chemical species. This thermodynamic mismatch is 
apparent in Photosystem I, one of the major photosynthetic 
machines of cyanobacterial and higher-plant photosynthesis, 
where approximately 1.1 V (about 60% of the converted energy) 
is lost before the system comes into electrochemical steady state 
with the reduction of NAD(P)+ to NAD(P)H. Even considering 
that electron transfer from water to NAD(P)H also stores some 
energy in ATP, the system operates at a very large “overpoten-
tial.” The energy loss can be approximated by comparing the 
absorbed solar energy with the measured potentials of NAD(P)H 
and ATP and amounts to approximately 58% of the energy enter-
ing the photochemical reaction centers [see arrow labeled 
“NAD(P)H + ATP” in Figure 2].

Another example of apparent inefficiency is the water-oxi-
dizing Photosystem II, the photosynthetic reaction center that 
makes the molecular oxygen that we breathe. This system is a 
marvel of thermodynamic efficiency in the sense that minimal 
overpotential appears to be necessary to oxidize water—a feat 
unmatched by any human-engineered catalysts—and only 
earth-abundant elements are used. However, even with elabo-
rate control mechanisms, parts of the “machine” break down 

within 1 h under bright sunlight and must be removed from ser-
vice for repair and then reassembled.

Energy stored in ATP and NAD(P)H is used mainly to take 
up and convert CO2 into carbohydrates (also known as “fixing” 
CO2) through a patchwork of ancient biochemical pathways 
known as the Calvin cycle (or C3 cycle). The process itself can 
run on a relatively low driving force (low overpotential), but 
suffers from wasteful side reactions and low maximum rates. 
The key enzyme in this pathway, RuBisCO, not only catalyzes 
the reduction of CO2 to high-energy compounds, but also reacts 
with O2, acting as an oxygenase and leading to the “unfixing” 
of reduced carbon back to CO2 and the concomitant loss of 
energy in the process. In addition, RuBisCo is a notoriously 
slow enzyme, with a low affinity to CO2, and thus represents a 
major rate limitation for the entire photosynthetic process, 
especially under conditions where CO2 is limited. The legacy 
biochemistry of the Calvin cycle is simply unable to cope with 
the large influx of solar energy available from photosynthesis. 
Rather than solving the problem of inefficient carbon fixation, 
C3 plants have evolved control mechanisms to dissipate as heat 
much of the light energy they absorb under conditions where 
CO2 availability limits photosynthesis. Such dissipation is nec-
essary because, in addition to driving down the CO2 concentra-
tion and thereby increasing the oxygenase activity, excess light 
can lead to undesired chemistry (e.g., formation of reactive 
oxygen species). Under full sunlight, this energy dissipation 
can lead to a 50–80% lowering of the quantum yield (and there-
fore of the ECE) of photosynthesis (arrow labeled “Regulatory 
dissipation” in Figure 2).

Some plants, algae, and cyanobacteria have partially 
responded to the unfortunate situation involving RuBisCO with 
a metabolically expensive patch, in which photosynthetic 
energy is used to concentrate CO2 so that it can be processed 
more efficiently by RuBisCO; this alternative provides some 
improvement but is not found in all agriculturally important 
plants.

Finally, as mentioned earlier, there are losses due to the 
energy needed for growth and maintenance of the plant, result-
ing in a typical ECE for land plants of 0.3–0.8% (see Table I,
which refers to biofuel production only, and Reference 4).

Interestingly, some algae and cyanobacteria (collectively 
known as microalgae) have remarkably higher ECEs than 
 terrestrial plants (Table I). This is because some of the ECE-
 limiting factors discussed above are more important for large 
land plants than they are for microalgae in aqueous environ-
ments. For example, CO2 fixation in leaves is often limited by 
CO2 diffusion, whereas uptake of inorganic carbon is much less 
 limiting in small organisms with much larger surface/volume 
ratios. Moreover, because the solubility in water of CO2 is much 
higher than that of O2, the carbon fixation/carbon oxidation ratio 
of RuBisCO is much more favorable in aqueous environments. 
In addition, smaller organisms require less energy investment 
for chemical transport and for generation of a “skeleton,” and 
they tend, overall, to have better ECEs than terrestrial plants. As 
shown in Table I, a far better ECE can be achieved by culturing 
microalgae for biofuel production than by growing terrestrial 
plants for this purpose.

Indeed, understanding the factors that limit ECE could 
lead to genetic engineering efforts that enhance biofuel pro-
duction in living systems. It can be seen from Figure 2 that 
regulatory dissipation is the largest loss mechanism. The need 
for regulatory dissipation arises in large part from the limit-
ed kinetic competency of CO2 assimilation. Engineering 
improved kinetics of CO2 assimilation can thus reduce this 
loss and, further downstream, the loss of energy in plant 

Figure 2. Simplified “energy flux” diagram for a typical terrestrial (crop) 
plant leaf under full sunlight, showing the losses to energy conversion 
efficiency (ECE) during major processes of photosynthesis. The losses 
are shown roughly in the temporal sequence in which they occur; the 
width of the arrows is qualitatively proportional to the percentage of 
energy lost. Internal conversion refers to the relaxation to the threshold 
indicated by the dashed arrow in Figure 1. Feedback from the three 
metabolic processes and the incident sunlight intensity strongly affects 
the magnitude of regulatory dissipation.
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growth and maintenance. Much more needs to be understood 
about photosynthesis (and plant metabolism in general) to 
make larger gains, perhaps involving radical reengineering of 
plants to decrease the loss of energy in coupling the photo-
chemical events to NAD(P)H and ATP synthesis.

How Can Artificial Photosynthesis Be Used To 
Address These Issues?

Efficient water oxidation is one of the holy grails of sustain-
able solar fuel production. As mentioned above, water oxida-
tion in photosynthesis is essentially a single-threshold process 
and is therefore subject to the Shockley–Quiesser limit of about 
30% ECE. This value is further reduced to about 10% by the 
use of the two photosystems (two quanta per electron), each 
with nonoptimal thresholds of about 1.8 eV. It has not been 
demonstrated that this tandem system is necessary to split 
water; it is almost certainly a legacy of the evolution of type 1 
(Photosystem I, PS I) and type 2 (Photosystem II, PS II) reac-
tion centers. To explore the two-quanta-per-electron issue, arti-
ficial reaction centers are being used in conjunction with 
dye-sensitized semiconductor photoelectrodes (Grätzel-type 
photoanodes) to determine the overpotentials necessary to drive 
water oxidation and H2 production at rates comparable to the 
solar photon flux, using biological and bio-inspired catalysts. 
Once the electrochemical parameters that optimize single-pho-
ton-per-electron water oxidation are determined, efforts already 
underway to reengineer photosynthetic membranes will be bet-
ter informed.

Reengineered photosynthesis could involve pathways that 
are not limited by legacy biochemistry. For example, only three 
enzymatic steps, all catalyzed by NAD-linked dehydrogenases, 
are required to oxidize methanol to CO2. If remodeled to run 
backward and be driven directly by PS II, which could be engi-
neered to have a slightly more reducing potential, this process 
would accomplish one-photon-per-electron water oxidation 
and fuel production. There would be a small penalty associated 
with moving the 1.8 eV chlorophyll excited state higher (and 
further from the optimal bandgap) to increase the reduction 
potential, but that would be more than offset by achieving one-
photon-per-electron photochemistry.

Artificial photosynthetic constructs and bio-inspired 
 catalysts can serve as links between human-engineered and 
biological processes and thereby open the door to new carbon-
fixing pathways. In the example above, the remodeled NAD-
linked enzymes driven by sustainably produced emf 
(electricity) could direct the reduction of CO2 to methanol. If 
methane mono-oxygenase were added and the reaction driven 
backward, the product would be the world’s most energy-rich 
carbon-based compound (on a per-carbon basis): methane. 
The advantages of enzymes (or, someday, bio-inspired cata-
lysts) that oxidize water and direct the synthesis of energy-
rich fuel at room temperature—and that require only electrical 
driving force and redox equivalents—set up an overarching 
challenge in this field: coupling the appropriate redox enzymes 
to sources of emf. Toward this end, artificial photosynthetic 
reaction centers have been demonstrated to photo-inject elec-
trons or holes into semiconductors. These processes convert 
molecular redox potentials of the kind used by redox enzymes 
to emf in metallic conductors. This field is advancing rapidly. 
Hoped-for breakthroughs include the design and synthesis of 
new high-potential electron mediators inspired by the tyro-
sine/histidine system found in water-oxidizing photosynthesis 
and the design, synthesis, and assembly of artificial active 
sites of enzymes directly on electrodes. The development of 

ultrahigh-surface-area materials that could provide the three-
dimensional structure necessary to recognize transition 
states, and thereby guide reactants to desired products, and 
also conduct emf to drive the reactions would make available 
efficient electricity-to-fuel technology. Corrosion-resistant 
semiconductors having valence-band “holes” at the potential 
necessary to oxidize water and conduction bands that are elec-
trochemically negative enough to reduce protons to hydrogen 
(hydrogen production is a “thermodynamic” proxy for the 
synthesis of all energy-rich, carbon-based fuels) present a sig-
nificant challenge to materials science but would enable solar 
water splitting.

Such work illustrates the interplay between natural and arti-
ficial constructs that could lead to new materials or compounds. 
For example, the ECE of the Grätzel PV cell would be substan-
tially improved by a high-potential electron relay mimicking 
the tyrosine/histidine-based system used by nature in PS II.

Energy Conversion by Hybrids of Natural and 
Artificial Systems

Once effective “molecular wires” or other electron relays 
between metallic conductors and genetically engineered bio-
logical catalysts can be made, microorganisms dedicated to 
synthesis could provide a renewable source of catalytic mate-
rial. In this way, the self-assembly, self-repair, and self-replica-
tion characteristics of living things would be harnessed to meet 
human needs.

Recent discoveries indicate that nature might, in fact, have 
already outlined a strategy for the exchange of energy in the 
form of emf between human-engineered sources and biochemi-
cal processes. Geobacteria appear to produce pili that make 
electrical connections across their plasma membrane, connect-
ing the redox chemistry inside the organism to an external elec-
tron sink. Imagine that, when coupled to an electrode with 
appropriate wiring to complete the circuit, an applied potential 
could drive metabolic processes inside the organism. Such a 
system in which the organism was genetically reengineered to 
produce biofuel would be self-perpetuating in the biological 
sense but inexorably linked to human-engineered energy 
sources that are efficient and robust—a true hybrid.

In addition to providing catalytic paradigms for much of the 
mainstream energy-processing chemistry that humans use, 
nature almost certainly has found catalytic pathways for other 
chemical processes that are key to the efficient and sustainable 
use of Earth’s resources. Nitrogen fixation is one obvious exam-
ple. Another is digestion of cellulose to simple sugars. Powerful 
new tools such as metagenomics are being used to discover new 
organisms that have metabolic pathways tuned to match their 
local niches. Indeed, we have undoubtedly only just begun to 
learn from nature.

For further information on engineered and artificial photo-
synthesis, the interested reader can consult References 1–13.
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Abstract
In the coming decades, electricity’s share of total global energy is expected to continue to grow, 
and more intelligent processes will be introduced into the electric power delivery (transmission and 
distribution) networks. It is envisioned that the electric power grid will move from an electrome-
chanically controlled system to an electronically controlled network in the next two decades. A key 
challenge is how to redesign, retrofit, and upgrade the existing electromechanically controlled sys-
tem into a smart self-healing grid that is driven by a well-designed market approach. Revolutionary 
developments in both information technology and materials science and engineering promise sig-
nificant improvements in the security, reliability, efficiency, and cost effectiveness of electric power 
delivery systems. Focus areas in materials and devices include sensors, smart materials and struc-
tures, microfabrication, nanotechnology, advanced materials, and smart devices.

Introduction
Electric power systems constitute the fundamental infra-

structure of modern society. Often continental in scale, electric 
power grids and distribution networks reach virtually every 
home, office, factory, and institution in developed countries and 
have made remarkable, if remarkably insufficient, penetration in 
developing countries or emerging economies such as China and 
India (see Figure 1).

The electric power grid can be defined as the entire appara-
tus of wires and machines that connects the sources of electric-
ity (i.e., the power plants) with customers and their myriad 
needs.1–5 Power plants convert a primary form of energy, such 
as the chemical energy stored in coal, the radiant energy in sun-

light, the pressure of wind, or the energy stored at the core of 
uranium atoms, into electricity, which is no more than a tempo-
rary, flexible, and portable form of energy. It is important to 
remember that electricity is not a fuel: it is an energy carrier. At 
the end of the grid, at factories and homes, electricity is trans-
formed back into useful forms of energy or activity, such as 
heat, light, information processing, or torque for motors.

From a historical perspective, the electric power system in 
the United States evolved in the first half of the 20th century 
without a clear awareness and analysis of the system-wide 
implications of its evolution. In 1940, 10% of the energy 
consumption in the United States was used to produce electric-
ity. By 1970, this had risen to 25%, and by 2002, it had risen 
to 40%. (Worldwide, current electricity production is near 
15,000 billion kilowatt-hours (kWh) per year, with the United 
States, Canada, and Mexico responsible for about 30% of this 
consumption.) This grid now underlies every aspect of our 
economy and society, and it has been hailed by the National 
Academy of Engineering as the 20th century’s engineering 
innovation most beneficial to our civilization. The role of 
electric power has grown steadily in both scope and impor-
tance during this time, and electricity is increasingly recog-
nized as a key to societal progress throughout the world, 
driving economic prosperity and security and improving the 
quality of life. Still, it is noteworthy that, at the time of this 
writing, about 1.4 billion people in the world have no access to 
electricity, and another 1.2 billion people have inadequate 
access to electricity (meaning that they experience outages of 
4 h or longer per day).

Once “loosely” interconnected networks of largely local sys-
tems, electric power grids increasingly host large-scale, long-
distance wheeling (movement of wholesale power) from one 
region or company to another. Likewise, the connection of distrib-
uted resources, primarily small generators, is growing rapidly. The 
extent of interconnectedness, like the number of sources, controls, 
and loads, has grown with time. In terms of the sheer number of 
nodes, as well as the variety of sources, controls, and loads, electric 
power grids are among the most complex networks made.

Figure 1. Power grids across the world as seen by nighttime satellite 
photograph of artificial lighting. : U.S. National Aeronautics and 
Space Administration (NASA); http://antwrp.gsfc.nasa.gov/apod/
ap001127.html (accessed January 2008).
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In the coming decades, elec-
tricity’s share of total energy is 
expected to continue to grow, as 
more efficient and intelligent pro-
cesses are introduced into this net-
work. Electric power is expected 
to be the fastest-growing source of 
end-use energy supply throughout 
the world. To meet global power 
projections, it is estimated by the 
Energy Information Administra-
tion (EIA) of the U.S. Department 
of Energy (DOE) that over $1 tril-
lion will have to be spent during 
the next 10 years. The electric 
power industry has undergone a 
substantial degree of privatization 
in a number of countries over the 
past few years.6–9 Growth in power 
generation is expected to be par-
ticularly strong in the rapidly 
growing economies of Asia, with 
China leading the way (see 
Figure 2).

In addition, the electricity 
grid faces (at least) three looming 
challenges: its organization, its 
technical ability to meet 25- and 
50-year electricity needs, and its 
capacity to increase efficiency without diminishing reliability 
and security.1–5,8–14

The technical aspects of the challenges that will be posed by 
this rapid growth include both improving existing technology 
through engineering and inventing new technologies requiring 
new materials. Some materials advances will improve present 
technology (e.g., stronger, higher current overhead lines), some 
will enable emerging technology (e.g., superconducting cables, 
fault current limiters, and transformers), and some will anticipate 
technologies that are still conceptual (e.g., storage for extensive 
solar or wind energy generation).

The Grid
When most people talk about the “grid,” they are usually 

referring to the electrical transmission system, which moves the 
electricity from power plants to substations located close to 
large groups of users.28–29 However, the grid also encompasses 
the distribution facilities that move the electricity from the sub-
stations to the individual users.

In the United States alone, the electrical network includes 
some 15,000 generators with an average thermal efficiency of 
approximately 33% at 10,000 power plants. These generators 
send power through 211,000 miles (339,000 km) of high-
 voltage (HV) transmission lines. In addition, there are about 
5,600 distribution facilities. In 2002, the installed generating 
capacity in the United States was 981,000 MW. If the power 
plants ran full time, the net annual generation would be 8,590 
× 106 kWh; the actual net generation was 3,840 × 106 kWh, 
representing a “capacity factor” of 44.7%.

Currently, North America operates about 211,000 miles 
(339,000 km) of high voltage (>230 kV) electric transmission 
lines. Whereas electricity demand increased by about 25% 
since 1990, construction of transmission facilities decreased by 
about 30%, based on information from the DOE Office of 
Electricity Delivery and Energy Reliability (OE). The planned 
transmission lines (230 kV or greater) for the period 2004–2013 
total approximately 7,000 miles (11,000 km).15 According to the 

EIA, 281GW of new generating capacity will be needed by 
2025 to meet the growing demand for electricity; on the basis 
of current needs, this implies a need for about 50,000 miles 
(80,000 km) of new HV transmission lines.

As currently configured, the continental-scale grid is a mul-
tiscale, multilevel hybrid system consisting of vertically inte-
grated hierarchical networks including the generation layer and 
the following three basic levels:16–25

transmission level, consisting of meshed networks combin-
ing extra high voltage (above 300 kV) and high voltage 
(100–300 kV), connected to large generation units and very 
large customers and, via tie lines, to neighboring transmis-
sion networks and to the subtransmission level;
subtransmission level, consisting of a radial or weakly cou-
pled network including some high voltage (100–300 kV) but 
typically medium voltage (5–15 kV), connected to large cus-
tomers and medium-size generators; and
distribution level, typically consisting of a tree network includ-
ing low voltage (110–115 V or 220–240 V) and medium voltage 
(1–100 kV), connected to small generators, medium-size cus-
tomers, and local low-voltage networks for small customers.
In its adaptation to disturbances, a power system can be 

characterized as having multiple states, or “modes,” during 
which specific operational and control actions and reactions are 
taking place.17–19 These modes can be described as normal, 
involving economic dispatch, load frequency control, mainte-
nance, and forecasting, for example; disturbance, involving, for 
instance, faults, instability, and load shedding; and restorative, 
involving rescheduling, resynchronization, and load restora-
tion, for example.

In addition to these spatial, energy, and operational levels, power 
systems are also multiscale in the time domain, from nanoseconds 
to decades, as shown in Table I.

Why the need for a system of such daunting complexity? In 
principle, it might seem possible to satisfy a small user group—
for example, a small city—with one or two generator plants. 
However, the electricity supply system has a general objective 

 Grid interconnections in China.
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of very high reliability, and that is not possible with a small 
number of generators. This is what led the industry to the exist-
ing system in North America where there are just three “inter-
connects” (Figure 3). Within each of these interconnects, all 
generators are tightly synchronized, and any failure in a gen-
erator immediately is covered from other parts of the system. 
The interconnects are the Eastern, covering the eastern two-
thirds of the United States and Canada; the Western, covering 
the rest of the two countries except Texas; and the Electric 
Reliability Council of Texas (ERCOT) covering most of Texas. 
The interconnects have limited direct-current (dc) links bet-
ween them.

One of the important issues with the use of electricity is that 
the storage of electricity is very difficult, so the generation and 
use must be matched continuously. This means that generators 
must be dispatched as needed, and the United States power 
grids have approximately 150 control area operators using 
computerized control centers. Generally, generators are classi-
fied as baseload, which are run all the time to supply the mini-
mum demand level; peaking, which are run only to meet power 
needs at maximum load; and intermediate, which handle the 
rest. Actually, the dispatch order is much more complicated 
than this, because of the variation in customer demand from day 
to night and from season to season.

Electrical Transmission Lines: Challenges and 
Materials Solutions

Transmitting electric power over large distances can result 
in losses up to 7.5%. The major loss is heat, which can be 
reduced by increasing the voltage and decreasing the current. 
Most of the power in the United States is alternating current 
(ac), and this allows the power from the generator to be stepped 
up. This is done using transformers, in a unit called a step-up 
transmission substation. Long-distance transmission is typi-
cally done through overhead lines with voltages of 110–765 kV. 
The capacity of an overhead line varies with the voltage and the 
distance: thus, a 765 kV line with a 100-mile (160-km) length 
has a maximum capacity of 3.8 GW, whereas for a 400-mile 
(640-km) length, the capacity is 2.0 GW. To avoid system fail-
ures, the amount of power flowing over each transmission line 
must remain below the line’s capacity.

The principal limitation on the capacity of a line is its tem-
perature. As a line gets warmer, it sags, and in the worst cases, 
it can touch trees or the ground. Another factor is the mechani-
cal strength of the support structure. Conductors with higher 
strength-to-weight ratios for a given current-carrying capacity 
can increase the overall capacity of the right-of-way. Typically, 
the right-of-way for a 230 kV transmission line is 75–150 feet 
(23–46 m) or more.

The standard material for overhead conductors in transmis-
sion systems is aluminum conductor steel reinforced (ACSR),26

which consists of fibers of aluminum twisted around a core of 
steel fibers. The steel core provides the mechanical strength, and 
the aluminum provides the electrical conductivity. A number of 
alternative composite cable materials have been developed over 
the past several years;27 the basic candidate composite materials 
for the substitution of core support members include 1350 H19 
aluminum, stainless steel, S-2 glass fibers, E glass fibers, epoxy, 
T-300 carbon fibers, and Kevlar 49 fibers. For example, a com-
posite formed of a polyester with 54 vol% of an E-glass fiber as 
a unidirectional satin cloth was tested. More recently, 3 M has 
been developing and Oak Ridge National Laboratory (ORNL) 
has been testing designs of advanced overhead cables, using a 
composite core in place of the steel; this is an aluminum metal 
matrix containing Nextel fibers. The conductor wires are made of 
an aluminum–zirconium alloy; the zirconium precipitates, 

Table I: Multiscale Time Hierarchy of Power Systems.

Action/Operation Time Frame

Wave effects (fast dynamics, 
lightning-caused overvoltages)

Microseconds to milliseconds

Switching overvoltages Milliseconds

Fault protection 100 ms or a few cycles

Electromagnetic effects in 
machine windings

Milliseconds to seconds

Stability 60 cycles or 1 second

Stability augmentation Seconds

Electromechanical effects of 
oscillations in motors and 
generators

Milliseconds to minutes

Tie line load frequency control 1–10  s; ongoing

Economic load dispatch 10  s to 1 hour; ongoing

Thermodynamic changes from 
boiler control action (slow 
dynamics)

Seconds to hours

System structure monitoring 
(what is energized and what 
is not)

Steady state; ongoing

System state measurement and 
estimation

Steady state; ongoing

System security monitoring Steady state; ongoing

Load management, load 
forecasting, generation 
scheduling

1 h to 1 day or longer; ongoing

Maintenance scheduling Months to 1 year; ongoing

Expansion planning Years; ongoing

Power plant site selection, design, 
construction, environmental 
impact, etc.

2–10 years or longer

 The three grid interconnections in North America.  
: ECAR, East Central Area Reliability Coordination Agreement; 

ERCOT, Electric Reliability Council of Texas; FRCC, Florida Reliability 
Coordination Council; MAAC, Mid-Atlantic Area Council; MAIN, Mid-
America Interpool Network; MRO, Midwest Reliability Organization; 
NPCC, Northeast Power Coordinating Council; SERC, Southeastern 
Electric Reliability Council; SPP, Southwest Power Pool; WECC, 
Western Electricity Coordinating Council.
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providing a dispersed strengthening to essentially pure (and 
thus high-conductivity) aluminum. Kirby26 points out that the 
improved composite conductor substituted for the traditional 
ACSR in an existing transmission line could carry up to three 
times the current without the need for tower modification or 
 additional rights-of-way. The current objective is to develop a 
conductor to increase the capacity of existing corridors at five 
times that of ACSR at current cost by 2010. The ultimate stretch 
goal is to achieve transmission corridor power densities for 
cables and conductors of 50 times that of ACSR by 2025 
(GridWorks).

Chief Grid Problems
It is inevitable that an electrical grid built on such a huge 

scale in a patchwork manner over 100 years will have reliability 
issues.28,29 Several cascading failures during the past 40 years 
spotlighted the need to understand the complex phenomena 
associated with power network systems and the development of 
emergency controls and restoration (Figures 4 and 5). In addi-
tion to mechanical failures, overloading a line can create power-
supply instabilities such as phase or voltage fluctuations. For an 
ac power grid to remain stable, the frequency and phase of all 
power generation units must remain synchronous within narrow 
limits. A generator that drops 2 Hz below 60 Hz will rapidly 
build up enough heat in its bearings to destroy itself, so circuit 

breakers trip a generator out of the system when the frequency 
varies too much. However, much smaller frequency changes can 
indicate instability in the grid: in the Eastern Interconnect, a 
30 mHz drop in frequency reduces power delivered by 1 GW.30

Transmission and distribution losses in the United States were 
about 5% in 1970 and grew to 9.5% in 2001, as a result of heavier 
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Major Power Outages Around the World

1965
Northeastern U.S.
30,000,000 Affected
Protection System
Misoperation

1977
New York City
9,000,000 Affected
Lighting

1996
(Two Separate Incidents)
Western U.S./Western
Canada/Baja New Mexico
2 Million & 7.5 Million
Affected
Transmission Line Outage

1998
Quebec, Canada
1,400,000 Affected
Ice Storm

1998
North Central U.S./Central
Canada
152,000 Affected
Lightning

2003
Northeastern U.S./Eastern
Canada
50,000,000 Affected
Cause Unknown

2003
North Carolina/Virginia
2,200,000 Affected
Cause Hurricane Isabel

2002
Colombia
One-Third Country Affected
Rebel Attacks

2003
United Kingdom
410,000 Affected
Incorrect Operation of
Backup Protection Relay

1999
France
3,600,000 Affected
Storms

2000
Portugal
5,000,000 Affected
Protection System
Failure

2003
Algeria
Entire Country Affected
Power Plant Breakdown

2001
Nigeria
20–50 Million Affected
Generation

1999
Brazil
24.5 GW Load Lost
Short-Circuit 440 kV Busbar

2002
Argentina
2 Million Affected
Damaged Cables

1999
Malaysia
Entire Country Affected

1996 & 2002
Philippines
Nearly Half the Country
Affected
Power Plant Breakdowns

2001
India
200 Million Affected

1993
Greece
Athens Area
Affected
Power Lines

2003
Ukraine
Entire Country Affected
Transmission Tower Collapse

2003
Italy
50,000,000 Affected
Connection Between Italy and
France Broke Down

1999
Denmark
100,000 Affected
Hurricane

2003
Denmark
5,000,000 Affected
Transmission Line Fault

1990
Egypt
Entire Country Affected
Sandstorms

 Electrical outages worldwide. Small-scale power outages are not shown. : EPRI PEAC Corporation; for more information on 
blackouts go to www.2003blackout.info (accessed January 2008).
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utilization and more frequent congestion.31 In addition, it is esti-
mated that power outages and power quality disturbances cost the 
economy from $75 to $180 billion annually.8,20,32 Answers to this 
challenge require a balanced, risk-managed, and cost-effective 
approach to investments and use of technology that can make a 
sizable difference in mitigating the risk. Revolutionary develop-
ments in both information technology and materials science and 
engineering promise significant improvement in the security, 
reliability, efficiency, and cost effectiveness of all critical infra-
structures. Steps taken now can ensure that this critical infrastruc-
ture continues to support population growth and economic 
growth without environmental harm.8,9,12–14

Considering their impact, regulatory agencies should be able 
to induce electricity producers to plan and fund the process. That 
might be the most efficient way to get it into operation. The cur-
rent absence of a coordinated national decision-making entity is 
a major obstacle. States’ rights and state public utility commis-
sion (PUC) regulations have removed the motivation for indi-
vidual states’ utilities to participate in a national plan. Investor 
utilities face either collaboration on a national level or a forced 
nationalization of the industry.

Simply replicating the existing system through expansion or 
replacement will not only be technically inadequate to meet the 
changing demands for power, but will also produce a signifi-
cantly higher price tag for electricity. Through the transforma-
tive technologies outlined here, the United States can put in 
place a 21st century power system capable of eliminating criti-
cal vulnerabilities while meeting intensified consumer demands 
and, in the process, save society considerable expense.

A phased approach to system implementation will allow 
utilities to capture many cost synergies. Equipment purchased, 
for example, should emphasize switchgear, regulators, trans-
formers, controls, and monitoring equipment that can be easily 
integrated with automated transmission and distribution 
 systems. Long-term plans for equipment upgrades should also 
address system integration considerations.

Energy policy and technology development and innovation 
require long-term commitments as well as sustained and patient 
investments in innovation, technology creation, and development 
of human capital. Given economic, societal, and quality-of-life 
issues and the pivotal role of the electricity infrastructure, a self-
healing grid is essential.

Self-Healing Smart Grid
Controlling a heterogeneous, widely dispersed, yet globally 

interconnected system is a serious technological challenge. It is 
even more complex and difficult to control such a system for 
optimal efficiency and maximum benefit to the consumers 
while still allowing all its business components to compete 
fairly and freely. Our proposed strategic vision for achieving 
this end involves a self-healing “smart grid,” an “electrinet,” 
extending to a decade or longer, that would enable more secure 
and robust systems operation, security monitoring, and efficient 
energy markets. Such a smart grid would be intelligent, com-
prising an autonomous digital system capable of identifying 
surges, downed lines, and outages; resilient, or “self-healing,” 
providing instantaneous damage control; flexible, capable of 
accommodating new off-grid alternative energy sources; reli-
able, providing dynamic load balancing; and secure, minimiz-
ing vulnerability to terrorist or other attacks.2–4,8,12,20–25,28,29

The first step in making the smart self-healing grid is to 
build a processor into each component of a substation. That is, 
each breaker, switch, transformer, and busbar, for example, 
should have an associated processor that can communicate with 
other such devices. Each high-voltage connection to the device 
must have a parallel information connection. These processors 

contain permanent information on device parameters as well as 
device status and analog measurements from sensors built into 
the component. Implementing this step will require both exist-
ing and new technologies.

When a new device is added to a substation, it will automati-
cally report to the central control computers such data as device 
parameters and device interconnects. The central control com-
puters thus receive updated data as soon as the component is 
connected and do not have to wait until the database is updated 
by central control personnel.

The joint Electric Power Research Institute (EPRI) and U.S. 
Department of Defense (DOD) program, through the Complex 
Interactive Networks/Systems Initiative (CIN/SI), showed that 
the grid can be operated close to the limit of stability given 
adequate situational awareness combined with more secure 
communication and better controls. A smart grid would be able 
to meet these awareness, communication, and control needs.

As part of enabling a self-healing grid, we have developed 
adaptive protection and coordination methods that minimize 
the impact on overall system performance (in terms of both load 
dropped and robust rapid restoration).

Note that, although computation is now heavily used in all 
levels of the power network (e.g., for planning and optimization, 
fast local control of equipment, and processing of field data), 
coordination across the network happens on a slower time scale, 
based on a system of operation developed in the 1960s. Some 
coordination occurs under computer control, but much of it is 
still based on telephone calls between system operators at the 
utility control centers, especially during emergencies.

In any situation subject to rapid changes, completely central-
ized control requires multiple, high-data-rate, two-way commu-
nication links; a powerful central computing facility; and an 
elaborate operations control center. However, all of these com-
ponents are susceptible to disruption at the very time when they 
are most needed (i.e., when the system is stressed by natural 
disasters, purposeful attack, or unusually high demand).

When failures occur at various locations in such a network, 
the whole system breaks into isolated “islands,” each of which 
must then fend for itself. However, in the proposed smart grid, in 
which the intelligence is distributed throughout the components 
in the system acting as independent agents, components in each 
island have the ability to reorganize themselves and make effi-
cient use of available local resources until they are able to rejoin 
the network. A network of local controllers can act as a parallel, 
distributed computer, communicating via microwaves, optical 
cables, or the power lines themselves and intelligently limiting 
their messages to only that information necessary to achieve 
global optimization and facilitate recovery after failure.

The EPRI/DOD CIN/SI, which concluded in 2001, aimed to 
develop modeling, simulation, analysis, and synthesis tools for 
robust, adaptive, and reconfigurable control of the electric 
power grid and infrastructures connected to it. In part, this work 
showed that adequate situational awareness combined with bet-
ter sensing of system conditions, communication, and controls 
would allow the grid to be operated efficiently close to the limit 
of stability. Grid operators often make quick decisions under 
considerable stress. Given that, in recent decades, we have 
reduced the generation and transmission capacity, we are indeed 
flying closer to the edge of the stability envelope.

As an example, EPRI’s IntelliGrid program seeks to 
develop practical solutions based on the foundation estab-
lished by the CIN/SI. One aspect of this program is aimed at 
enabling grid operators greater look-ahead capability and 
foresight, overcoming limitations of the current schemes, 
which, at best, have a >30-s delay in assessing system 
 behavior—analogous to driving a car by looking into the 
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rear-view mirror instead of at the road ahead. This tool using 
advanced sensing, communication, and a software module 
was proposed during 2000–2001, and the program was initi-
ated in 2002 under the Fast Simulation and Modeling (or 
FSM) program. This advanced simulation and modeling pro-
gram promotes greater grid self-awareness and resilience in 
times of crisis in three ways: by providing faster-than-real-
time look-ahead simulations (analogous to master chess play-
ers rapidly expanding and evaluating their various options 
under time constraints) and thus avoiding previously unfore-
seen disturbances; by performing what-if analyses for large-
region power systems from both operations and planning 
points of view; and by integrating market, policy, and risk 
analyses into system models and quantifying their integrated 
effects on system security and reliability.

Such an approach provides an expanded stability region 
with larger operational range; as the operating point nears the 
limit to how much the grid can be adapted (e.g., by automati-
cally rerouting power and/or dropping a small amount of load 
or generation), rather than cascading failures and large-scale 
regional system blackouts, the system will be reconfigured to 
minimize the severity/size of outages, to shorten the duration of 
brownouts/blackouts, and to enable rapid/efficient restoration.

The simplest kind of distributed control would combine 
remote sensors and actuators to form regulators (e.g., intelligent 
electronically controlled secure devices) and adjust their set 
points or biases with signals from a central location. Such an 
approach requires a different way of modeling—of thinking 
about, organizing, and designing—the control of a complex, 
 distributed system. Recent research results from a variety of 
fields, including nonlinear dynamical systems, artificial intelli-
gence, game theory, and software engineering, have led to a gen-
eral theory of complex adaptive systems (CASs). Mathematical 
and computational techniques originally developed and enhanced 
for the scientific study of CASs provide new tools for the 
 engineering design of distributed control so that both centralized 
decision-making and the communication burden it creates can be 
minimized. The basic approach to analyzing a CAS is to model 
its components as independent adaptive software and hardware 
“agents,” partly cooperating and partly competing with each 
other in their local operations while pursuing global goals set by 
a minimal supervisory function.

CIN/SI has developed, among other things, a new vision for 
the integrated sensing, communications, and control of the 
power grid. Some of the pertinent issues are why/how to 
develop controllers for centralized as opposed to decentralized 
control and how to address adaptive operation and robustness 
to disturbances that include various types of failures. As 
expressed in the July 2001 issue of Wired magazine: “The best 
minds in electricity R&D have a plan: Every node in the power 
network of the future will be awake, responsive, adaptive, 
price-smart, eco-sensitive, real-time, flexible, humming—and 
interconnected with everything else.”

Enabling Technologies
During the past 10 years, we have investigated whether 

there are leading applications of science and technology out-
side the traditional electric energy industry that might apply in 
meeting and shaping consumer needs. These applications 
could include entirely new technologies, not part of the portfo-
lio of traditional electricity solutions and not identified in other 
tasks, which could be potentially available as well. Some tech-
nology areas include materials and devices, such as nano-
technology, microfabrication, advanced materials, and smart 
devices; meso- and microscale devices and sensors and net-
works; advances in information science, such as algorithms, 

artificial intelligence, systems dynamics, network theory, and 
complexity theory; bioinformatics, biomimetics, biomecha-
tronics, and systems biology; enviromatics, such as the devel-
opment of new methodologies and the use of state-of-the-art 
information technology for improved environmental applica-
tions; other industries—moving to a wireless world—such as 
transportation, telecommunications, digital technologies, sens-
ing, and control; markets, economics, policy, and environment; 
and end-to-end infrastructure, from fuel supply to end use.

We believe that six technology platforms, namely, sensors, 
biotechnology, smart materials, nanotechnology, fullerenes, and 
information technology, could prove particularly important in 
solving the challenges facing the electric energy industry. These 
platforms were selected on the basis of past technology road-
mapping efforts to identify key underlying technologies, and the 
emphasis is primarily on long-term, limit-breaking develop-
ments. Higher-temperature alloys for turbines and steam genera-
tor components, for example, are certainly important, but their 
development is likely to follow from conventional, near-term 
refinement work, so they are not discussed here; on the other 
hand, more-innovative solutions to heat-based turbine prob-
lems—and much larger improvements—might result from lon-
ger term research on biomimetic ceramics or fullerene composite 
materials. The outlook and future possibilities for some of these 
technology platforms are summarized next.

Sensors
Industry has always been dependent on measurement instru-

ments to ensure safe, efficient processes and operations, and 
today, almost every engineering system incorporates sophis-
ticated sensor technology to achieve these goals. However, an 
increased focus on cost and efficiency, along with the growing 
complexity of industrial processes and systems, have placed new 
demands on measurement and monitoring technology: operators 
are requesting more accurate data on more variables from more 
system locations in real time. The power industry, with its large 
capital investment in expensive machinery and its complicated, 
extremely dynamic delivery system, has an especially pressing 
need for advanced sensors that are small enough to be used in 
distributed applications throughout power systems. Continued 
development of digital control systems to replace far-less-accu-
rate analog and pneumatic controls is a key research focus. 
Sensors that can accurately detect and measure a wide range of 
chemical species, such as CO2, NOx, and SO2, are needed, as are 
sensors and gauges robust enough to withstand the harsh tem-
peratures and chemical environments characteristic of power 
plants. Advanced fiber-optic sensors—devices based on sapphire 
fibers or fiber Bragg gratings, for instance—are especially impor-
tant because of their versatility, small size, and freedom from 
magnetic interference. Another possibility involves using wire-
less sensor networks, as discussed in the accompanying sidebar 
by Steingart et al. Overcoming today’s limitations on tempera-
ture, robustness, versatility, and size will facilitate fulfillment of 
a number of long-standing power system needs, including real-
time characterization of plant emissions and waste streams, dis-
tributed measurement of transformer winding temperatures, and 
on-line monitoring of pH in steam plant circulation water.

Smart Materials
Smart materials are necessary in the future power grid to 

give it the ability to self-recover with fast response in millisec-
onds under outage events or terrorist attacks. To accomplish 
this level of self-recovery, it is necessary to make each compo-
nent intelligent. Such local, autonomous control will make the 
system much more resilient to multiple contingencies. Control 
components must be reconfigurable power electronic devices 
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with a distributed controller to function as high-speed switches 
to redirect power flow. They must also have an overall architec-
ture suitable to the new control/communication paradigm. 
Finally, these components must possess a fault-tolerant, agent-
based collaborative intelligence at the lower level of the system 
to tremendously expedite the response to contingency events.

One class of materials known as smart materials and struc-
tures (SMSs) has the unique capability to sense and physically 
respond to changes in the environment—changes in tempera-
ture, pH, or magnetic field, for example. Generally consisting 
of a sensor, an actuator, and a processor, SMS devices based on 
such materials as piezoelectric polymers, shape-memory alloys, 
hydrogels, and fiber optics can function autonomously in an 
almost biological manner. Smart materials have already 
appeared in a number of consumer products and are being stud-
ied extensively for aircraft, aerospace, automotive, electronics, 
and medical applications. In the electric power field, SMSs hold 
promise for real-time condition assessment of critical power 
plant components, allowing continuous monitoring of remain-
ing life and timely maintenance and component replacement. 
Control of power plant cycle chemistry could be done rapidly 
and automatically with smart systems to inject chemicals that 
counter pollutants or chemical imbalances. Control of NOx cre-
ation in boilers could be accomplished by adjusting the com-
bustion process with sensor and activation devices distributed 
at different boiler locations.

For the wires used in the electric power industry, smart materi-
als could be utilized to monitor the condition of conductors, break-
ers, and transformers to avoid outages. Smart materials could also 
be used to avoid potentially catastrophic subsynchronous reso-
nance in generating units and to adjust transmission line loads 
according to real-time thermal measurements. Critical capability 
gaps are related to integrating smart materials into sensors, actua-
tors, and processors; embedding the SMS components into the 
structure to be controlled; and facilitating communication between 
smart structure components and the external world.

The growing list of smart materials encompasses a number 
of different physical forms that respond to a wide variety of 
stimuli. Examples include the following:

Piezoelectric ceramics and polymers are materials, such as 
lead zirconate titanate ceramics and polyvinylidene fluoride 
polymers, that react to physical pressure. They can be used 
as either sensors or actuators, depending on their polarity.
Shape-memory alloys are metal alloys, such as nitinol, that 
can serve as actuators by undergoing a phase transition at a 
specific temperature and reverting to their original, unde-
formed shape.
Shape-memory polymers are a class of elastomer-like poly-
mers, such as polyurethane, that actuate by relaxing to their 
undeformed shape when heated above their glass transition 
temperatures.
Conductive polymers are polymers that undergo dimensional 
changes upon exposure to an electric field. These versatile 
materials can be used not only as sensors and actuators, but 
also as conductors, insulators, and shields against electro-
magnetic interference.
Electrorheological fluids are materials containing polarized 
particles in a nonconducting fluid that stiffens when exposed 
to an electric field. As such, they can be used in advanced 
actuators.
Magnetorestrictive materials include molecular ferromag-
netic materials and other metallic alloys that change dimen-
sions when exposed to a magnetic field.
Polymeric biomaterials are synthetic, muscle-like fibers, 
such as polypeptides, that contract and expand in response to 
temperature or chemical changes in their environment.

Hydrogels are cross-linked polymer networks that change 
shape in response to changes in electric fields, light, electro-
magnetic radiation, temperature, or pH.
Fiber optics are fine glass fibers that signal environmental 
change through analysis of light transmitted through them. 
Perhaps the most versatile sensor material, optical fibers can 
indicate changes in force, pressure, density, temperature, 
radiation, magnetic field, and electric current.
These materials, when matched to an appropriate applica-

tion, provide the base functionality for both simple and higher-
level smart structures and systems. Sensory structures, such as 
optical fibers embedded in concrete bridge support pillars, 
only furnish information about system states; with no actuator, 
they are able to monitor the health of the structure but cannot 
physically respond to improve the situation. Adaptive struc-
tures contain actuators that enable controlled alteration of sys-
tem states or characteristics; electrorheological materials, for 
example, can damp out vibrations in rotating mechanical sys-
tems when an electric field is applied. Controlled structures 
provide feedback between sensors and actuators, allowing the 
structure to be fine-tuned continuously and in real time; for 
example, aircraft wings outfitted with piezoelectric sensors 
and actuators can be programmed to subtly change shape to 
avoid flutter under problematic wind conditions. A grid opera-
tor is similar to a pilot flying an aircraft, monitoring how the 
system is being affected and having a solid sense of how to 
steer it in a stable fashion.

Examples of higher-level smart structures and systems that 
can be built from smart materials and utilized in the grid include 
flexible alternating-current transmission, high-voltage direct-
current transmission systems, and dynamic line rating.

Flexible ac transmission (FACTS) devices are a family of 
solid-state power control devices that provide enhanced 
dynamic control of the voltage, impedance, and phase angle of 
high-voltage ac transmission lines. FACTS controllers act like 
integrated circuits—but scaled up by a factor of 500 million in 
power. By applying FACTS devices, utilities can increase the 
capacity of individual transmission lines by up to 50% and 
improve system stability by responding quickly to power 
disturbances.

There is a need to reduce the costs of FACTS technology to 
provide for broader use. One method for reducing the costs is to 
replace the silicon-based power electronics with wide-bandgap 
semiconductors such as silicon carbide (SiC), gallium nitride 
(GaN), and diamond.

High-voltage direct-current (HVDC) transmission systems 
are based on the rectification of the generated ac and then conver-
sion back to ac at the other end of the transmission line. Modern 
systems are based on thyristor valves (solid-state power control 
devices) to perform the ac/dc/ac conversions. Conventional 
HVDC transmission systems have been built with power transfer 
capacities of 3000 MW and ±600 kV. A new class of HVDC con-
verter technology, referred to as voltage source converters, has 
been introduced in the past few years. These devices are based on 
gate turn-off switching technology or insulated gate bipolar tran-
sistors and are capable of higher switching frequencies. HVDC 
transmission is used for long-distance bulk power transmission 
over land or for long submarine cable crossings. Altogether, there 
are more than 35 HVDC systems operating or under construction 
in the world today. The longest HVDC submarine cable system 
in operation today is the 250-km Baltic Cable between Sweden 
and Germany.

Dynamic line rating could enable increased power flow over 
existing transmission lines. Specifically, the maximum power 
that can be carried by a transmission line is ultimately deter-
mined by how much the line heats up and expands. The “thermal 
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rating” of a line specifies the maximum amount of power it can 
safely carry under specific conditions without drooping too 
much. Most thermal ratings today are static in the sense that they 
are not changed through the year. For such ratings to be reliable, 
they must be based on worst-case weather conditions, including 
both temperature and wind velocity. In contrast, dynamic line 
ratings use real-time knowledge about weather or line sag to 
determine how much power can be transmitted safely. Typically, 
a dynamically monitored line can increase its allowable power 
flow (ampacity) by 10–15% over that allowed by static ratings.

In the future, smart materials and structures are expected to 
appear in applications that span the entire electric power sys-
tem, from power plant to end user. Smart materials, in their 
versatility, could be used to monitor the integrity of overhead 
conductor splices, suppress noise from transformers and large 
power plant cooling fans, reduce cavitation erosion in pumps 
and hydroturbines, or allow nuclear plants to better handle 
structural loads during earthquakes.

Advanced Hardware
Incorporating smart materials and higher-level smart 

 structures and systems into the grid will require the develop-
ment of advanced hardware components. These include 
advanced meters, advanced sensors and monitors, advanced 
motors (including superconducting motors), advanced trans-
formers (including the concept of a universal transformer that 
would be a standardized portable design, a FACTS phase-
 shifting transformer capable of controlling power flow, and 
next-generation transformers using solid-state devices and 
high-temperature superconductors), power electronics (includ-
ing FACTS, solid-state breakers, switchgear, and fault current 
limiters), computers and networks, mobile devices, and smart 
equipment and appliances.

Advanced hardware includes both cable and storage options. 
Among advanced cables are gas-insulated lines for underground 
cables (for costs, see Reference 33), advanced composite con-
ductors (which are lighter and carrying more current than the 
current ACSR conductors), and high-temperature supercon-
ductors. It is pointed out that these could also revolutionize 
generators, transformers, and fault current limiters. Potential 
developments in electric storage include superconducting mag-
netic energy storage (SMES), advanced flywheels (see the side-
bar in the article by Whittingham in this issue) using compos-
ites and/or superconductors for higher efficiency and capacity, 
flow batteries that charge and discharge fluid between tanks, 
and liquid molten sulfur batteries built to utility scale.

Nanotechnology
The theme of the development of nanotechnology in energy 

application technology is geared toward two main directions: 
nanomaterials for energy storage and nanotechnology for 
energy saving. Owing to the advantages of high reactivity, large 
surface area (200–2000 m2/g), self-assembly (~1–3-nm active 
catalyst), super crystal characteristics (~10–30-nm nanostruc-
tures), and special opto-electronic effects of nanomaterials for 
energy saving, several countries are heavily engaged in the 
development of energy-related nanomaterials.

There is an expectation that nanotechnologies will enable the 
development of power storage systems with energy densities that 
are at least several times higher than those of current batteries. 
Because of the small dimensions (5–20 nm), high specific surface 
areas, and special optical properties of nanomaterials, nanotech-
nology for energy saving is expected to increase with the contact 
area of the medium. This will shorten response time and improve 
thermal conductivity by a factor of two. Nanotechnology appli-
cations for energy storage include using nanoparticles and nano-

tubes for batteries and fuel cells. Nanotechnology is being used 
to better the performance of rechargeable batteries through the 
study of molecular electrochemical behavior. Newly patented 
lithium ion batteries that use nanosized lithium titanate can pro-
vide 10–100 times greater charging/discharging rates than cur-
rent conventional batteries. Other new batteries that apply 
nanotechnology could provide added power and storage capabili-
ties by applying a concept based on mechanical resonance using 
a single microelectromechanical systems (MEMS) device; such 
devices use the combined technology of computers and mechani-
cal devices to improve the power density, offering significant 
benefits for portable equipment.

Fullerenes
Discovered in the 1980s, fullerenes are a type of carbon mol-

ecule that exhibit extraordinary properties, including high 
strength, toughness, and both metallic and semiconducting elec-
trical characteristics. The soccer-ball-patterned C60 molecule 
and the cylindrical carbon nanotube are considered by many to 
be the ultimate materials, and although only small amounts of 
fullerenes have yet been produced, researchers have suggested 
many potential applications. Most of these involve the carbon 
nanotube, a long, hollow string with tremendous tensile strength 
that could be wound into the strongest structural cable ever 
made. Use of shorter nanotube strings in metal, ceramic, or poly-
mer composites would create stronger, lighter, more versatile 
materials than are currently available in any form. Electrical 
applications range from highly conductive (and perhaps super-
conductive) wires and cables to electron emitters in flat-panel 
displays to magnetic recording media for data storage. Because 
nanotubes are incredibly thin and have such versatile electrical 
properties, they are seen as ideal building blocks for nanoscale 
electronic devices. Realization of such possibilities is highly 
dependent on developing processes for producing high-quality 
fullerenes in industrial quantities at reasonable cost and in find-
ing ways to manipulate and orient nanotubes into regular arrays. 
Cost will almost certainly determine whether fullerenes will 
become a true universally used material or an esoteric, high-
cost/high-value option for specialized applications.

Future Opportunities and Challenges
To highlight further opportunities where science and tech-

nology from other industries could possibly be identified to fill 
these gaps, the following issues must be addressed:

low-cost, practical electric and thermal energy storage;
microgrids, ac and dc, including both self-contained, cellu-
lar, and universal energy systems and larger building- or 
campus-sized systems;
advanced (post-silicon) power electronics devices (valves) 
to be embedded into flexible ac and dc transmission and dis-
tribution circuit breakers, short-circuit current limiters, and 
power electronics-based transformers;
power electronic-based distribution network devices with 
integrated sensors and communications;
fail-safe communications that are transparent and integrated 
into the power system;
cost-competitive fuel cell;
low-cost sensors to monitor system components and to pro-
vide the basis for state estimation in real time;
cost-effective integrated thermal storage (heating and cool-
ing) devices;
thermal appliances that provide “plug-and-play” capability 
with distributed generation devices;
high-efficiency lighting, refrigerators, motors, and cooling;
enhanced portability through improved storage and power 
conversion devices;
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efficient, reliable, cost-effective plug-in hybrid electric vehi-
cles (PHEVs);
technologies and systems that enable “hardened” end-use 
devices;
conductors that enable greatly increased power flow capability;
smart, green, zero-energy buildings; and
thermoelectric devices that convert heat directly to electricity.
However, these technologies will require sustained funding 

and commitment to research, development, and demonstration. 
Given the state of the art in electricity infrastructure security 
and control, creating a smart grid with self-healing capabilities 
is no longer a distant dream; considerable progress has been 
made toward this goal. The cost of a self-healing smart grid will 
not be cheap—some estimates are as much as $10–13 billion 
per year needed for a period of 10 years or more for real-world 
testing and installation. Yet, the price of electrical failure, esti-
mated at over $80 billion per year, is not cheap either.

There are signs too that the U.S. Congress and government 
recognize the need for action. Recently, the White House Office 
of Science and Technology Policy (OSTP) and the U.S. 
Department of Homeland Security (DHS) declared the self-
healing infrastructure to be one of three strategic thrust areas for 
the National Plan for R&D in Support of Critical Infrastructure 
Protection.28

However, considerable technical challenges and several 
economic and policy issues remain to be addressed. At the core 
of the power infrastructure investment problem lie two para-
doxes of restructuring, one technical and one economic. 
Technically, the fact that electricity supply and demand must be 
in instantaneous balance at all times must be resolved with the 
fact that new power infrastructure is extraordinarily complex, 
time-consuming, and expensive to construct. Economically, the 
theory of deregulation aims to achieve the lowest price through 
increased competition. However, the market reality of electric-
ity deregulation has often resulted in a business-focused drive 
for maximum efficiency to achieve the highest profit from 
existing assets rather than in lower prices or improved reliabil-
ity. Both the technical and economic paradoxes can be resolved 
through knowledge and technology.

Given economic, societal, and quality-of-life issues and the 
ever-increasing interdependencies among infrastructures, a key 
challenge before us is whether the electricity infrastructure will 
evolve to become the primary support for the 21st century’s 
digital society—a smart grid with self-healing capabilities—or 
be left behind as a 20th century industrial relic.

Acknowledgments
Most of the material and findings presented here were devel-

oped while the authors were at the Electric Power Research 
Institute (EPRI) in Palo Alto, California. We gratefully acknowl-
edge the support and feedback from numerous colleagues at 
EPRI, universities, industry, and government agencies. In addi-
tion, Massoud Amin gratefully acknowledges support of his 
work by EPRI, NSF’s Cyber Trust, and the ORNL Sensor Net 
Projects.

References
1. M. Amin, IEEE Secur. Priv. Mag. 1 (5), 19 (September/October 2003).
2. M. Amin, IEEE Comput. Mag. Secur. Priv. (April 2002).

3. M. Amin, IEEE Comput. Appl. Power 14 (1), 20 (January 2001).
4. M. Amin, IEEE Comput. Mag. 33 (8), 44 (August 2000).
5. M. Amin, IEEE Control Syst. Mag. Control Complex Netw. 21 (6) (December 
2001); and 22 (1) (February 2002).
6. DOE, National Transmission Grid Study (U.S. Department of Energy, May 
2002).
7. Energy Information Administration, DOE, Annual Energy Outlook 2003; 
www.eia.doe.gov/oiaf/aeo/figure_3.html (accessed January 2008).
8. EPRI 2003, Electricity Technology Roadmap: Synthesis Module on Power 
Delivery System and Electricity Markets of the Future (EPRI, Palo Alto, CA, 
July 2003).
9. EPRI 1999, Electricity Technology Roadmap: 1999 Summary and 
Synthesis, Technical Report CI-112677-V1, 160 (EPRI, Palo Alto, CA, 1999).
10. Committee hearing of the House Committee on Energy and Commerce, 
Blackout 2003: How Did It Happen and Why? (September 3–4, 2003); http://
energycommerce.house.gov (accessed January 2008).
11. Critical Foundations: Protecting America’s Infrastructures, The report of 
the President’s Commission on Critical Infrastructure Protection (Washington 
DC, October 1997).
12. EPRI 2003, Complex Interactive Networks/Systems Initiative: Final 
Summary Report—Overview and Summary Final Report for Joint EPRI and 
U.S. DOD University Research Initiative, 155 (EPRI, Palo Alto, CA, December 
2003).
13. EPRI 2001, Electricity Infrastructure Security Assessment I-II (EPRI, Palo 
Alto, CA, November and December 2001).
14. EPRI 2000, Communication Security Assessment for the United States 
Electric Utility Infrastructure 1001174, 4 (EPRI Report, December 2000).
15. In a report from the Edison Electric Institute, “Meeting U.S. Transmission 
Needs” (July 2005).
16. F.F. Hauer, J.E. Dagle, Review of Recent Reliability Issues and System Events, 
Consortium for Electric Reliability Technology Solutions (Transmission Reliability 
Program, Office of Power Technologies, U.S. DOE, August 30, 1999).
17. Kundur, Power System Stability and Control. EPRI Power System 
Engineering Series (McGraw-Hill, Inc., 1994).
18. T.E. Dy Liacco, on  517 (May 1967).
19. L.H. Fink, K. Carlsen. . 48 (March 1977).
20. M. Amin, Special Issue of the Proc. IEEE Energy Infrastructure Def. Syst. 
93 (5) (May 2005).
21. M. Samotyj, C. Gellings, M. Amin, GIGRE/IEEE-PES Symp. on Quality and 
Security of Electric Power Delivery 10 (Montreal, October 7–10, 2003).
22. M. Amin, B.F. Wollenberg, IEEE Power Energy Mag. 3 (5), 34 (September/
October 2005).
23. M. Amin, Special Issue of Proc. IEEE 93 (5), 857 (May 2005).
24. M. Amin, C. Gellings, Energy 31 (6–7), 967 (May-June 2006).
25. M. Amin, L.W. Carlson, C. Gellings, Galvin Electricity Initiative: Technology 
Scanning, Mapping and Foresight, 70 (EPRI, Palo Alto, CA and Galvin 
Electricity Project, Inc., Chicago, IL, March 2006).
26. Brendan Kirby of ORNL’s Engineering Science and Technology Division 
contributed a paper entitled “Reliability Management and Oversight” and 
coauthored another, “Transmission Planning and the Need for New Capacity” 
to a DOE National Transmission Grid Study, which consisted of six issue 
papers published and released in March 2002.
27. G. Newaz, D. Bigg, and R. Eiber of Battelle’s Columbus Division presented 
a report to EPRI entitled “Structural Composite Cores for Overhead 
Transmission Conductors” in April, 1987 (EPRI Report EM-5110, Research 
Project 2426–9).
28. M. Amin, P.F. Schewe, . 60 (May 2007).
29. P.F. Schewe, The Grid: A Journey through the Heart of Our Electrified 
World (Joseph Henry Press, 2007).
30. E.J. Lerner, The Industrial Physicist, American Institute of Physics 9, 8 
(October/November 2003).
31. According to a U.S. Department of Energy Office of Electricity Delivery 
and Energy Reliability GridWorks Overview of the Electric Grid dated August 
2005.
32. North American Electric Reliability Council (NERC) Disturbance Analysis 
Working Group (DAWG) database.
33. Edison Electric Institute, “ ‘Out of Sight, Out of Mind?’ A Study on the 
Costs and Benefits of Undergrounding Overhead Power Lines” (January 
2004). 



With Innovative AFM Solutions

Cut Big Problems Down to Size

Intrinsic bowing in atomic force 
microscopy messing up your fl at 
sample images? Having diffi cultly 
measuring overhang structures? 
Can’t get the spatial and thermal 
resolution you need to measure heat 
dispersion? Major problems, indeed. 

No Crosstalk. No Problems.
While some AFMs still use 1980’s 
technology, we’ve leveraged 
innovations in hardware, software 
and probes to deliver scans with 
astounding clarity and accuracy. And 
our XE Family™ of AFMs and new 
NSOM Systems repeat those results 
sample after sample.

A Decade of “Can Do.”
Park Systems may be a new name. 
But we’re not a new company. In 
fact, we’ve been around since the 
AFM was invented, winning one 
industry award after another. Call us 
at 408-986-1110 and we’ll show you 
Excellence in Nanometrology.

XE Family is a trademark of Park Systems Corp.  © 2007 Copyright Park Systems, Inc. All rights reserved. www.parkAFM.com

Angle Measurements Photoresist Overhang

Dopant Imaging Hard Disk Slider

Disk Head Imaging (2 μm x 2 μm)
 Topographical Image Thermal Image

See us in Booth 101 at 2007 Fall MRS, or email us at info@parkAFM.comemail us at info@parkAFM.com



408  

Microsensors Need Micropower
Subcentimeter wireless computers capable of interfacing 

physically with their environment and communicating with each 
other have progressed from concept1 to commercial reality2 in 
the past decade. Wireless sensor nodes are an exciting technol-
ogy, as they provide a backbone to measure almost any quantity 
in a spatially disperse way, allowing time-synchronized correla-
tions over meters or miles. Before these devices can be deployed 
to monitor and protect environments (such as grid power distri-
bution systems, buildings, factories, or even the human body) 
for long periods of time, they need a power source. Environmental 
generation looks to be a promising method.

Power requirements of wireless sensor nodes (WSNs) are 
functions of four main factors: sending, receiving, polling, and 
sleeping. Table I details the power costs for these steps.

Given a low-power node with an average sleep state of 80 
microwatts ( W) and receive–poll–transmit cycle of five to 10 
times per hour for an overall average power draw of 100 W, 
the device would require 876 milliwatt-hours (mWh) to run for 
one year. A small lithium cell with an open circuit potential of 
3 V and a capacity of 300 milliamp-hours (mAh) would meet 
this goal, discounting self-discharge and high current pulse 
response. Packaged, this battery weighs under five grams and 
is a highly reliable solution (e.g., no dependence on moving 
parts).3 Any power generation technology must surpass this 
benchmark to be a competitive solution. This is the benchmark 
not only for density, but for shelf life as well. Lithium–sulfur 
primary cells have a useful shelf life of more than 10 years.

It must be noted that current alkaline battery solutions are 
on the order of $0.30 for 2500 mAh at 1.5 V, or $1 for roughly 
10 Wh of electricity. This seems outrageously expensive com-
pared to the $0.10 charged by the local utility for a kilowatt-
hour of electricity, but it is the tax one has to pay to get electrons 
in a portable format. However, as technology moves from pri-
mary and secondary batteries for power to energy harvesting 
and storage devices, cost, when amortized over lifetime, might 
be somewhere between those batteries and grid power.

Micropower Generation
Energy scavenging refers to environments where the ambi-

ent sources are unknown or highly irregular, whereas energy 
harvesting refers to situations where the ambient energy sources 
are well characterized and regular. Table II provides some 
examples of the differences. Just as crop harvesting provides a 
better foundation for human networks than hunting and gather-
ing, energy harvesting provides a better backbone for wireless 
sensor networks than scavenging. For WSN applications 
addressing issues of grid power generation and distribution, 
most of the micropower work falls in the harvesting domain 
(which generally makes life easier for the system integrator), 
although some aspects, such as occupancy awareness (person 
tracking), might benefit from scavenging methodologies.

Photonic Methods
The cost-per-area considerations for photovoltaics are sec-

ondary, as most nodes have at most a few square centimeters of 
exposed surface. This makes multiple-bandgap systems very 
attractive, particularly for energy scavenging scenarios. However, 
organic4 and copper indium gallium selenide (CIGS)5 systems 
have demonstrated flexibility and durability innate to their design 
with minimal packaging. The article by Ginley et al. in this issue 
expands on these technologies. For “macro nodes,” solar has 
been demonstrated in WSN applications.6 As WSN nodes 
approach one cubic centimeter, it might be difficult to provide the 
100 W needed to keep a node in a minimum sleep state from 
photovoltaic techniques without secondary power. An optimistic 
estimate is that the sun provides roughly 100 mW/cm2 incident 
on Earth at noon on a bright day, which can be taken as the maxi-
mum amount of harvestable energy. Indoors, that value is at least 
10 times smaller and is probably less than 1 mW/cm2. Conversion 
efficiencies are at best over 40% for multiple-bandgap systems 
(in laboratories at the moment), and low cost silicon solar cells 
can provide conversion efficiencies of 12–15% right now.

Mechanical Methods
Mechanical energy harvesting and scavenging have been 

widely demonstrated with lead zirconia titante (PZT),7 with exotic 
materials such as lead magnesium niobate–lead titanate (PMN–
PT)8 and prosaic materials such as zinc oxide (ZnO)9 and polyvi-
nylidene difluoride (PVDF)10 recently gaining attention. In any 
case, optimum power generation requires either matching the reso-

Table I: General Energy Costs of Wireless Sensor Nodes.

Function Power Cost Time Factors

Transmit 500 W–50 mW <0.1% Distance, data 
rate

Receive 50 W–10 mW <0.5% Signal quality

Poll 5 W–20 mW <1% Data/actuation 
required

Sleep 5 W–100 W >98% Timing/memory 
retention

Table II: Comparison of Energy Harvesting and Scavenging.

Scavenging Harvesting

Photonic Interior lighting Diurnal solar cycles

Thermal Forest fires Furnace covers

Mechanical Foot traffic Motors, ductwork

Micropower Materials Development for Wireless Sensor 
Networks
Dan Steingart (University of California–Berkeley, USA), Shad Roundy (LV Sensors, Inc., USA), Paul K. 
Wright (University of California–Berkeley, USA), and James W. Evans (University of California– 

Berkeley, USA)
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nance of a vibrating structure or creating a system where resonance 
is achieved upon a discrete impact. Either approach requires piezo-
electric materials—materials capable of transferring mechanical 
energy to electrical energy and vice versa. As this energy transfer-
ence is implicit to the crystal or molecular structure of these materi-
als, in theory, piezoelectric motors, pumps, actuators, and generators 
can be produced with fewer parts and simpler assemblies than con-
ventional motorized devices.

In either case, resonance is a function of the geometry of the 
vibrating structure and the materials properties of the given 
piezoelectric material. Currently, the best available power density 
is roughly 250 W/cm3 at an excitation of 250mG.11 Capacitive12

and electromagnetic approaches have been studied and have 
merit but are outside the scope of this sidebar. Overall, the energy 
to be harvested mechanically is limited by the kinetic initiators 
(the moving sources), and practically, only a few percent of 
that initial source can be converted to electricity with these 
methods.

Materials advances that can improve the performance of 
piezoelectric energy generation within the next 10 years include 
the following:

Single-crystal PZT, if epitaxial, low-temperature, solution-
based processes are developed. This could improve perfor-
mance markedly at acceptable cost increases.
Improved thin-film properties. Bulk transducers have proven 

advantages,13 but thin films are better suited to microfabrication 
and are generally easier to integrate into standard complemen-
tary metal–oxide–semiconductor (CMOS) technologies.14

Magnetostrictive techniques, which provide magnetic damp-
ening (or “cushioning”) to the given structure. This can 
absorb energy, but will also increase the service life of gen-
erators15 by optimizing strain across the active surface.
As nanomaterials become commercially viable in the next 

20 years, they seek to build upon the benefits of single-crystal 
films. Multimode resonance (structures capable of being excited 
by more than one frequency) or true “continuous” impact solu-
tions (structures that produce electricity regardless of the driv-
ing frequency) can be achieved in industrial practice as they 
have been in the laboratory.9

Overall, materials properties are secondary to frequency 
dependence. Fixed-mode generators have been demonstrated,16

as have passively tuned systems.17 What is unclear is whether 
“actively tuned” systems that change to seek resonance auto-
matically can ever generate more power than they use to tune 
to an ideal frequency. These systems would most likely require 
a large secondary battery, and might be able to “self-tune” only 
infrequently. Multimode designs, essentially xylophone-like 
arrays of fixed-frequency generators, have been modeled,18 but 
these devices trade significant power density for the extended 
frequency response. Finally, coupling coefficients, which are 
parameters describing how well the mechanical energy of the 
system translates to strain between the atoms of a piezoelectric 
material, must be considered for each individual application.

Thermal Methods
Conventional Bi2Te3 thermoelectric devices have been 

applied to wireless sensor nodes.19 As for photovoltaics, thermo-
electric device requirements for micropower are nearly identical 
to those of their larger counterparts in terms of materials. Also 
similar is the constraint of a minimal footprint. For very small 
devices, it might be difficult to achieve the necessary tempera-
ture gradient. The sidebar by Tritt et al. in the article by Ginley 
et al. in this issue, discusses materials trends in thermoelectric 
development, as well as metrics for thermoelectric efficiency.

Overall, a balance must be struck between the leg area of 
thermoelectrics, which determines current, and the number of 
legs in series, which determines potential. If this balance is met, 
dc–dc conversion might be unnecessary, which would allow 
more volume for energy generation and improve the overall 
powertrain efficiency. Of course, the maximum energy that can 
be harvested is capped by the available gradient. Industrial 
plants provide perhaps 30 K/cm effectively.

On-Chip Secondary Batteries
Because of the generally low duty cycles (ratio of time in 

the “on” state to time in the “off” state) of wireless sensor net-
works, energy density and cycle life requirements take prece-
dence over power density. Thin-film batteries have shown 
promise for the past decade,20 but low capacities per area and 
high processing temperatures are still engineering obstacles to 
be overcome. Thick-film approaches will improve capacity, but 
a compatible, effective solid-polymer electrolyte has yet to be 
deployed commercially.21,22 Although liquid-phase electrolytes 
are an option for wireless sensor nodes, the packaging costs and 
environmental constraints required are generally prohibitive.

Conclusion
The continued development of micropower materials is criti-

cal to enabling self-sufficient wireless sensor nodes and networks. 
This development must be informed by device needs, size limita-
tions, and manufacturing cost constraints. No single power source 
provides a “magic bullet” solution; thus, device makers will need 
a variety of materials and mechanisms to ensure that these nodes 
meet the application targets across varying environments.
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SEE ALSO SIDEBAR:

Flywheels

 

Materials Challenges Facing 
Electrical Energy Storage
M. Stanley Whittingham (Binghamton University, USA)

Abstract
During the past two decades, the demand for the storage of electrical energy has mushroomed 
both for portable applications and for static applications. As storage and power demands have 
increased predominantly in the form of batteries, the system has evolved. However, the present 
electrochemical systems are too costly to penetrate major new markets, still higher performance is 
required, and environmentally acceptable materials are preferred. These limitations can be over-
come only by major advances in new materials whose constituent elements must be available in 
large quantities in nature; nanomaterials appear to have a key role to play. New cathode materials 
with higher storage capacity are needed, as well as safer and lower cost anodes and stable elec-
trolyte systems. Flywheels and pumped hydropower also have niche roles to play.

Introduction to Energy Storage
Why store energy, and in particular, why store electrical 

energy? There is a great need for electrical energy storage, not 
only for mobile electronic devices, such as cell phones, com-
puters, and iPods, but also for transportation and load-leveling 
and for the effective commercialization of renewable resources 
such as solar and wind power. The storage sizes needed range 
from milliwatts for smart-card devices to multiple-megawatts 
for large load-leveling stations; unlike for electronics, there is 
no simple applicable Moore’s law (i.e., no general trend of 
exponentially increasing storage capacity). Much attention is 
being given to hybrid electric vehicles (HEVs), in which batter-
ies and/or capacitors are used to capture the energy evolved in 
braking. A related application is the capture of the energy nor-
mally wasted when a dock crane is lowering a crate; capturing 
this energy through capacitors saves around 40% of total energy 
utilization. Similarly, subway trains, with many stops and starts, 
can capture the braking energy entering the station for use in 
accelerating out of the station. The next generation of electric 
vehicles might be plug-in hybrids, in which larger batteries are 
used and the vehicle can be recharged by plugging into the elec-
trical power line. An effective unlimited range can be attained 
by using a small internal engine as a battery charger; the waste 
heat from the internal combustion engine can provide the heat-
ing and defogging energy. The all-electric vehicle might find a 
few niche markets; these include city buses and postal delivery 
and utility repair vehicles with much stopping and starting and 
limited daily ranges, high-cost hot-rod sports cars, and small 
commuter cars. In all of these transportation applications, low 
cost and long life are essential for commercial success. Neither 
can be attained with the present chemical storage battery and 
capacitor charge storage systems.

An application demanding even lower costs and higher reli-
ability is in load-leveling and central back-up. A typical daily 
electrical usage cycle is shown in Figure 1. There is consider-
able hourly variation, and the load could be leveled by, for 
example, storing energy during the early morning low-usage 
hours and using that energy during the peak hours of 4–6 pm. 
This would not only reduce the total generating capacity needed, 

but make the remaining generation capacity more efficient. 
Here, the system is static and can range from a few kilowatt-
hours for a home solar energy system to many megawatt-hours 
for a utility load-leveling application. The former are satisfied 
today by lead-acid batteries, and the latter by a range of systems 
ranging from Ni–Cd through redox systems to advanced 
sodium–sulfur systems. The last demonstrates how long a new 
technology takes to come to market. The sodium–sulfur battery, 
conceived by the Ford Motor Company, uses the solid electro-
lyte sodium– -alumina, whose exceptional ionic conductivity 
properties were reported in 1967. After almost 40 years of devel-
opment mostly in Europe, NGK Insulators commercialized the 
battery for load leveling in Japan; a 1 MW NGK battery is used 
on Long Island, New York, to provide power during peak peri-
ods for compressors for 220 natural gas buses. Vanadium redox 
batteries are being used for supplementing peak power needs in 
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Figure 1. Typical electrical power profile, showing the large variations 
during a 24-h period. In a load-leveling scenario, an electrical energy 
storage device would be charged during periods of low power demand 
and would discharge during periods of high power demand, thus filling 
in the valleys and cutting off the peaks. A utility would thus need less 
overall power generation capability and could delay the installation of 
extra capacity for a period.
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Castle Valley, Utah, as well as for load-leveling wind farms and 
other applications throughout the world; a 40 MW Ni–Cd bat-
tery system is used in Fairbanks, Alaska, for guaranteeing con-
tinuous power availability. To enable renewable energy, which 
is often intermittent in nature, localized energy storage is desir-
able. To place the economic desire for uninterruptable power in 
context, some $80 billion is lost by industry in the United States1

each year because of mainly short power interruptions. To ame-
liorate this problem, high-tech, high-cost industry such as chip 
fabrication plants have large power storage backups and employ 
frequency smoothing, using, for example, lead-acid batteries.

Aside from batteries and capacitors, there are a number of 
other options, such as water pumping, flywheels, and supercon-
ducting magnetic energy storage (SMES) systems. In the for-
mer, water is pumped uphill into “reservoirs” when excess 
generating capacity is available and then allowed to flow down-
hill through the pump turbines during high peak demand. One 
such example is found in the Snowdonia mountains of Wales at 
Dinorwig.2 This system has 288MW of power output. There are, 
however, limited locations where water-pumping can be 
installed. A variation on water-pumping is to use excess electric-
ity to compress air and allow the compressed air to drive turbines 
during peak hours; such a facility is in the planning stage in Iowa 
in conjunction with wind and off-peak power. Here again, the 
technology is limited by the availability of suitable caverns. 
Ultracapacitors are finding application for wind smoothing and 
backup power, for example, at the Palmdale, California water 
treatment facility. Flywheels (see the accompanying sidebar) 
and capacitors have found application for grid frequency regula-
tion on critical applications, as utilities commonly vary the fre-
quency to smooth the power output. The proposed hydrogen 
economy uses hydrogen as an energy source; this hydrogen can 
be formed from fossil fuels or grains or by electrolysis from 
water. SMES, an elegant storage means, is no longer under seri-
ous consideration because of cost and technical limitations.

To place in perspective the energy storage capabilities of 
these options, Table I provides a comparison, from which it can 
be seen that the systems being considered have much inferior 

energy storage capabilities compared to that of gasoline. A pure 
hydrogen fuel cell has a theoretical capacity that is comparable 
to that of a lithium battery, because hydrogen containers hold 
only 5 wt% hydrogen using the best storage media and high 
pressure, and because fuel cells put out just 0.8 V.

The energy obtained from any storage device depends 
strongly not only on the device but also on the power output, as 
shown in Figure 2. Batteries can provide higher energies than 
capacitors, whereas capacitors are high-power devices with 
limited energy storage capability. In addition, the quality of the 
energy from capacitors is generally poor; that is, for capacitors 
the voltage delivered varies strongly with the state of discharge, 
whereas batteries tend to have a fairly constant output voltage. 
Fuel cells, operating on liquid fuels such as methanol, can have 
high energy storage, but their power output is limited. Moreover, 

their efficiency is optimum only at constant output, and their 
poor response time demands that they be coupled to a storage 
medium such as batteries.

Batteries, fuel cells, and capacitors have many features in 
common, all being based on electrochemistry. Pseudocapacitors 
can be described as high-power secondary batteries, and fuel 
cells can be described as primary batteries that are recharged/
refueled externally. Several reviews cover this area—batteries 
and fuel cells in References 3–6, energy storage in Reference 7, 
and electrochemical capacitors in Reference 8. An excellent 
introduction to batteries, fuel cells, and supercapacitors by 
Winter and Brodd can be found in Reference 3. Fuel cells are 
discussed elsewhere in this issue (see the article by Crabtree 
and Dresselhaus). Materials have always played a critical role 
in energy production, conversion, and storage,9 and they will 
continue to do so. This article discusses the materials chal-
lenges facing electrical energy storage, and a more extended 
discussion with extensive background material can be found in 
a 2007 U.S. Department of Energy (DOE) workshop on 
Electrical Energy Storage.7

Chemical Energy Storage: Batteries
Batteries are by far the most common form of storing elec-

trical energy, and they range in size from the button cells used 
in watches to megawatt load-leveling applications. They are 
efficient storage devices, with output energy typically exceed-
ing 90% of input energy, except at the highest power densities. 
Rechargable, also known as secondary, batteries have evolved 
over the years from lead-acid through nickel–cadmium and 
nickel–metal hydride (NiMH) to lithium-ion. NiMH batteries 
were the initial workhorse for electronic devices such as com-
puters and cell phones, but they have almost been completely 
displaced from that market by lithium-ion because of the latter’s 
higher energy storage capability. Today, NiMH technology is 
the principal battery used in hybrid electric vehicles, but it is 
likely to be displaced by the higher energy and now lower cost 
lithium batteries if the latter’s safety and lifetime can be 
improved. The accompanying sidebar on batteries describes the 
different components of a modern-day rechargeable battery, 
all of which have materials limitations. Of the advanced 
 batteries, lithium-ion, so called because the lithium ions shuttle 
back and forth between two intercalation electrodes, is the 
dominant power source for most rechargeable electronic 
devices. Initially developed in the early 1970s, the lithium-ion 

104

103

102

101

100

100 101 102 103 104

Power Density (W/kg)

E
ne

rg
y 

D
en

si
ty

 (
W

h/
kg

)

105 106 107

10−1

10−2

10−3

Batteries

Pseudocapacitors

Double Layer 
Capacitors

Capacitors

Internal
Combustion

Engines

Fuel Cells

Figure 2. Comparison of the power density and energy 
density for batteries, capacitors, and fuel cells. (Energy is the 
capacity to do work; power is the rate at which work is done.)

Table I: Energy Output of Electrochemical Devices  
and Petroleum.

Energy Source Energy Output (kWh/kg)

Supercapacitors 0.01

Lithium battery 0.8

Hydrogen fuel cell 1.1

Gasoline 6.0a

aAssuming 30% combustion efficiency.
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cell contains no lithium metal because of the difficulty of 
 plating-out dendrite-free lithium on recharge; the formation of 
dendrites results in cell short-circuiting. Initially, lithium was 
alloyed with metals such as aluminum, which forms the 1:1 
alloy LiAl with a very large energy storage capability (780 
amp-hours per kilogram, Ah/kg). However, the volume of the 
aluminum increases by 200%, which results in electrode crum-
bling, loss of electrical contact between particles, and rapid 
capacity loss. Carbon, however, can react with lithium very 
readily at room temperature to form the intercalation compound 
LiC6 and has been used in essentially all lithium batteries since 
1990;10 most recently, purified natural graphites have replaced 
the expensive synthetic carbons.

Although carbon has been the workhorse of lithium-ion 
batteries, its potential is only 300 mV from that of lithium, 
which leads to possible problems on high-rate charging, such 
as in regenerative braking in HEVs, if the lithium intercalation 
rate into the carbon is too low. In such circumstances, the lith-
ium ions can plate out as metallic lithium, which is commonly 
in the form of dendrites that can penetrate the separator, short 
the battery, and lead to thermal runaway and eventually a fire. 

These carbon–lithium anodes also have low gravimetric and 
volumetric energy densities—around 340 and 770 Ah per kilo-
gram and per liter, respectively, compared to 3800 Ah/kg for 
pure lithium. Thus, much effort has been expended in searches 
for new lithium-containing anode materials, particularly alloy-
like compounds with tin and silicon, both of which form 
 lithium-rich materials (i.e., Li4.4Sn and Li4Si). However, the 
very large volume changes have, just as in the case of alumi-
num, severely limited their extended deep cycling, which lim-
its their practical application. Specifically, batteries, in use, can 
be either deep-cycled or shallow-cycled and are designed spe-
cifically for one or the other. A deep-cycled battery is one that 
is typically discharged to more than 50% of its capacity before 
being recharged—applications are golf-carts, computers, and 
cameras. Shallow-cycled batteries are discharged to only 
10–20% of their capacity—applications include the common 
automotive SLI lead-acid battery and the NiMH battery in 
Prius HEVs. However, in a recent breakthrough, Sony showed 
that amorphous nanostructured tin anodes (NP-FP71 cam-
corder battery) can be readily recharged and have a 30% higher 
volumetric energy density than carbon anodes. This tin anode 
material has been shown to be an almost-equimolar alloy with 
cobalt and to contain some other critical elements such as tita-
nium, nanosized particles of which are embedded in carbon.11

This amorphous nanosized material, shown in Figure 3, is not 
the answer to the anode materials challenge for large markets 
because of the cost and scarcity of cobalt, but it provides clues 
as to a possible materials approach. The challenge for the 
materials scientist is to fully understand why these nanosized 
materials work well and how to substitute an abundant low-
cost material in place of the cobalt. Of even potentially greater 
interest would be a similar material based on silicon, with its 
greater energy storage capability.

A key materials challenge to making any anode work is the 
formation and retention of what is called the solid electrolyte 
interphase (SEI) layer. This film, which is formed on the sur-

Figure 3. Transmission electron micrograph of the nano-
structured amorphous tin–cobalt anode, showing nanopar-
ticles of ~6-nm diameter embedded in a carbon matrix. From 
Reference 8.

What Is a Battery?
A battery (see below) contains one or more electrochemical cells; these can be 

connected in series or parallel to provide the desired voltage and power.
The anode is the electropositive electrode from which electrons are generated 

to do external work. In a lithium cell, the anode contains lithium, commonly held 
within graphite in the well-known lithium-ion batteries.

The cathode is the electronegative electrode to which positive ions migrate inside 
the cell and to which electrons migrate through the external electrical circuit on dis-
charge; during charging, the ions and electrons flow in the opposite directions.

The electrolyte allows the flow of the positive ions, for example, lithium ions 
from one electrode to another. It allows only the flow of ions and not the flow of 
electrons. The electrolyte is commonly a liquid solution containing a salt dissolved 
in a solvent. The electrolyte must be stable in the presence of both electrodes.

The current collectors allow the transport of electrons to and from the elec-
trodes. They are usually metals and must not react with the electrode materials. 
Typically, copper is used for the anode and aluminum for the cathode (the lighter 
weight aluminum reacts with lithium and, therefore, cannot be used for lithium-
based anodes).

The cell voltage is determined by the energy of the chemical reaction occurring 
in the cell.

The anode and cathode are, in practice, complex composites, containing, in 
addition to the active material, polymeric binders to hold the powder structure 
together and conductive diluents such as carbon black to give the whole structure 
electronic conductivity so that electrons can be transported to the active material. 
Moreover, these components are combined in such a way as to leave sufficient 
porosity to allow the liquid electrolyte to penetrate the powder structure and the 
ions to reach the reacting sites.

(Adapted from Reference 7.)
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face of the anode during the first electrochemical cycle, stops 
the reaction between the electrolyte solvent and lithium and is 
critical to the safe and efficient operation of any lithium bat-
tery. It is believed to be a mix of organic and inorganic com-
ponents but is presently ill-characterized—another challenge 
for the materials scientist. This film is one of the failure mecha-
nisms of anode materials that expand and contract on reaction 
with lithium because the film will be broken and have to be re-
formed. The re-forming step consumes more electrolyte and 
creates resistive films between the anode material particles.

The Cathode
The area of potentially greatest opportunity for the materials 

researcher is the cathode. Here, lithium batteries are described 
as an example. Several materials have been used, starting with 
titanium disulfide TiS2 (commercialized in 1977), followed by 
lithium cobalt oxide LiCoO2 (1991) and variants with nickel 
and manganese [Li(NiMnCo)O2], lithium manganese spinel 
(LiMn2O4), and most recently LiFePO4 (2006). Each has its 
advantage and drawbacks, but none to date has much exceeded 
the 150 Ah/kg theoretical capacity,3 leading to practical capaci-
ties of no more than 75 Ah/kg. Major materials breakthroughs 
are needed to significantly increase the energy storage capabil-
ity while at the same time increasing lifetime and safety. A num-
ber of approaches are being considered to do this.

First, let us define the requirements of any cathode material 
for a lithium battery:

the material must contain a readily reducible/oxidizable ion, 
for example a transition metal;
the material must react with lithium reversibly and without 
major structural change to give a rechargeable cell;
the material must react with lithium with a high free energy 
of reaction for high voltage;
the material should react with lithium very rapidly on both 
lithium insertion and removal to give high power;
the material should ideally be a good electronic conductor to 
alleviate the need for a conductive additive; and
the material must be low cost and environmentally benign, 
and its elements must be plentiful in nature.
The individual redox-active material preferably provides 

many of these criteria, but several are opposite in character. For 
example, the high-voltage cathodes generally have low elec-
tronic conductivities, so that a conductive diluent must be 
admixed; carbon black is most commonly used, but it can lead 
to side reactions, particularly at high potentials, and is almost 
certainly not usable with the present electrolytes at 5 V. 
The battery sidebar describes the complexity of the electrode. 
The electrochemical reactions occur predominantly at the point 
where electrolyte, cathode-active material, and electronic con-
ductor are in contact. Thus, there would be many advantages in 
finding a material that does not require any conductive additive, 
such as metallically conducting TiS2,

4,12 but that operates at 
3.5–4.5 V.

All commercialized rechargeable cathode materials to date 
basically belong to two classes: close-packed structures such as 
those of layered TiS2, LiCoO2, and cubic LiMn2O4 and the tun-
nel structures of LiFePO4. None of these have demonstrated 
reversible storage capacities much exceeding 500 Wh/kg under 
normal operating conditions.

One way to increase the storage capacity in lithium batteries 
is to get more than one electron per transition metal redox cen-
ter. Several materials, including VSe2,

13 VOPO4,
14 and 

LixNi0.5Mn0.5O2,
15 can achieve close to two electrons, as shown 

in Figure 4. However, in each of these cases, there is a large 
difference between the potential of the first reduction and that 
of the second reduction, which will prevent both steps from 

being used in a practical battery. The second step does, how-
ever, provide protection against overdischarge. An alternative 
to inserting two lithium or sodium ions is to use a higher valence 
cation such as magnesium or aluminum, which would also con-
siderably reduce the weight and volume of the anode. However, 
the ionic conductivities of these higher valence cations tend to 
be much reduced in solids.

A second way to increase the storage capacity is to go to cath-
odes with higher potentials, such as LiMn3/2Ni1/2O4, that operate at 
close to 5 V. Figure 5 compares the voltage of this system with that 
of another close-packed oxygen lattice having equimolar amounts 
of nickel and manganese.3 However, there are major stability issues 
with the electrolyte. Today’s systems are not stable much beyond 
4.2 V, with decomposition reactions occurring at higher voltages. 
In addition, the conductive carbon additives can react with the elec-
trolyte salt at these potentials, forming intercalation compounds. 
The discovery of a high-voltage electrolyte would open a number 
of opportunities for increased energy storage.

A question that continually arises with the high-potential 
electrodes is their stability over long periods of time, for exam-
ple, the >10 years that automotive companies demand for elec-
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tric vehicles. Most of the layered oxides have potentials 
exceeding 4 V when fully charged, which means that they have 
an inherent high oxygen partial pressure. This oxygen is a ready 
combustion agent for the oxidizable components of the cell and 
can result in fiery explosions. LiNiO2 is the worst compound in 
this regard, and so nickel is always mixed with some other 
metal, for example, as in LiNi0.95-yCoyAl0.05O2. The presence of 
the redox-inactive aluminum prevents the complete charging of 
all of the nickel to the 4+ state.

Thus, there are many proponents of using cathode materials 
that have lower potentials and contain firmly bound oxygen. 
LiFePO4, with the olivine structure, is one such material.16 The 
potential of this material is around 3.5 V versus lithium, well 
within the stability limits of many electrolytes; moreover, the 
phosphate group is extremely stable, not susceptible to being 
broken up on overcharge or discharge. Only under extreme dis-
charge is the olivine structure destroyed, and even then, the 
phosphate group is maintained as lithium phosphate. This mate-
rial, although an electronic insulator, cycles exceptionally well 
even at high rates when a conductive film is coated on the par-
ticles by a method involving grinding with carbon and in situ
formation from carbonaceous compounds. The outstanding 
characteristics of this material have led to its commercialization 
in some high-power applications, such as professional power 
tools.17 Extensive studies are now underway to commercialize 
this technology for electric vehicles. Its energy storage is some-
what low, 590 Wh/kg theoretical at 3.5 V. The energy storage 
capacity can be improved by switching to LiMnPO4 with its 
4-V potential; although this compound has been notoriously 
difficult to cycle, some recent work is showing high capacities 
comparable to that of LiFePO4.

18 Another approach to raising 
the energy stored is to synthesize compounds with a higher ratio 
of redox ion to phosphorus, thus reducing the amount of dead-
weight phosphate. Compounds such as lipscombite, 
Fe1.3PO4O(H,Li), show some promise,19 but because they have 
Fe–O–Fe bonds, the discharge potential falls to around 3 V as a 
result of a lowering of the inductive effect found in the olivine 
structure. One way around this difficulty might be to use man-
ganese in place of the iron, which might again give a 3.5-V cell 
but with increased capacity. There are many opportunities for 
crystal engineering in this class of material on both the cation 
and the anion sites.

New Battery Systems
Lithium-ion cells have received the most attention over the 

past three decades, but other systems need to be researched if 
transformational changes are to be made. As noted earlier, 
sodium–sulfur cells operating at around 300°C have now gone 
commercial. The volumetric capacity of lithium cells could be 
significantly improved if pure lithium could be used as the anode 
or if a pure chalcogen (oxygen, sulfur, selenium, or tellurium) 
could be used as the cathode. Primary zinc–air cells have been 
used to power hearing aids, and if a lithium–air cell could be 
made operable, the energy density could be doubled over that of 
present-day lithium-ion cells. However, such cells have the 
problems of both batteries and fuel cells: the need for nonden-
dritic replating of lithium, a reliable efficient electrocatalyst for 
the cathode, and a nonflooding electrolyte (i.e., an electrolyte 
that allows the air or other gas to get to the electrode surface 
where the catalyst resides). Preliminary data obtained on a lith-
ium–air cell forming Li2O2 indicated reversibility,20 but there is 
an unacceptably high difference between the charging and dis-
charging voltages, 4.2 V versus 2.6 V, respectively, which leads 
to a very low efficiency. The theoretical energy density of the 
Li/Li2O2 couple is around 3 kilowatt-hours per kilogram (kWh/
kg) without considering the weight of the catalyst or porous car-

bon oxygen electrode—more than double that of the Li/
Li(NiMnCo)O2 couple. (Note that the theoretical energy or 
power density typically includes only the content of the electro-
chemically active electrode components, for example, just the 
weight or volume of the LiFePO4 itself in a LiFePO4 battery. In 
a typical battery, the active components do not exceed 50% of 
the total battery weight.) However, this advantage is maintained 
only if a pure lithium anode is used; when carbon, C6Li, is used, 
the theoretical energy densities are comparable, at just over 
600 Wh/kg. This is thus a major challenge for the electrodeposi-
tion expert. In addition to lithium and zinc, a number of other 
metal–oxygen couples might be viable, including aluminum and 
magnesium, but researchers have not devised a feasible scien-
tific approach to date for a rechargeable battery.

Moving away from lithium altogether, systems based on 
sodium might be considered, but the low melting point of 
sodium leads to safety concerns for consumer applications. The 
sodium–sulfur couple has been commercialized for use with 
sodium– -alumina as the electrolyte at around 300°C, and there 
are possibilities of reducing the temperature of operation if suit-
able sulfur solvents and electrolytes can be found. In the 1970s, 
a number of flow redox batteries were considered, such as zinc–
bromine by Exxon. In these batteries, which resemble fuel cells 
in many respects, the cathode and anode reactants are held in 
large tanks so that the energy storage capability can be high. 
Vanadium redox batteries are in commercial use now, as dis-
cussed earlier. The use of stacked bipolar plates allows for the 
battery pack to provide high power in a small volume; such 
configurations have not been considered in lithium cells because 
of the concern of cell imbalance leading to safety issues, but 
they probably deserve more attention.

Electrochemical Capacitors
Traditionally, capacitors differ from batteries by storing 

energy as charge on the surface of the electrodes, rather than by 
chemical reaction of the bulk material. As a result, the electrode 
does not have to undergo structural change, and capacitors have 
much longer lifetimes, essentially unlimited under perfect con-
ditions. They thus also tend to have much higher rate capabilities 
than batteries, being almost instantaneously charged or dis-
charged. Consequently, they are suitable for repetitive fast appli-
cations, such as regenerative braking and subsequent acceleration. 
However, because capacitors use only the surface of the material 
for charge storage, as shown in Figure 6, they are very limited 
in energy storage capability, with values typically from 0.1 Wh/
kg to 1 Wh/kg compared to well over 100 Wh/kg for lithium 
batteries. In addition, they provide a rather low quality of energy; 
that is, rather than providing energy at a relatively constant 
potential, they provide energy in a continuous manner from the 
charging voltage to 0 V.

Capacitors are of various types. Those used in power and 
consumer electronic circuits are of the dielectric and electrolytic 
type and are mostly solid-state. They have extremely fast 
response times and essentially unlimited lifetimes, but store very 
little energy, typically less than 0.1 Wh/kg. They thus have no 
place in applications where significant amounts of energy need 
to be stored. The second class of capacitors are electrochemical 
capacitors (ECs),8 often using high-surface-area carbon for the 
electrodes and sulfuric acid or acetonitrile as the electrolyte. ECs 
can be divided into two groups: supercapacitors and pseudoca-
pacitors.The first of these are the electric double-layer capaci-
tors, also known as ultracapacitors; in these, the energy is stored 
at the surface of the material in the double layer. Supercapacitors 
have improved energy storage compared to solid-state capaci-
tors, but they still provide less than 10 Wh/kg, and the cell volt-
ages are limited to prevent the decomposition of the liquid 
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electrolytes: less than 1V for aqueous and around 3V for non-
aqueous-based electrolytes. The ideal applications for ECs are 
those demanding energy for short periods, 10−2–102 s, and for 
thousands of cycles reliably and at low cost.

The second class of ECs comprises the pseudocapacitors, 
which are a hybrid between double-layer capacitors and batter-
ies, with both the bulk and the surface of the material playing 
key roles. They thus can store much more energy than surface 
 capacitors, >10 Wh/kg, but face many of the same reliability 
and scientific challenges as advanced batteries. Many of the 
same materials as used in batteries find application in pseudo-
capacitors, in particular, transition metal oxides such as vana-
dium and manganese oxides. In fact, upon reaction with lithium 
some crystalline compounds with flat discharge plateaus, such 
as vanadium pentoxide, convert to amorphous materials, as the 
lithium and vanadium ions become randomized in the lattice, 
and show sloping discharge profiles typical of a capacitor. 
A compound that has generated much scientific interest is 
hydrated ruthenium oxide, which can store around 200 Wh/kg 
(750 F/g), the highest level of any capacitor. A fundamental 
understanding of this presently unique material is essential in 
order to determine its key physical and chemical behavior. This 
understanding might lead to a commercially viable pseudoca-
pacitor material not containing any noble metal.

A goal for the materials scientist must be to “design capaci-
tive storage materials” in such a way that each component pref-
erably performs more than one function. Such a design would 
incorporate both chemical and surface charge storage, deter-
mine the optimum mix of each, and determine the optimum 

pore size distribution required to maximize the capability of the 
electrolyte to provide or remove the ions at a very high rate. It 
would also incorporate how the solvation of the charging ion 
changes with pore size from macropores to the extreme where 
an intercalation reaction occurs between neighboring sheets of 
the material where only a minimal or zero solvation of the ion 
occurs. Such a design approach would also help determine the 
optimum electrolyte and salt combination for high conductivity 
and charge transfer and address the ever-present cost issue. It is 
expected that new computational tools will play a key role in 
allowing the theory, modeling, and simulation of the complex 
structures, including the interfaces, demanded for the next gen-
eration of capacitors. A key challenge for any electrical energy 
storage device is to obtain a continuous electronic conductive 
pathway in the electrode so that the electrons can be inserted or 
removed extremely rapidly. This is even more important for 
pseudocapacitors, which are designed to be high-power devices. 
A natural extension of the porous materials researched today is 
to go to nanosized materials, with their inherently extreme sur-
face areas and potentially enhanced chemical redox behavior.

Vanadium oxides are a class of materials that have been used 
in batteries (e.g., silver vanadium oxide in pacemakers) and 
because of their broad range of morphologies, these materials 
are beginning to garner much attention. Crystalline vanadium 
pentoxide, upon reaction with lithium, rapidly becomes disor-
dered and exhibits typical capacitive-like discharge curves. 
Wang et al.21 have explored the morphology of nanovanadium 
oxides, and as shown in the Ragone plot in Figure 7, the elec-
trochemical characteristics are strongly dependent on the mor-
phology. (Ragone plots, in which the energy density—in 
Wh/kg—is plotted against the power density, in W/kg, are typi-
cally used to compare the performance characteristics of vari-
ous energy storing devices.) As shown earlier in Figure 2, the 
higher the energy density, the poorer the power density. These 
materials show behavior between those of a battery and a 
capacitor, and it is not unlikely that a number of future applica-
tions will use such hybrid devices.
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Figure 6. Schematic of energy storage in an electrochemical 
capacitor using high-surface-area carbon. Typical power 
density is 2.3 kW/kg, and typical energy density is 1.7 Wh/kg.
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Key Scientific Challenges and Opportunities 
Facing Batteries and Capacitors

A number of scientific challenges and opportunities face 
both batteries and capacitors, whether configured for high 
power/low energy or lower power/high energy. Although the 
examples to be discussed emphasize batteries, because of the 
much greater research activity, they are equally applicable to 
electrochemical capacitors and in particular pseudocapacitors.

The Role of Nanomaterials for Energy Storage
The recent discovery of nanostructured materials, such as 

the tin-cobalt anode discussed earlier, has presented new oppor-
tunities for tailoring materials for energy storage. At the 
nanoscale, there is likely little difference, conceptually, between 
pseudocapacitive and storage reactions. The ability to control 
the structure of materials at the nanoscale adds size as a func-
tional variable, in addition to composition and structure. These 
materials exhibit new phenomena beyond that associated with 
just the larger surface areas, such as the amelioration of the 
impact of volume expansion in the tin upon reaction with lith-
ium and the apparent change of the phase diagram of LiFePO4. 
However, the lack of a fundamental understanding of how ther-
modynamic properties, such as phase coexistence, change at 
the nanoscale is in direct contrast to the wealth of information 
available on the physical properties of nanomaterials, such as 
magnetic, optical, and electronic properties.

Many fundamental questions remain to be answered about 
how materials at the nanoscale significantly differ from those 
in the bulk. How can the different properties of nanoparticles 
and their composites be used to increase the power and energy 
efficiency of battery systems? How does the chemical reactiv-
ity of materials differ at the nanolevel, and how do the ionic 
and electronic conductivities couple and behave at the nano-
level? How do we control the morphology and particle size of 
nanomaterials to optimize transport behavior as well as pack-
ing density? An issue with all nanocomposites is their packing 
density, which might severely limit the volumetric storage 
capacity.

A challenge to be solved is the development of low-cost, 
high-volume synthesis and fabrication techniques for nano-
composites, which must have improved safety characteristics 
for their use in practical battery and pseudocapacitor systems. 
Recently, a number of groups have shown the ability to produce 
nanosized LiFePO4 by solvothermal, high-temperature firing or 
molten-salt methods. Figure 8 shows the excellent power capa-

bility of LiFePO4 made by a solvothermal approach, when 
mixed with carbon black.22 The company HPL has similarly 
shown much improved electrochemical behavior of solvother-
mal LiMnPO4 when ground to nanosize with carbon.18

A key recent finding that carbon nanotubes, with their 
extremely high aspect ratio, reach the conductivity percolation 
threshhold in mixtures at levels of only 0.1 wt% could dramati-
cally reduce the weight and volume of the conductive diluent 
that needs be added to cathode mixtures.23 This could explain 
the improved electrochemical behavior report for LiFePO4
formed hydrothermally in the presence of carbon nanotubes.24

Multipurpose Materials in Energy Storage
As described in the battery sidebar, batteries and electro-

chemical capacitors contain many components that are critical 
to performance but that do not contribute to the energy or power 
density and instead reduce both the gravimetric and volumetric 
capacities. Such components include the conductive additive 
and binders that are used in both electrodes, as well as the criti-
cally important electronically insulating separator. A challenge 
to the materials scientist is to design materials that are multipur-
pose, for example, a conductive binder or a separator that can 
also serve as a cell cutoff in the event of thermal runaway. 
Titanium disulfide is a conductive diluent that could also be 
used for overdischarge protection. Another area for exploration 
is the use of current collectors that could be used in a bipolar 
cell configuration, where one side is the anode and the other the 
cathode. In such batteries/capacitors, the cells are simply 
stacked to deliver the desired battery voltage with no external 
connections between the individual cells.

The Role of Theory and Modeling in Electrical Energy 
Storage

The rational design of novel electrical energy storage sys-
tems with high energy and power density will benefit from a 
combined experimental and theoretical approach. The latter 
requires the calculation of all the properties of electroactive 
materials and the microstructures in which they are embedded. 
A revolutionary advance, for example, would be the design and/
or prediction of materials that can react with multiple electrons 
per redox couple within, say, a 1-V window. Although batteries 
and electrochemical capacitors operate on different time scales, 
with the former using slower reactions involving the bulk of the 
material and the latter faster interfacial reactions, many of the 
issues are common, particularly for pseudocapacitors, includ-
ing the behavior of ions and solvents confined in pores of vari-
ous dimensions.

Significant progress has already been made since the pio-
neering work of the Ceder group25 that has allowed the calcula-
tion of the redox potentials and ion mobilities of several 
important cathode materials. Mesoscale modeling has allowed 
the simulation of transport and mechanics in complex architec-
tures of packed agglomerates,26 but a full predictive theory of 
chemical energy storage systems still requires fundamental 
research and methodological developments in several key 
areas. Progress in these key areas will eventually allow higher 
energy and power at lower cost and will dramatically accelerate 
innovation in new materials.

Modeling the interfaces. The solid electrolyte interphase 
(SEI) layer formed between the electrodes and the electrolyte 
is critical to the performance, life, and safety of electrochem-
ical devices. This complex, continually changing interface 
is very poorly understood and not well described in mathe-
matical performance models. It will be absolutely essential 
to fully understand this living layer in order to design the 
long-lived cells demanded by electric vehicles. Such an 
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undertaking will demand a joint effort between the theorist 
and novel in situ characterization tools.
Modeling ion and electron motion. The prediction of the 
motion of ions and electrons in crystalline and amorphous 
lattices, as well as in constrained liquids, is particularly 
important for chemical energy storage. These predictions 
then need to be combined to give a picture of the whole 
 system, which will require the models to be significantly 
complex to capture ion and electron transport in multicom-
ponent electrolytes and complex multiphase microstructures. 
The high anisotropy of many electrode materials such as the 
one-dimensional ion-conducting olivines must be consid-
ered. This anisotropy is often associated with extreme elec-
tronic insulator characteristics, because strong bonding 
groups such as phosphates are likely to lead to safe elec-
trodes. The olivine LiFePO4 is one such example where the 
strong coupling between the localized polarons and the 
mobile lithium ions had to be taken into account.27

Modeling kinetics and mechanism of phase changes. The 
mechanism by which new phases are nucleated and translate 
through electrode materials is poorly understood. How the 
phase change occurs in the LiFePO4/FePO4 system and what 
limits its translation through the crystallites is not clear. What 
is the impact of crystallite morphology—does a thin platelet 
show maximum phase transition rates, or do defects catalyze 
the nucleation and motion of phase fronts?
Modeling nanoscale materials and surfaces. Modeling is 
needed to determine the length scale at which the kinetics 
and thermodynamics of nanoparticles become significantly 
different from those of the bulk and the surface and to predict 
how the properties might differ particularly in the length 
scale from 10 nm to 150 nm. Such information would help 
guide the experimentalist in targeting the most important 
materials. Today, even the relative thermodynamic stabilities 
of the different known bulk phases of FePO4 are not known. 
The challenge to the theorist is to predict the chemical struc-
ture of the next generation of phosphates that have capacities 
approaching 300 Ah/kg to allow batteries with a theoretical 
storage capability of 1 kWh/kg.
Design of electrode structures. As noted in the battery 
 sidebar, control of the microstructure of the complex com-
posites making up electrodes is critical to the long-term 
operation of the battery. Modeling is needed to prescribe the 
optimum particle size and morphology, the optimum mixture 
of these particulates with the conductive diluent and binder, 
the optimum porosity, and the impact of electrodes swelling 
and contracting on reaction. A full understanding of these 
parameters will allow optimum design for energy storage 
and power output.

The Characterization of Materials and Cells in 
Electrical Energy Storage

Batteries and pseudocapacitors are living systems, with 
ions in the electrodes other than the mobile ion, such as lith-
ium, moving as a function of discharge and charge state. These 
motions often cause phase changes to occur, and it is important 
to understand the mechanism so that the materials can be opti-
mized for all conditions of charge. For example, in bulk 
micron-size LiFePO4, the two phases FePO4 and LiFePO4 are 
in equilibrium, and conversion between them is believed to 
occur by a reaction front moving along the ac plane with an 
amorphous disordered nanophase at the interface, as deter-
mined by a transmission electron microscopy (TEM) study28

on a hydrothermally grown single crystal. In contrast, LixFePO4
under 20 nm is thought to possibly react by a simple single-
phase diffusion mechanism. However, the mechanism for the 

mixed LiFe1-yMnyPO4 material is still not understood, as it is a 
multiple two-phase system.

An even more complex class of cathode material is the lay-
ered oxide, Li1+y[NizMnzCo1–2z]1-yO2. In this layered structure, 
alternating layers are ideally occupied by the transition metal 
and lithium, respectively, when y = 0. However, for essentially 
all compositions, nickel migrates to the lithium layer, and a com-
parable amount of lithium is found in the transition metal layer. 
As y increases, the lithium content in the metal layer increases. 
Recent data suggest that the nickel ions migrate, and possibly 
the other transition metals do as well, as the material is charged 
in a cell. In addition, when the material is completely charged, 
the stacking of the MO2 sheets can rearrange to give hexagonal 
close-packed sheets. This disruption of the stacking sequence 
from ABCA to ABAB results in a marked loss of capacity; this 
is the reason that LixCoO2 is not charged for values of x much 
less than 0.5. A little residual nickel in the lithium layer might 
pin the layers and prevent this change in stacking sequence. It is 
therefore critical to be able to thoroughly characterize the elec-
trodes, preferably in situ, which will demand much-enhanced 
characterization capabilities with simultaneous measurement 
techniques. For example, a combined x-ray and neutron diffrac-
tion analysis shows that nickel migrates to the lithium layer, and 
nuclear magnetic resonance spectroscopy can determine the 
presence of lithium in the transition metal layer, the identities of 
its neighbors, and also whether it is in octahedral or tetrahedral 
sites.29,30 Magnetic susceptibility measurements have shown the 
presence of nickel ions in the lithium layer and how these inter-
actions change as the lithium content is lowered on charging.31

Even more challenging will be the characterization of 
advanced nanomaterials, which are often amorphous or at best 
poorly crystalline. More advanced tools will be required, such 
as pair distribution function (pdf) analysis of structural data as 
exemplified by its application to the Sony Sn–Co anode11 and 
on vanadium oxide nanoscrolls.32

In all studies of electrochemical cells, in situ measurements 
will allow for an understanding of dynamic phenomena and 
processes at the electrode–electrolyte interface as well as within 
the cathode and anode materials during charge–discharge 
cycles. New tools will need to be devised to permit the func-
tional state of the cell to be determined during operation. 
Furthermore, new computational tools will be required to assist 
in the interpretation of advanced structural and spectroscopic 
measurements, such as in the generation of possible structures 
of amorphous materials and nanomaterials.

The Electrolyte
A major cost factor and limitation for the next generation of 

batteries and capacitors is the electrolyte. At this time, there is 
a major lack of understanding of the molecular interactions 
occurring within the electrolyte and at the solid interfaces with 
which the electrolyte is in contact. Moreover, these interfaces 
can be on the external surface of the electrodes or in the com-
plex internal porous structure. An advanced electrolyte, whether 
for a battery or for an electrochemical capacitor, will need the 
following characteristics, compared to today’s systems:

higher ionic conductivity to give high cycling rates over a 
wide range of temperature, ideally from −30°C to 100°C;
higher stability, both chemical and electrochemical, to allow 
for higher voltage systems and to increase safety;
higher compatibility with other cell components, both for bet-
ter wettability and for lower corrosion/reaction rates; and
lower cost and decreased environmental impact.
Today, lithium batteries use electrolytes containing an LiPF6

salt dissolved in a mixed carbonate solvent, whereas the high-
voltage capacitors use quarternary ammonium salts dissolved 
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in acetonitrile or an organic carbonate. There is a desire to move 
away from the LiPF6 salt, which can produce hydrogen fluoride 
(HF) in even traces of moisture. This HF can cause dissolution 
of the cathode metals, the atoms of which then migrate to and 
react with the lithium–graphite anode, causing significant loss 
of capacity. Boron-based salts are of interest because of their 
higher stability, but in some cases, the SEI layers they form are 
too resistive. LiBOB and its fluorinated analogs are of particu-
lar interest and might lead to completely new systems over the 
next decade. Another research opportunity lies in ionic liquids. 
These are salts that are liquid under ambient conditions and do 
not need any solvent for operation. They also tend to have low 
vapor pressures and to be nonflammable, but they might be too 
reactive to be used with lithium and some cathode materials 
with which they can form complexes. However, the present 
materials might find application in high-power batteries, such 
as the dual spinel Li4Ti5O12/LiM2O4 system, or in electrochemi-
cal capacitors. This is just the beginning of new opportunities 
for the electrolyte chemist, and major breakthroughs can be 
anticipated. For further information, Reference 3 provides 
excellent reviews on electrolytes and separators.

Summary
Electrical energy storage is crucial for the effective prolif-

eration of an electric economy and for the implementation of 
many renewable energy technologies. Transformational 
changes in both battery and capacitor science and technology 
will be required to allow higher and faster energy storage at the 
lower cost and longer lifetime necessary for major market 
enlargement. Most of these changes require new materials with 
larger redox capacities that react more rapidly and reversibly 
with cations such as lithium.
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Electrical Energy Storage Using Flywheels

M. Stanley Whittingham (Binghamton University, USA)

Flywheel energy storage systems use the kinetic energy 
stored in a rotor; they are often referred to as mechanical bat-
teries. On charging, the flywheel is accelerated, and on power 
generation, it is slowed. Because the energy stored is propor-
tional to the square of the speed, very high speeds are used, 
typically 20,000–100,000 revolutions per minute (rpm). To 

minimize energy loss due to friction, the rotors are spun in a 
vacuum and use magnetic bearings. The rotors today are typi-
cally made of high-strength carbon composites. One of the 
main limits to flywheels is the strength of the material used for 
the rotor: the stronger the rotor, the faster it can be spun, and the 
more energy it can store. However, if the strength is exceeded, 
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the rotor can shatter explosively, releasing all of its energy 
much like a hand grenade; thus, these systems are often housed 
in thick steel containers. Composites have the advantage that 
they tend to shatter into very fine particles.

The time required for a rotor to come to full charge (speed), 
within a few minutes, is shorter than that for batteries but longer 
than that for supercapacitors. Whereas batteries and capacitors 
can, in theory, store energy for indefinite periods, flywheels 
 consume energy when fully “charged” and are therefore best 
suited for short-term storage. This energy loss, around 10% per 
hour, might be reduced by improved magnetic bearings, such as 
those using superconductors. In this case, high-temperature 
superconductors are required, along with an outstanding insu-
lating system, so that refrigeration costs and maintenance do 
not become prohibitive; the ideal system needs to be completely 
self-contained.

The energy storage capability of flywheels approaches 130 
watt-hours per kilogram (Wh/kg), with power capabilities of 
around 500 watts per kilogram (W/kg). Present capacities range 
from 2 kWh upward, with capabilities of providing megawatts 
of power for a few minutes. Flywheels are presently used in 
conjunction with renewable power systems, such as wind 
power, to give steady high-quality output and in conjunction 
with uninterruptible power supplies to improve the power qual-
ity (maintenance of frequency and voltage). They are replacing 
lead-acid batteries for uninterrupted power supply systems, 
such as those used for telecommunications and information 
technology systems, having much lower weights and less 
required maintenance, even though their initial costs of around 
$1,000/kWh are about double those of a lead-acid device. 
Flywheels also find use in other highly cyclic operations, such 
as dock crane use, where they compete with capacitors rather 
than batteries. They are not finding much use in general con-
sumer applications, such as electric vehicles or home-level 
load-leveling because of safety and perceived gyroscopic con-
cerns and because they are optimized for short-term storage.

Most of the advances in flywheel energy storage technology 
are likely to come from engineering improvements as opposed 
to materials research breakthroughs. The reader is referred to 
www.itpower.co.uk/investire/pdfs/flywheelrep.pdf (accessed 
January 2008) for further information.

Figure 1. G2 Flywheel Module.  NASA Glenn Research Center, 
Power and Propulsion Office; http://space-power.grc.nasa.gov/ppo/
projects/flywheel/img/G2_082704_front2.jpg (accessed January 2008).





421 

The Hydrogen Fuel Alternative
G.W. Crabtree (Argonne National Laboratory, USA) 
M.S. Dresselhaus (Massachusetts Institute of Technology, USA)

Abstract
The cleanliness of hydrogen and the efficiency of fuel cells taken together offer an appealing alter-
native to fossil fuels. Implementing hydrogen-powered fuel cells on a significant scale, however, 
requires major advances in hydrogen production, storage, and use. Splitting water renewably 
offers the most plentiful and climate-friendly source of hydrogen and can be achieved through 
electrolytic, photochemical, or biological means. Whereas presently available hydride compounds 
cannot easily satisfy the competing requirements for on-board storage of hydrogen for transporta-
tion, nanoscience offers promising new approaches to this challenge. Fuel cells offer potentially 
efficient production of electricity for transportation and grid distribution, if cost and performance 
challenges of components can be overcome. Hydrogen offers a variety of routes for achieving a 
transition to a mix of renewable fuels.

Increased energy use is the universal driver for raising the 
quality of life in all societies, from developing to developed 
countries. However, the present reliance on energy from fossil 
fuels produces unwanted side effects: environmental pollution 
that threatens human health, carbon dioxide emissions that accel-
erate global warming, and geopolitical tensions arising from the 
nonuniform distribution of fossil resources throughout the world. 
The challenge is to find highly efficient ways to produce, deliver, 
and use energy that enhance quality of life but do not threaten the 
environment and climate or strain geopolitical relations.

The energy carrier hydrogen is an alternative to fossil fuels 
with the potential to achieve these goals.1–3 Hydrogen is abun-
dant in chemical compounds such as water and the organic 
compounds of biomass, and its combustion produces only heat 
and water with no offensive pollutants or carbon dioxide. 
Hydrogen can be combined with oxygen in the electrochemical 
reactions of a fuel cell to produce electricity, a clean, versatile 
carrier of energy enabling many end uses including lighting, 
refrigeration, communication, information processing, and 
transportation. The intimate connection between hydrogen and 
electricity through fuel cells makes hydrogen much more than 
simply a clean substitute for fossil fuel combustion.

Achieving the promise of hydrogen as an efficient, sustain-
able, and environmentally friendly fuel requires widespread 
innovation and development of the means for its production, 
storage, and use. The energy-chain and technical challenges for 
creating a viable hydrogen economy are shown in Figure 1. 
The most effective use for hydrogen is conversion of its chemi-
cal energy to electrical energy in fuel cells. The high conversion 
efficiency of fuel cells, up to 60%, makes them attractive com-
pared to other electrical generation alternatives based on fossil 
fuels, which are about 34% efficient on average. The high effi-
ciency of electric motors (typically well above 90%) makes the 
fuel cell–motor combination attractive for transportation com-
pared to gasoline engines, typically about 25% efficient. This 
potential for high-efficiency end use adds additional appeal to 
the environmental argument for hydrogen: not only is it free of 
pollutants and greenhouse gases, but it also uses considerably 
less primary energy for a given energy use.

As shown in Figure 1, the cost of the present generation of 
fuel cells is 100 times that of a gasoline engine; with mass pro-
duction, the cost differential might fall to a factor of 10. In 
addition to cost, longevity, frequency of repair, and perfor-
mance in cold weather are other areas in which fuel cells are not 
yet competitive with gasoline engines for widespread use in 
transportation. Lowering cost and enhancing performance pres-
ent materials research challenges in terms of the cathodes, elec-
trolyte membranes, and catalysts of fuel cells.

Hydrogen storage for transportation presents a major mate-
rials research challenge, namely, to find a storage medium that 
combines a hydrogen density greater than that of the liquid 
with fast kinetics allowing rapid charging and discharging. 
Many conventional bulk materials have been explored and 
rejected as storage media because they do not meet these cri-
teria. However, nanoscience opens new opportunities for 
addressing this challenge, with the potential for high surface 
areas and hybrid structures that enable multifunctional perfor-
mance, such as low-energy dissociation of hydrogen molecules 
on the surface and rapid diffusion of atomic hydrogen to the 
interior.

The challenge for production is finding a source of hydrogen 
that can supply the needs of a full-fledged hydrogen economy 
and that is not dependent on fossil fuels for feedstocks. 
Producing hydrogen from natural gas, a widely used established 
process, in sufficient quantities to power the world’s cars and 
light trucks would strain the world’s supply of conventional 
methane, making natural gas as geopolitically sensitive as oil. 
Furthermore, the production of hydrogen from natural gas gen-
erates as much pollution and carbon dioxide per unit of energy 
output as burning the gas directly. Aside from fossil fuel, 
possible sources of hydrogen include reforming the carbohy-
drates of biomass or splitting water molecules thermally, elec-
trolytically, or photochemically. Although these nonfossil 
routes to hydrogen production are attractive and potentially 
viable, they require breakthroughs in materials research to dis-
cover effective, robust catalysts that lower the energy barriers 
to production; to achieve nanoscale integration of the sequen-
tial production steps; and to lower cost.

Introduction
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Progress toward a mature hydrogen economy depends on 
breakthroughs in finding new materials and basic understand-
ing of the nanoscale phenomena that govern the interactions of 
hydrogen with materials. The ultimate evolution of a hydrogen 
economy, however, depends on much more than technical fea-
sibility. As with all new technologies, comparisons of hydrogen 
with a developing mix of alternatives for performance, cost, 
efficiency, convenience, reliability, and safety will determine 
its future course. The outcomes of these comparisons are them-
selves developing, as the costs of fossil fuels and environmental 
mitigation of their use increase and as engineering and scien-
tific discoveries alter the mix of competing alternatives.

Although a mature hydrogen economy requires technical 
and economical solutions for production, storage, and use, 
there is value in implementing any of these without full-blown 
solutions for the others. Hydrogen fuel cells can be used in 
large stationary installations for neighborhood heat and power 
and for small personal electronics without solving the problem 
of on-board storage for transportation, and hydrogen storage 
can be used with intermittent sources of renewable energy such 
as solar and wind without large-scale hydrogen production. As 
a highly storable carrier of energy, hydrogen offers remarkable 
versatility, enhanced by its compatibility with electricity, the 
less-storable energy carrier that forms the backbone of our 
energy distribution system. Thus, although a full-fledged 
hydrogen economy encompassing production, storage, and use 
could be the ultimate goal, a partial implementation of hydro-
gen as a storable energy carrier for use in stationary and per-
sonal fuel cell applications is a desirable outcome on its own 
merits.

This article presents the current status of and promising 
research opportunities to overcome the technical and economic 
challenges in hydrogen production, storage, and end use. 
Although the focus is on recent developments and future direc-
tions, there is a long and distinguished history of hydrogen 
research that laid the foundations for the current surge of 
research activity.4

Hydrogen Production
In a mature hydrogen econ-

omy, hydrogen could replace 
fossil fuel for transportation in 
cars and light trucks, produce 
electricity for distribution 
through the grid, and provide 
portable electricity for personal 
electronics and other applica-
tions. Transportation now con-
sumes about 20% of the world’s 
energy, and electricity about 
12%.5 About 600Mt/year of 
hydrogen will be needed world-
wide to power all cars and light 
trucks in 2030, compared to 
about 50 Mton/year now pro-
duced.2 About half of the global 
supply of hydrogen is produced 
by reforming natural gas.2 The 
reforming of natural gas, how-
ever, is not an attractive produc-
tion route for a mature hydrogen 
economy, because the order-of-
magnitude increase in demand 
would deplete our finite reserves 
and the concentration of gas 
reserves in a relatively few 
regions of the world could lead 

to geopolitical tension and unstable supplies. Environmental 
impact is also a major concern, as reforming natural gas to 
hydrogen produces as much pollution and CO2 as burning the 
natural gas directly.

Splitting water renewably, that is, using only renewable 
energy inputs, is an attractive production route for hydrogen as 
a fuel of the future. Water is abundant on the surface of the earth 
and more widely distributed geographically than fossil fuels. 
The water–hydrogen cycle (see Figure 2) is closed, unlike the 
fossil fuel energy chain that operates on a “once-through” basis, 
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Figure 1. The three links of the hydrogen energy chain: production, storage, and use in fuel cells. Each 
link must connect seamlessly with the others to create an effective infrastructure, and each link has 
fundamental challenges that must be solved, as indicated.
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Figure 2. Hydrogen–water cycle. Hydrogen is a green carrier 
of energy; water is a green carrier of hydrogen. Hydrogen is 
created from water by injecting energy at the point of 
production from any source—photons, electrons, or heat. 
Water is created from hydrogen when energy is released at 
the point of use, by electro-oxidation to electrons and heat in 
fuel cells, or combustion to heat in engines or turbines. Even 
though the hydrogen–water cycle is closed and sustainable, 
the energy chain it links can be open and depletable, if, for 
example, fossil energy is used to split water. Sustainability is 
maintained if renewable energy is used to split water and the 
energy released is used only for work and heat.
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depleting reserves at the point of production and producing 
unwanted CO2 and pollutants as byproducts at the point of use. 
In contrast, the hydrogen and oxygen produced from the split-
ting of water are recombined at the point of use to release 
energy, replenishing the water taken for its production. This 
closed chemical cycle is a prerequisite for a sustainable energy 
system—no chemical compounds are created or destroyed once 
the cycle is complete. There is, however, a net flow of energy 
through the water–hydrogen cycle—in for water splitting and 
out upon water formation. If fossil or nuclear energy is used to 
split water, its once-through chemistry reappears, and the sus-
tainability of the closed water–hydrogen cycle is lost. Using a 
source of renewable energy to split water, however, eliminates 
the once-through features and enables a sustainable, closed 
cycle for energy use.

The efficiency of the water–hydrogen cycle is key to its 
value. Inevitably, more energy is needed to split water than is 
recovered on its recombination. Minimizing the energy barriers 
to water splitting and recombination are high-priority research 
challenges in catalysis and nanoscale science. Present technol-
ogy can split water with over 80% efficiency in large electrolyz-
ers6 and recover electricity at 60% efficiency upon recombination 
in combined-cycle turbines or in fuel cells. Although they dem-
onstrate the principle of the water–hydrogen cycle, these pro-
duction routes and efficiencies are only illustrative. Other 
options for splitting water by thermal, photochemical, and elec-
trochemical means are now being explored in the laboratory.

The proof of principle and most advanced incarnation of 
solar water splitting is provided by photosynthesis, in which a 
complex protein assembly—Photosystem II—collects daylight, 
channels its energy to a photocatalyst based on Mn3CaO4, and 
orchestrates the physical coordination of two water molecules 
and the catalyst to produce O2, protons, and electrons. Water 
splitting is such a demanding process that nature has evolved 
only one mechanism to accomplish it, used by all photosyn-
thetic organisms for the past three billion years. Although 
Photosystem II produces only protons and electrons separately, 
the enzyme hydrogenase can finish the job by joining protons 
and electrons to produce H2.8 With high-resolution x-ray and 
neutron diffraction, we know the structures and some of the 
working principles of Photosystem II and hydrogenase.9–11 The 
challenge is to use this knowledge to develop genetically modi-
fied designer plants that produce hydrogen directly from sun-
light and water, and to assemble artificial structures inspired by 
nature that accomplish the same goal.8,10

A second route to solar hydrogen production uses semicon-
ductors to produce electrons and holes that are, in turn, used to 
split water with the aid of a catalyst. Wide-bandgap semicon-
ductors such as the oxides TiO2 and WO3 are favored substrates 
because they are inexpensive, are robust in water solutions, and 
can be created in the form of nanotubes and other nanostruc-
tures with large surface areas to promote light harvesting.12 The 
challenge is accessing the solar spectrum at energies below the 
wide bandgap of these oxides. One promising approach coats 
the oxide surfaces with narrow-bandgap nanodot semiconduc-
tors or dyes that transfer electrons excited by low-frequency 
light to the oxide; another approach dopes the oxides to lower 
their bandgap.13,14 Catalysts are needed as well, to reduce the 
energy barriers to water splitting.15 The ability to fabricate, 
characterize, and understand complex nanostructures is key to 
success with semiconductor-based water splitting, and impres-
sive progress has been made recently in exploiting nanostruc-
tured materials for solar hydrogen production.

Hydrogen production from coal is an intermediate alterna-
tive to the present practice of natural gas reforming and the 
future development of splitting water renewably. Coal is the 

most abundant of fossil fuels and the most able to supply a large 
quantity of hydrogen without depleting its reserves or inflating 
its market price. Gasification of coal produces hydrogen and 
CO directly in syngas, and CO reacts with steam to produce 
more hydrogen in the water–gas shift reaction. Several 
approaches are under development for producing hydrogen 
from coal with CO2 capture that maintain 60–90% of the origi-
nal energy content of the coal.16,17 The development of mem-
branes for separation of hydrogen from CO and CO2 is a key 
materials issue.18 Coal gasification and the water–gas shift are 
commercial technologies ready to implement in integrated gas-
ification combined-cycle (IGCC) power plants for generating 
electricity from coal with CO2 capture at up to ~40% efficiency, 
compared to an average efficiency of ~34% for existing elec-
tricity production from coal without CO2 capture. (See the 
article on coal by Powell and Morreale in this issue.) A rela-
tively slight modification of this process enables coproduction 
of hydrogen along with electricity and CO2 capture, and the 
fraction of production devoted to electricity and to hydrogen 
can be varied on demand with little or no sacrifice in effi-
ciency.17 The switchability of production from electricity to 
hydrogen accommodates the intermittency of renewable 
sources by producing hydrogen when solar and wind are active 
and electricity when these sources are dormant. In this approach, 
the coal plant runs at full production capacity and high effi-
ciency continuously, and no storage of electricity produced by 
renewable sources is required. The hydrogen coproduced with 
electricity can be transported for use off the production site or 
used on-site to produce electricity at efficiencies approaching 
60% in combined-cycle turbines or solid-oxide fuel cells for 
electrical grid distribution. Thus coproduction not only pro-
vides a flexible, low-marginal-cost source of hydrogen for 
transportation and other distributed uses, it encourages the 
development of hydrogen for electricity production and distri-
bution through the grid.

Any source of heat can be used to split water through ther-
mochemical cycles that require several reaction steps operating 
at high temperature. Concentrated solar power can produce the 
high temperatures needed for thermochemical conversion, as 
can the heat from nuclear reactors. The challenges are discover-
ing and developing the thermodynamics of chemical cycles that 
split water and finding materials that can withstand the high 
temperatures and often corrosive environments required by 
these processes.19

Hydrogen Storage
The use of hydrogen for transportation, personal electronics 

and other portable power applications requires an effective 
hydrogen storage medium. Existing technology for hydrogen 
storage is limited to compressed gas and liquefaction, both of 
which are used now in demonstration vehicles. Compressed 
gas, even at the highest practical pressure of 10,000 psi, is still 
a bulky way to store hydrogen that requires a significant frac-
tion of the trunk space in a small car to enable a 500 km driving 
range. Liquid hydrogen takes up slightly more than half the 
volume of 10,000 psi compressed gas, but it loses 30–40% of 
its energy in liquefaction. Although gas and liquid storage are 
useful as temporary options in a provisional hydrogen econ-
omy, more compact and efficient storage media are needed for 
a mature hydrogen economy.

The most promising hydrogen storage routes are in solid 
materials that chemically bind or physically adsorb hydrogen 
at volume densities greater than that of liquid hydrogen. The 
challenge is to find a storage material that satisfies three com-
peting requirements: high hydrogen density, reversibility of 
the release/charge cycle at moderate temperatures in the range 
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of 70–100°C to be compatible with the present generation of 
fuel cells, and fast release/charge kinetics with minimum 
energy barriers to hydrogen release and charge. The first 
requires strong chemical bonds and close atomic packing; the 
second requires weak bonds that are breakable at moderate 
temperature; and the third requires loose atomic packing to 
facilitate fast diffusion of hydrogen between the bulk and the 
surface, as well as adequate thermal conductivity to prevent 
decomposition by the heat released upon hydriding. Although 
several materials have been found that satisfy one or more of 
the requirements, none has proven to satisfy all three. In addi-
tion to these basic technical criteria, viable storage media 
must satisfy cost, weight, lifetime, and safety requirements 
as well.20

Two recent developments in materials science hold promise 
for meeting the difficult hydrogen storage challenge. The first 
is the rapid progress in nanoscience in the past five years. The 
small dimensions of nanoscale materials minimize the diffusion 
length and time for hydrogen atoms to travel from the interior 
to the surface. The large relative surface area provides a plat-
form for dissociation of molecular hydrogen to atomic hydro-
gen, a prerequisite for diffusion and for chemical bonding with 
the host. The surface area can be tailored with a monolayer of 
catalyst to promote dissociation, and surface curvature can be 
adjusted through the size of the nanoparticles to create unbonded 
orbitals that promote reactivity with hydrogen.

The second promising development for hydrogen storage 
materials is the growing ability of density functional theory to 
numerically simulate material behavior.21–24 Density functional 
theory implemented on computer clusters is now in widespread 
use for the calculation of the electronic structures, crystal struc-
tures, bond strengths, and heats of reaction for many multi-
element compounds. The number of compounds that can be 
simulated and the level of comprehensive information about 
their structures and stability far exceed what can be determined 
experimentally by discovery synthesis in the laboratory on the 
same time scale. This potentially powerful tool for numerically 
screening materials is now being applied to hydrogen storage 
compounds. A recent study examined 300 candidate compounds 
for their structures, hydrogen storage capacities, and hydrogen 
decomposition temperatures.23

Hydrogen storage materials employ two complementary 
strategies for releasing hydrogen for use: thermalization and 
destabilization. In thermalization, hydrogen is released from 
the storage media by heating to the decomposition temperature, 
where some or all of the hydrogen is driven off. This traditional 
approach emphasizes hydrides with light elements from the 
first and second rows of the periodic table, to maximize the 
mass percentage of hydrogen.25 The ternary and quaternary 
hydrides of these elements have high storage capacities, nota-
bly the borohydrides M+BH4

− (where M is Li, Na, or K and B 
can be replaced by Al),26 and the boranes NHnBHn, where 
n ranges from 1 to 4.27–29 The borohydrides have significant 
storage capacities, up to 19% of the mass of the molecule for 
LiBH4, but they suffer from high decomposition temperatures 
and large activation barriers to rehydrogenation. Catalysts such 
as Ti reduce the barriers for both the decomposition and rehy-
drogenation of borohydrides and alanates, offering a practical 
route to their use as hydrogen storage materials.30 NH4BH4 sub-
stitutes the ammonium ion for a simple metal cation in the boro-
hydride structure, packing four more hydrogens into the 
molecule. The hydrogen mass ratio is an impressive 24%, but 
not all of the hydrogen can be easily removed thermally. The 
hydrogen comes off in stages, with about 6% of the mass 
released for each decrease of n by one, as shown in Table I. The 
first hydrogen comes off at <25°C, making it too unstable for 

storage under expected operating conditions. The remaining 
hydrogens come off at <120°C, ~155°C, and 500°C. Thermal 
decomposition of NH3BH3 to NHBH removes the second and 
third hydrogens and releases 12% hydrogen by mass below 
155°C, making it attractive for portable storage. Confining 
NH3BH3 in a nanoporous scaffold lowers its decomposition 
temperature, speeds its release kinetics, and suppresses undesir-
able decomposition products. A path for reversibly recharging 
NHBH has not yet been found and remains a subject of intense 
research.

Ammonia (NH3) is a high-capacity storage medium with 
17 wt% hydrogen. Its stability is too great to release hydrogen 
easily, and furthermore, NH3 is dangerous to the environment. 
Ammonia can be combined with other compounds that allow 
NH3 to be reversibly released and absorbed as a molecule, 
effectively eliminating the toxic hazard during storage. For 
Mg(NH3)6Cl2, the temperature for decomposition to MgCl2 and 
NH3 is 150°C.31 The ammine salt Mg(NH3)6Cl2 can be formed 
into nanoporous pellets as shown in Figure 3, which could 
function as a potential carrier for ammonia that would remove 
its environmental danger if handled by trained personnel. 
Although decomposition of ammonia to hydrogen occurs at too 
high a temperature to be viable for low-temperature fuel cells 
using polymer electrolytes, ammonia can be used directly in 
solid-oxide fuel cells, where the high operating temperature can 
be used to decompose it without an energy penalty.

An alternative approach to the thermal release of hydrogen 
from a storage compound is destabilization of the storage com-
pound by reaction with a second compound. An example is 
LiNH2 + LiH  Li2NH + H2, which releases hydrogen at 

 Hydrogen Storage Capacity of Amine Borohydrides 
NHnBHn.

Reaction Wt % H2 T (°C)

NH4BH4 NH3BH3 H2 6.1 <25

NH3BH3 NH2BH2 H2 6.5 <120

NH2BH2 NHBH H2 6.9 ~155

NHBH BN H2 7.3 >500

Figure 3. Pellets of Mg(NH3)6Cl2, a carrier for ammonia. The 
pellets hold NH3 at nearly its density in liquid ammonia, but at 
a vapor pressure of only 2 mbar; there is no significant release 
of ammonia to the environment and the pellets can be 
handled safely. The pellets are charged at room temperature 
and release ammonia above ~100°C. After Reference 31.
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~150°C, significantly lower than the release temperature for 
either LiNH2 (lithium amide, 200°C) or LiH (500°C).32,33 The 
storage capacity of 6.5% for this reaction is substantial, although 
not high enough for the ultimate storage solution. If Li2NH 
could be destabilized to release the remaining H, the storage 
capacity would be 9.6%, high enough for hydrogen-powered 
transportation. LiBH4 and MgH2 are another destabilization 
couple, with a storage capacity of 11.5%.34 The promise of 
destabilized hydrides for storage is the much larger number of 
paired (or multiple) hydrides than single hydrides might pro-
vide effective storage. The advantage of the larger number of 
hydride pairs is balanced by the challenge of searching this 
enormous set. Guiding principles are needed to choose likely 
hydride pairs for which the reaction kinetics and destabilization 
temperature promise to be favorable. The screening potential of 
density functional theory simulations plays a crucial role here, 
potentially short circuiting years of experimental phase dia-
gram work.

Nanostructured materials open broad new horizons for the 
hydrogen storage challenge. The structural and compositional 
complexity of nanostructured materials and their diverse sur-
face morphologies enable control not only of the static but also 
of the dynamic features of the charge/release phenomena. 
Core–shell composites, for example, enable free exchange of 
protons between interior environments tailored for bonding to 
the host and surface environments designed to make and break 
the molecular H2 bond. Metal–organic frameworks are open 
structures that physisorb molecular hydrogen at specific sites 
within the framework, yet allow easy diffusion to the surface 
and release hydrogen at low temperature; the richness of their 
structure–property relationships is just beginning to be appreci-
ated.35,36 Nanoporous materials that divide and confine storage 
media such as NH3BH3 in nanoscale units can lower the decom-
position temperature and activation barriers for hydrogen 
release and alter the decomposition pathways and end prod-
ucts.28 Mg(NH3)6Cl2 is naturally nanoporous, accounting for its 
rapid NH3 charge/release times.31 Combined with the blossom-
ing power of density functional theory to predict reaction path-
ways and materials properties, nanoscale science represents a 
new era of hydrogen storage possibilities.

Hydrogen Use in Fuel Cells
Fuel cells converting hydrogen and oxygen to electricity 

and water are an appealing alternative to fossil fuel combus-
tion engines for their efficiency, versatility, and environmental 
friendliness. The basic operation of a fuel cell is depicted in 
Figure 4. Fuel cells produce electricity with a potential effi-
ciency of 60%; the electricity can be used directly or con-
verted to motion, light, or heat. In contrast, gasoline engines 
operate with ~25% efficiency and are used almost exclusively 
for producing motion. Analysis of results from the first two 
years of the U.S. Department of Energy’s fuel cell learning 
demonstration based on a fleet of 77 fuel cell vehicles showed 
that fuel cell efficiency at one-quarter power as tested on a 
dynamometer reached 52.5–58.1%, close to the target effi-
ciency of 60%.37

Polymer electrolyte membrane (PEM) fuel cells for trans-
portation rely on dispersed Pt nanoparticle catalysts supported 
on carbon substrates for promoting the reaction of protons, 
electrons, and oxygen molecules to water. Although Pt is the 
best-known catalyst for this reaction, it cannot meet the demands 
of a mature hydrogen economy because of its high cost and rel-
ative scarcity. Orders-of-magnitude increases in its catalytic 
activity are needed to reduce the required quantities, or it must 
be replaced by an alternate catalyst that is active, abundant, and 
inexpensive.

A recent breakthrough increasing the catalytic activity of Pt 
by a factor 10 for the oxygen reduction reaction at the fuel cell 
cathode reveals a promising new research direction for tuning 
catalytic activity, as shown in Figure 5.38,39 The approach is to 
alter the electronic structure of the subsurface layers of Pt by 
substitution with a second element, leaving the surface layer 
intact. The “Pt skin” on the surface maintains the atomic con-
figuration of pure Pt that promotes breaking O–O bonds and 
forming O–H bonds, while substitution in the first subsurface 
layer adjusts the electronic structure and bonding strength of 
the skin by adding or subtracting electrons. Density functional 
theory39 plays a key role in subsurface manipulation of catalytic 
activity, describing and predicting its outcomes and providing 
a quantitative scientific framework for this novel approach.

The membranes for polymer electrolyte fuel cells are based 
on C–F polymer backbones with sulfonic acid side chains. 
Proton conductivity is achieved by hopping between the hydro-
gen sites of neighboring side chains. The hopping process 
requires hydration of the polymer with water, limiting the oper-
ating temperature of the membrane to about 80°C and requiring 
considerable attention to water management. New membrane 
materials that eliminate the hydration requirement and enable 
hydrogen ion conductivity at higher temperatures are needed 
and are being intensively pursued.40,41 One promising direction 
is the formation of nanocomposite membranes by addition of 
hydroscopic constituents that retain a high water content at high 
temperatures, thereby extending the temperature range of con-
ventional proton conduction mechanisms. Another approach is 
to replace the C–F polymer backbone with a more thermally 
resistant structure, but retain the same side chain sulfonation to 
enable proton conductivity. Membranes based on some of these 
alternate polymers can operate above 120°C. A third creative 
approach is to replace water with another solvent that assists 
proton mobility but has a higher boiling point, such as phos-
phoric acid. Some of these membranes conduct protons at tem-
peratures up to 200°C in the absence of water.42 Key issues in 
all membrane materials include acid loading to provide addi-
tional sites for proton transfer, polymer crosslinking to improve 
thermal and mechanical stability at high temperature, and 
enhanced surface area to enable effective electrical and chemi-

Figure 4. Basic operation of a fuel cell. Hydrogen enters at 
the anode (red), where it is catalytically dissociated and 
ionized to protons and electrons. The protons enter the 
polymer electrolyte membrane (green) where they migrate by 
ionic conduction to the cathode (blue). Electrons travel 
through an external circuit where they do electrical work 
before arriving at the cathode. The cathode reacts electrons, 
protons, and oxygen molecules to produce water. The net 
input of the fuel cell is hydrogen and oxygen; its net output is 
water, electricity, and heat.
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cal exchange with the electrodes. Chemically crosslinking 
membranes from liquid precursors at low temperature delivers 
improvements in all of these properties.43

Beyond transportation, hydrogen and fuel cells can make a 
substantial contribution to clean and efficient energy use for 
stationary power generation for grid distribution, as battery 
replacements for personal electronics, and as stationary or por-
table emergency power. For large-scale stationary applications, 
solid-oxide fuel cells operating continuously in the range of 
800–1000°C are the favored technology for their economies of 
scale. Here, O2− ions are the mobile species, traveling through 
a solid-oxide membrane to react with H+ ions to produce water. 
The high operating temperatures required to produce sufficient 
oxygen ion mobility in the perovskite membrane limit the life-
time of components, create fatigue from thermal cycling, and 
require long starting and stopping times. Reducing the operat-
ing temperature of solid-oxide fuel cells to 400–600°C is a 
major materials research goal requiring new solid electrolytes 
with high oxygen ionic conductivities, active catalysts for 
hydrogen oxidation at the anode and oxygen reduction at the 
cathode, and electrode materials with suitable ionic and elec-
tronic conductivities that are compatible with the electrolyte.44

Promising results have been achieved using Ce1-xMxO2-  (where 
M is Gd, Sm, Ca, or Mg) and (La1-xSrx)(Ga1-yMgy)O3-  as the 
electrolytes, in which the oxygen vacancies are controlled by 

charge-deficient substitutions on the cation sites. The electrodes 
facing the electrolyte must have significant ion and electron 
conductivities at low temperatures, a key research objective. 
Promising anodes include rare-earth-doped ceria, such as 
SmxCe1-xO2- , together with a Ni catalyst,45 and cathodes 
include doped CoO3, such as Ba0.5Sr0.5Co0.8Fe0.2O3-  and 
Ba0.5Sr0.5CoO3- . High performance of the electrolytes and 
electrodes depends not only on composition, but also on inter-
nal microstructure, a feature that has remained largely hidden 
until recently. Three-dimensional imaging of fuel cell compo-
nents using transmission electron microscopy is beginning to 
reveal the inner microstructure of the three-phase boundary at 
the intersection of the gaseous environment, the electrode, and 
the polymer membrane where molecular gases, electrons, and 
ions meet and exchange. Figure 6 shows the rich detail that 3D 
imaging reveals about this three-phase boundary in a yttrium-
stabilized zirconia anode of a solid-oxide fuel cell.46 Such 
images yield quantitative information about the volume frac-
tions, surface areas, and connectivities of the various phases 
and will soon be applied to the electrodes and membranes of 
many established and emerging fuel cell types.

Evolution of a Hydrogen Economy
Widespread hydrogen-powered transportation requires the 

simultaneous solution of challenges in production, storage, and 
use, a much more difficult task than solving any of the three 
alone. We are far from practical solutions in fossil-free produc-
tion and in solid-state storage, and the path to these outcomes 
will not be based on incremental innovations in today’s tech-
nologies of reforming natural gas or coal, or storage in com-
pressed gases and liquids. Fuel cells are qualitatively different, 
however: a competitive technology can arise from innovation 

Figure 5. Factor-of-10 improvement in catalytic activity of Pt 
with subsurface alloying. (a) Near-surface structure of single-
crystal alloys of nominal composition Pt3Ni produced by 
surface segregation. The top layer is a pure Pt-skin covering 
a Ni-rich subsurface layer and Pt-rich layers beneath. The Pt-
skin composition and crystal structure are identical to those 
of a pure Pt crystal. (b) The specific activity of the Pt-skin is 
enhanced over the pure Pt surface for the oxygen reduction 
reaction. For the (111) Pt-skin surface, the enhancement is a 
factor of 10, as a result of subtle changes in the Pt-skin 
electronic structure. Theory plays a major role in subsurface 
alloying, predicting and describing experimental outcomes. 
After References 38 and 39.

Pure Pt crystal

Pure Pt-skin

Pt
48

Ni
52

Pt
87

Ni
13

Pt
3
Ni crystal

Pt
75

Ni
25

(111) (100) (110)

Specific Activity

for the oxygen reduction
reaction

1/2 O2+ 2 H++ 2e  H2O

Pt
3
Ni

Pt

Crystal Surface

I k
 k

in
et

ic
 c

ur
re

nt
 d

en
si

ty
a

b

Figure 6. Three-dimensional reconstruction of yttria-stabilized zirconia 
(YSZ)/Ni anode in a solid-oxide fuel cell by dual beam focused ion 
beam scanning electron microscopy. The reconstruction reveals the 
inner microstructure of the anode at the 100 nm scale, a fundamental 
feature that has been largely invisible until now. Three phases can be 
seen: the Ni catalyst and electron conductor (green), the YSZ ion 
conductor (translucent/grey), and the pores for gas conduction (blue). 
From images like this, the length and geometry of the three-phase 
boundaries enabling mutual contact of gas, catalyst, electrons, and 
ions can be extracted. After Reference 46.
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on today’s approaches and designs. Like the internal combus-
tion engine of a century ago, today’s fuel cells can spawn a long 
line of progeny based on successive innovation of their elec-
trodes, membranes, and catalysts.

The requirement of disruptive innovation for the success 
of fossil-free production and solid-state storage makes the 
entrepreneurial approach difficult to launch for transportation. 
Unlike earlier energy shifts from wood to coal and from horse 
to internal combustion engine, all of the pieces are not yet in 
place for hydrogen-powered vehicles to offer an obviously 
cheaper and higher performing alternative to fossil fuel power. 
The disruptive innovations that will enable production and 
storage for a full-fledged hydrogen economy can come only 
from high-risk, high-payoff basic materials research, rather 
than incremental approaches.

The value of a hydrogen economy, however, extends well 
beyond transportation. Hydrogen is remarkably attractive in 
many applications as an energy carrier. Once produced, it is 
environmentally friendly, and it is flexibly convertible to other 
forms of chemical, thermal, or electrical energy at high effi-
ciency. In these respects, hydrogen shares the appealing attri-
butes of electricity, the world’s most versatile and fastest-growing 
energy carrier. Hydrogen and electricity are natural partners, as 
they can be interchanged at high efficiency through electro-
chemistry in fuel cells and electrolyzers. Their compatibility is 
enhanced by their complementary storage characteristics: 
hydrogen stores energy indefinitely and at high density in 
chemical form, whereas electricity is typically used at the 
moment it is produced and lacks a convenient high-density 
form of storage. The intermittent character of renewable elec-
tricity and the diurnal and seasonal fluctuations in demand 
make local hydrogen storage and interconversion to electricity 
a powerful and natural option.

The intimate connection between hydrogen and electricity 
provides attractive routes for the development of a hydrogen 
economy. Hydrogen in stationary solid-oxide fuel cells pro-
duces electricity much more efficiently than do existing coal-
fired power plants. Hydrogen for electricity production is 
available in abundant amounts from the gasification of coal, 
where CO2 capture is easier and less expensive than in existing 
power plants based on the combustion of pulverized coal. The 
hydrogen produced in this way can be burned at high efficiency 
in combined cycle turbines to produce electricity, converted to 
electricity at high efficiency in solid-oxide fuel cells, or trans-
ferred off the power plant site for other uses such as transporta-
tion. This diversity of deployable options allows the 
entrepreneurial spirit to operate with present technology, ready 
to incorporate new scientific discoveries and technological 
innovations and to respond to changing market opportunities. 
Because this development route uses known technologies, it is 
not dependent on disruptive innovation in production and stor-
age. Furthermore, it requires no new infrastructure off the 
power plant site.

Other attractive routes for hydrogen development are elec-
tricity for personal electronics and emergency power. In both 
cases, performance trumps cost as the top priority, and the por-
table electricity of fuel cells offers advantages over batteries 
and fossil fuel generators. Fuel cells can operate for longer 
times between refueling or recharging than batteries of the same 
weight and volume. For emergency power, hydrogen and fuel 
cells produce electricity at much higher efficiency than small 
fossil fuel generators. They have no moving parts that require 
lubrication and maintenance when not in use. Large units can 
be stored at critical sites such as hospitals and communications 
centers or delivered by truck to neighborhoods. As with utility-
scale power generation, these personal electronics and emer-

gency power applications do not require solutions to the 
production and storage challenges before deployment. Although 
the relative cost of electricity from portable fuel cells is higher 
than for battery or fossil fuel alternatives, the differential cost 
of these applications is small enough that the advantages of 
size, operating time between charges, efficiency, and conve-
nience could become deciding factors.

The prospects for hydrogen as an energy carrier are inti-
mately connected to the course of energy developments over 
the next half-century. Global energy demand is expected to 
double by 2050, and electricity demand to triple, while concern 
for environment and climate expands. This unique combination 
of trends creates many opportunities for hydrogen to enter the 
global energy mix as a complementary energy carrier and natu-
ral partner for electricity. Hydrogen and fuel cells operate effec-
tively at all scales, spanning personal, automobile, neighborhood, 
and utility applications. Hydrogen links chemical and electrical 
energy with much more flexibility, efficiency, and cleanliness 
than is possible for fossil fuels. In the transition to new energy 
sources and uses at mid-century, these advantages will have 
growing importance and appeal.

Apart from technical and economic factors, safety plays an 
important role in the evolution of a hydrogen economy. As for 
gasoline and electricity, the high energy density of hydrogen 
creates the possibility of harm to humans and property. Codes 
and standards need to be developed that enable hydrogen to be 
handled safely and reliably. As hydrogen becomes more com-
monplace, these codes and standards need to be disseminated 
widely to professional hydrogen workers and to the public. This 
requires a concerted effort in education about the dangers of 
hydrogen and in safe procedures for its handling. Gasoline and 
electricity carry similar dangers, but codes, standards, and edu-
cation have been effective in reducing the incidence of injury 
from these energy sources and carriers to an acceptable level. A 
similar and deliberate level of commitment to safety codes and 
standards will be needed for hydrogen.
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Abstract
Catalysis is the essential technology for chemical transformation, including production of fuels 
from the fossil resources petroleum, natural gas, and coal. Typical catalysts for these conversions 
are robust porous solids incorporating metals, metal oxides, and/or metal sulfides. As efforts are 
stepping up to replace fossil fuels with biomass, new catalysts for the conversion of the compo-
nents of biomass will be needed. Although the catalysts for biomass conversion might be substan-
tially different from those used in the conversion of fossil feedstocks, the latter catalysts are a 
starting point in today’s research. Major challenges lie ahead in the discovery of efficient biomass 
conversion catalysts, as well as in the discovery of catalysts for conversion of CO2 and possibly 
water into liquid fuels.

What Is a Catalyst?
Catalysts make chemical reactions go faster without being 

substantially consumed themselves. Although a catalyst changes 
the rate at which reactant molecules are converted into product 
molecules, it does not change the reaction equilibrium. If a 
reaction were to proceed all the way to equilibrium, the prod-
ucts and product distribution would be the same whether or not 
a catalyst were involved. However, many reactions do not pro-
ceed to equilibrium, and so a catalyst influences not just how 
fast the chemical change occurs, but also the distribution of 
products that are formed.

A catalyst works by opening a new reaction pathway that is 
impossible without it—that is, by combining chemically with 
reactant molecules and forming intermediates that are con-
verted into products more rapidly than would be possible if the 
reactants were present alone. A catalyzed reaction is almost 
always characterized by a lower energy barrier than the same 
reaction when not catalyzed.

When a catalyst combines chemically with a reactant mole-
cule, it forms an intermediate, which is usually converted in a 
sequence of steps into other intermediates and finally into prod-
ucts. Then the catalyst releases the product molecules and thereby 
becomes restored to its initial state, allowing it to combine with 
another reactant molecule and function again. Good catalysts 
undergo this process over and over again. Thus, catalytic reac-
tions are cyclic, switching between the initial and final states with 
intermediate states along the way that involve partially or fully 
converted reactants. Ideally, a catalytic cycle continues without 
limit, but in reality, undesired changes render catalysts less active 
with continued use, and so the catalysts must be regenerated or 
replaced—to the benefit of the catalyst manufacturing industry.

Some catalysts increase rates of reaction by many orders of 
magnitude. A measure of how fast the reaction occurs is the 
catalytic activity. When reactants can be converted into various 

products, catalysts are chosen to favor the desired products; 
selectivity is a measure of how fast one reaction takes place 
relative to others and, thus, of how much the product(s) of that 
reaction dominate(s) in the overall product mixture. Stability 
accounts for the lifetime of a catalyst, and regenerability 
describes how well it responds to treatments to restore its activ-
ity and/or selectivity after operation.

Importance of Catalysis in Biology and 
Chemical Technology

Catalysis is the key to almost all biological reactions—why 
they are fast and why they selectively produce the desired prod-
ucts. Most reactions in living organisms have their own cata-
lysts, which have emerged through the process of evolution. 
Life as we know it is unimaginable without the deft control of 
chemical change provided by enzymes.

Catalysis is also the essential enabling technology of indus-
trial chemical conversion.1 Most industrial reactions are cata-
lyzed. Specifically, catalysis enables the cost-effective and 
environmentally sound production of fuels (e.g., transportation 
fuels), polymeric materials (polypropylene, polyester fibers), 
nanomaterials (carbon nanotubes), chemicals (ammonia, meth-
anol, flavors, fragrances), foods (hydrogenated fats), and phar-
maceuticals (pain relievers). The value of the goods 
manufactured annually in the United States in processes that 
involve catalysts is estimated to be several trillion dollars; the 
cost of the new and replacement catalysts is only about 1% of 
the value of these goods.

Catalysts are also crucial to the abatement of pollutants, 
including exhaust from motor vehicles (converting unburned 
fuel, CO, and nitrogen oxides) and effluents from fossil fuel 
power plants. These technologies have markedly improved the 
quality of Earth’s atmosphere.
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The Nature of Catalytic Materials
The simplest catalysts are molecules or ions in solution.2

Nature’s catalysts (enzymes) are extremely large molecules 
(proteins) that are present in solutions or anchored to soft mate-
rials, such as membranes. The typical catalyst used in an indus-
trial process is a robust inorganic solid, often capable of 
withstanding temperatures of hundreds of degrees Celsius. 
Most catalysts used for large-scale petroleum and natural gas 
processing are such materials, consisting of metal oxides, metal 
sulfides, and/or metals. Metal oxides are typically the major 
components.

Solid catalysts offer engineering advantages over liquids, 
being noncorrosive and inexpensively separated from fluid-
phase products. They can be used at high temperatures (favor-
ing high rates of reaction) without high pressures (which incur 
high costs), because the reactants can be in the gas phase. In 
contrast, liquid catalysts used at high temperatures require high 
pressures to maintain the liquid state.

Reactions catalyzed by a solid take place on its surface. To 
maximize rates of catalytic reactions and minimize reactor vol-
umes, catalysts have high surface areas per unit volume, some-
times hundreds of square meters per gram (a few grams held in 
the hand would have the internal area of several football fields). 
To present such large areas, solids must have small pores (e.g., 
Figure 1), typically tens of nanometers in diameter. The pores 
are usually void spaces between aggregates of small particles 
with dimensions similar to the pore diameter; the aggregates 
comprising a whole catalyst pellet or particle are sometimes 
held together by binders such as vitrified clays.

Physical properties affecting catalyst performance include 
the surface area, pore volume, and pore size distribution. These 
regulate a tradeoff between the rate of the catalytic reaction on 
the internal surface of the catalyst and the rate of diffusion of 
reactant molecules into the pores and product molecules out of 
the pores. The higher the internal area, the higher the rate of the 
reaction per unit volume—up to a limit, beyond which an 
increase in area requires such narrow pores that they restrict the 
diffusion enough to lower the overall reaction rate. If internal 
area is gained at the expense of increased pore volume, a limit 
is reached at which the material is no longer strong enough to 
support the weight of particles above it.

Catalyst particles have various shapes, dictated by the cost 
of manufacturing and the requirements of the process. Irregular 
particles and even hollow particles are occasionally used, but 
more commonly, the particles are cylindrical or spherical. 
Spherical particles can be formed, for example, by spray dry-
ing, and they offer the advantage of being easily transferred in 
bulk into and out of reactors. Cylindrical particles are com-
monly used and are formed by extrusion; pellets are common 
and are formed by granulation and compaction.

The particle size and shape might be dictated by the need to 
minimize the resistance to transport of reactants and products 
in the pores; thus, a goal might be to have a high ratio of periph-
eral surface area to particle volume and to minimize the average 
distance from the peripheral surface to the particle center with-
out having particles that are so small as to cause a large pressure 
drop in the flow of reactants through the reactor.

Many catalysts are composite materials, consisting of a car-
rier or support (often constituting as much as about 99% of the 
total mass and lacking catalytic activity itself), combined with 
components having catalytic activity and possibly promoters. 
Typical supports are aluminas (e.g., -Al2O3 or -Al2O3), silica 
gel, zirconia, magnesia, zeolites, and carbon. Aluminas, for 
example, offer the advantages of being inexpensive, robust, and 
stable, and having the ability to be formed into particles with 
wide ranges of shapes, internal surface areas, and pore size 
distributions.

Metal oxides are sometimes catalysts themselves, but often, 
they are used as supports and are chemically inert. In such 
cases, the catalyst incorporates only a small amount of catalyti-
cally active components (e.g., metals, metal sulfides, or metal 
oxides other than the support) dispersed on the internal surface 
of the support (Figure 2). Because these components are often 
expensive, they are present as nanoparticles, exposing a large 

Figure 1. Transmission electron microscope (TEM) image of 
palladium particles on the porous catalyst support Al2O3.3 
Top: before treatment; bottom (at the same magnification): 
after treatment for 96 h at 900°C in steam resulting in phase 
changes in the support and sintering of the palladium.

Figure 2. TEM image (profile view) of a supported metal 
catalyst: rhodium on silica gel. The metal nanoparticles are 
cubo-octahedral and exhibit (111) and (100) facets.4
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fraction of their atoms at a surface where catalysis can occur. 
Components as expensive as precious metals such as platinum 
and palladium necessitate technology for their recovery and 
recycling after use.

The performance of a catalyst can be improved by an added 
promoter or killed by an adventitious poison entering with the 
reactant feed stream. Catalyst promoters lack significant activity 
themselves, but they make a catalyst more active, selective, or 
stable. A chemical promoter is used in minute amounts to affect 
the chemistry of catalysis by influencing or being part of the 
catalytically active surface sites. A textural (structural) promoter 
is used in large amounts and plays a role such as stabilization of 
the catalyst, for instance, by minimizing its tendency to sinter.

Because many catalysts incorporate potentially toxic com-
ponents such as heavy metals, proper precautions must be taken 
for their disposal.

Catalytic Reactors
Catalysts in large-scale processes are used in flow reactors, 

including fixed-bed reactors, in which the catalyst particles 
remain fixed in place and fluid-phase reactants flow around the 
particles (through the interstitial bed volume). These reactors 
are typically cylindrical, some large and some small in diame-
ter, such as pipes (which can be used singly or in banks; i.e., 
parallel reactors), sometimes surrounded by flowing fluids to 
remove or supply heat. When the reactor is a fixed bed, the cata-
lyst particles in the vessel must be large enough to cause mini-
mal pressure drop of the reactant/product mixture flowing 
through it; too high a pressure drop implies high energy losses 
associated with the flow through the tube. A typical dimension 
of a catalyst particle is in the range of 0.5–3 cm.

Some reactors (e.g., those used for automobile exhaust con-
version) are monoliths (honeycombs) with the catalytically 
active components present in thin porous coatings on the chan-
nel walls; these reactors allow high gas flow rates with low pres-
sure drops, a requirement for optimal efficiency of the engine.

In moving-bed reactors, the catalyst particles are “fluidized” or 
levitated by the momentum of the flowing reactant mixture. When 
a fluidized-bed reactor contains a liquid phase, it is called a slurry 
reactor. Catalyst particles used in fluidized beds are usually spheri-
cal, having the size distribution needed to facilitate fluidization 
without carryover of the smallest particles. The particles are in 
constant motion and must have resistance to abrasion—their most 
important physical property. Abrasion inevitably turns the original 
particles into smaller particles (fines). Equipment such as cyclones 
is necessary to collect the fines and minimize damage to down-
stream equipment. When the fines are too small for recycling, they 
are removed and replaced with fresh catalyst particles.

Alternatively, the catalyst particles in a fluidized reactor 
might intentionally be small (e.g., spheres about 50 m in diam-
eter) and light enough to be carried out with the products 
(entrained), to be separated downstream and recycled to the 
reactor. In the process for gasoline manufacturing by catalytic 
cracking of fractions of crude oil (separated by distillation), the 
catalyst particles are carried over into a separate reactor, where 
the carbonaceous deposits that form in only a few seconds in the 
cracking reactor are burned off during catalyst regeneration.

Catalysis of Fossil Fuel Production
The dominant catalytic processes for energy conversion 

have been developed for petroleum, natural gas, and coal (e.g., 
Table I).5 (See the article by Holditch et al. with the sidebar by 
Rath and the article by Powell and Morreale in this issue 
for further discussion of these industries.) Related processes 
include abatement of automobile and power-plant emissions 
and conversion of H2 in fuel cells (also see the article by 

Crabtree et al. in this issue). A brief introduction to et al. pro-
cesses for catalytic fossil fuel conversion provides a useful 
basis for addressing the prospects for catalysis of biomass 
conversion.

Refining of petroleum to yield liquid transportation fuels 
and petrochemicals involves fractionation (distillation) of crude 
oil into various boiling ranges. Catalytic conversions of the 
various fractions are then carried out to meet a number of pro-
cessing goals: removal of sulfur, nitrogen, and metals from the 
oil molecules; cracking of large molecules into smaller ones; 
reactions of small molecules to give larger ones (e.g., alkyla-
tion); and restructuring (reforming) reactions of molecules that 
improve fuel quality without changing the molecular weight 
significantly. The processes almost all either involve H2 as a 
reactant (e.g., in hydrodesulfurization, HDS; hydrodenitroge-
nation, HDN; and hydrodemetallization, HDM; which respec-
tively produce H2S, NH3, and solid metal sulfides) or result in 
the transfer of hydrogen atoms between molecules (e.g., in 
cracking and reforming). The catalysts are primarily solid acids 
(for cracking), some of which contain precious metals such as 
platinum (for reforming, hydrocracking) or metal sulfides (for 
HDS, HDN, and HDM).

Valuable light, sweet crude oils having low contents of high-
molecular-weight molecules and contaminants such as sulfur and 
nitrogen are being depleted rapidly, because they incur the lowest 
processing costs. Meanwhile, ever-stricter environmental regula-
tions are demanding greater removal of sulfur to minimize sulfur 
oxide air pollutants resulting from fuel combustion.

As a result, the petroleum industry is increasingly exploiting 
heavy petroleum and oil-sands–derived bitumen, and ample 
supplies of these feedstocks appear to be available to meet 
energy needs for decades to come. All of the heavy feedstocks 
can be processed with modifications of existing catalytic tech-
nology, but heavy oils, shale, and coal generally have higher 
contents of contaminants than light oils and require more H2 in 
the processing, specifically for HDS, HDN, and HDM. Moreover, 
they all incur much higher processing costs than light, sweet 
crude oils, which, unlike the heavy feedstocks, are net sources 
of H2 (produced in the reforming process).

Coal can be converted into liquid fuels by liquefaction, 
which is barely applied today and involves reaction of the coal 
with hydrogen or a hydrogen-donating solvent to make liquids 
suitable for refining. Coal can also be converted by gasifica-
tion, which is widely applied and involves reaction with steam 
at high temperatures to form mostly H2 + CO, known as syn-
thesis gas (syngas). Fischer–Tropsch catalysts convert syngas 
to hydrocarbons for diesel fuel, and other products of this 
 process include compounds incorporating oxygen (alcohols, 
aldehydes, ketones). Catalysts different from those used in 
Fischer–Tropsch processes convert syngas selectively to meth-
anol, which is used extensively as a chemical and has also been 
considered as a valuable transportation fuel itself,6 even poten-
tially for fuel-cell vehicles, although it has not been adopted by 
the market.

The technology of coal gasification and the production of 
liquid fuels from syngas are important in the context of the 
prospects for catalytic biomass conversion, because biomass 
can be converted similarly.

Natural gas, like coal, is converted with steam to give syngas, 
and this is an important source of H2; the yields of H2 are increased 
by application of the water–gas shift reaction, whereby water 
reacts catalytically with the CO in syngas to form H2 and CO2. 
Fischer–Tropsch catalysts are used to convert the sulfur-free 
 syngas formed from natural gas to produce mixtures of waxy 
straight-chain alkanes, which are catalytically hydrocracked to 
yield diesel fuels. In what is called gas-to-liquids technology, 
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such processes have been implemented recently in locations with 
significant natural gas resources but insufficient infrastructure to 
move it efficiently to distant markets.

Prospects for Catalytic Conversion of Biomass
Biomass as a Feedstock for a Sustainable Energy 
Supply

Burning carbon-containing fuels emits CO2 into the 
 atmosphere, but growing biomass consumes CO2 by photosyn-
thesis—so the growth of biomass can offset the CO2 generation. 
This opportunity for CO2 recycling provides a strong motiva-
tion for the development of economical routes to convert bio-
mass into liquid fuels. It is estimated that the United States 

could sustainably produce 1.3 
billion tons of low-cost ligno-
cellulosic biomass annually 
without detrimental effects on 
its food, feed, or export 
demands.7 This amount of bio-
mass has the energy content of 
3.8 billion barrels of oil; and the 
U.S. consumption of oil is about 
7 billion barrels/year.

Fuels from biomass are 
already available on a large 
scale. Fermentation processes in 
Brazil today produce ethanol for 
fuel from sugar cane, and the 
United States, with subsidies of 
$0.5/gallon, similarly produces 
ethanol for gasoline from corn 
starch (the cost of the ethanol is 
an important issue). The United 
States, Europe, and Asia also 
produce diesel fuel from vegeta-
ble oils, primarily by transesteri-
fication, and new processes are 
currently being developed.

A grand challenge facing the 
world is the creation of technol-
ogy for economical conversion 
of the major components of lig-
nocellulosic or woody plants 
(cellulose, hemicellulose, and 
lignin) into liquid fuels; there is 
also interest in conversion of 
vegetable oils, algae, and other 
sources that could be available 
in large quantities. These plant 
materials are described briefly 
here in the context of the pros-
pects for their catalytic conver-
sion to liquid fuels (also, for 
more on biofuels and catalysts, 
see the article by Farrell et al. 
and the accompanying sidebars 
by Wyman and Gust et al. in 
this issue).

Cellulose is a linear crystal-
line polymer consisting of -1,4 
linkages of the six-carbon sugar, 
D-glucose (Figure 3a), typically 
containing 200–10,000 glucose 
units per chain. Hemicellulose 
is a branched amorphous poly-
mer comprising mixtures of the 

five-carbon sugars xylose and arabinose (in hardwoods) and 
six-carbon sugars including glucose, mannose, and rhamnose 
(in softwoods). Figure 3b shows some of these building 
blocks. Sugar acids such as mannuronic and glacturonic acids 
are also found in hemicellulose. Hemicellulose molecules typi-
cally contain 50–200 sugar units.

Wood and herbaceous crops contain 60–68% (dry basis) cel-
lulose plus hemicellulose, which can be hydrolyzed into their 
constituent sugar monomers, such as glucose, xylose, and arab-
inose, and other five- and six-carbon sugars. Lignin, a large, 
randomly constructed and highly aromatic cross-linked macro-
molecule with molecular weights of  >10,000 (Figure 4), makes 
up 10–25% of such plants.

Table I: Catalysts, Applications, and Reactor Types.

Reaction Reactants Major Products Typical Industrial 
Catalyst

Reactor 
Type

Cracking Petroleum fractions 
(e.g., straight-
chain alkanes, 
cyclic alkanes)

Lighter 
hydrocarbons 
(alkanes and 
alkenes)

Acidic zeolite in 
matrix of silica-
alumina with 
components to 
oxidize CO (Pt) 
and sequester 
sulfur oxides

Entrained 
bed

Naphtha reforming Petroleum-derived 
naphtha (e.g., 
straight-chain 
alkanes, cyclic 
alkanes)

Aromatic 
compounds, 
isomerized 
(branched) 
alkanes

Pt nanoclusters 
with another 
metal (Re, Sn, 
or Ir) supported 
on Al2O3

Fixed bed or 
moving 
bed

Hydrodesulfurization 
(HDS)

Sulfur-containing 
compounds in 
fossil feedstocks 
(e.g., thiophene, 
dibenzothiophene)

H2S and 
hydrocarbons 
(e.g., butenes, 
biphenyl)

MoS2 
nanoclusters 
promoted 
with Co and 
supported on 
Al2O3

Fixed bed 
(typically 
trickle 
bed) or 
slurry

Hydrodenitrogenation 
(HDN)

Nitrogen-containing 
compounds in 
fossil feedstocks 
(e.g., quinoline, 
triglycerides)

NH3 and 
hydrocarbons

MoS2 
nanoclusters 
promoted 
with Ni and 
supported on 
Al2O3

Fixed bed 
(typically 
trickle 
bed) or 
slurry

Hydrodeoxygenation 
(HDO)

Oxygen-containing 
compounds coal 
or biomass-
derived feedstocks 
(e.g., phenol, 
sugars)

H2O and 
hydrocarbons 
(e.g., benzene)

MoS2 
nanoclusters 
promoted with 
Co or Ni and 
supported on 
Al2O3

Fixed bed or 
slurry

Water–gas shift CO + H2O CO2 + H2 Iron oxide/chrom-
ium oxide or Cu 
supported on 
Al2O3 with ZnO

Fixed bed

Fischer–Tropsch 
synthesis

CO + H2 Straight-chain 
alkanes, 
alkenes, 
oxygen-
containing 
compounds 
such as 
alcohols, 
aldehydes, and 
ketones

Bulk iron 
promoted with 
alkali metal or 
Co particles on 
a support

Fixed bed or 
slurry

Methanol synthesis CO + H2 Methanol (with 
CO2 and H2O)

Cu supported on 
Al2O3 with ZnO

Fixed bed or 
possibly 
slurry  
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Some routes for the production of fuel components from bio-
mass that have been demonstrated in at least a preliminary way 
are shown in Figure 5 and described in the following sections.

Comparison of Biomass and Fossil Fuel Feedstocks
In contrast to petroleum and natural gas, which are mostly 

hydrocarbons, biomass contains a high percentage of oxygen 
and components with low hydrogen/carbon ratios. The oxygen-
containing molecules from biomass have lower energy densi-
ties than the hydrocarbons in gasoline with comparable 
molecular weights. Thus, a major challenge in biomass process-
ing to liquid fuels is the removal of oxygen. However, the 
removal of oxygen from biomass might not need to be com-
plete; good candidate fuel components with low oxygen con-
tents include ethanol, butanols, furans, and esters, including 
biodiesel.

Hydrogen is needed for the production of biofuels from 
biomass feedstocks. The hydrogen can be produced from the 
biomass itself or from other sources. If it is not economical 
to produce hydrogen from biomass, then the overall conver-
sion will involve oxygen removal as CO2 and H2O (and pos-
sibly CO). If hydrogen from non-biomass sources is more 
economical, then oxygen will be removed from biomass as 
water formed by reaction with hydrogen.

Because cellulosic biomass is a solid, it will require process-
ing that is substantially different from that applied in natural gas 
or petroleum conversion. For catalytic processing by non-bio-
logical routes, biomass will first have to be deconstructed into 
molecules small enough to be brought into effective contact 
with catalysts. One might therefore anticipate some similarities 
between the technology for coal conversion and future tech-
nologies for biomass conversion—because both coal and bio-
mass are solids that contain carbon, hydrogen, and oxygen. 
However, many coals contain a great deal of bulk mineral mat-
ter mixed with the organic matter, whereas biomass does not, 
and biomass, like petroleum, contains organically bound metals 
that affect catalysts used in its conversion and downstream pro-
cessing. Cellulosic biomass can also be deconstructed at signifi-
cantly lower temperatures than coal because of its high oxygen 
content; thus, the door is open to low-temperature deconstruc-
tion methods such as acid-catalyzed hydrolysis and fast 
pyrolysis.

Conversion of Biomass through Syngas
An obvious option that is already practiced industrially is to 

convert biomass directly into syngas by gasification.9 The tech-
nology differs from that applied to coal, because biomass is much 
less stable and contains significant amounts of sodium, potas-
sium, and other alkali metals that can cause slagging and fouling 
problems in conventional gasification equipment used at the low 
temperatures appropriate for biomass. Gasification of biomass 
gives higher yields of tars than gasification of coal. The conver-
sion and cleanup of these tars is a significant technological 
challenge.

Recent research by the group of Schmidt9,10 introduced 
novel routes for the conversion of biomass-derived liquids and 
even wood itself directly into syngas with low yields of tars in 
high-temperature low-contact-time catalytic flow reactors. 
Wood particles are almost instantaneously vaporized at the 
upstream end of a small, hot flow reactor employing a rhodium 
catalyst containing cerium oxide supported on an -Al2O3
foam, and the conversion takes place with a contact time of 
<70 ms (Figure 6). The process is conceptually simple, and the 
reactor is small for a given throughput, offering promise for 
future applications. This example illustrates how innovations in 
catalysis can improve yields of desired reaction products, but 
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before a process of this type can be employed commercially, the 
lifetimes of the catalyst will have to be shown to be sufficient 
to justify the use of the expensive metal rhodium.

Conversion of Biomass through Sugars and Other 
Small Organic Compounds

In nature, cellulose is broken up into sugars by the action of 
enzymes (cellulases); these biological catalysts work from the 
ends of the macromolecule and also at the linkages of the sugar 
units. Cellulases can give nearly 100% yields of glucose. Liquid 
acids can be used instead of enzymes to catalyze cellulose 
deconstruction by hydrolysis, giving much higher rates of reac-
tion than can be obtained with enzymes (the reactions take 
hours rather than days). However, acid-catalyzed hydrolysis 
gives products such as levulinic acid that, in contrast to glucose, 
cannot be converted by fermentation.

The near-term opportunities for catalysis by solids would 
seem to lie less in the conversion of solid biomass itself (innova-
tions would be needed to make this feasible) and more in the 
conversion of the small organic molecules formed from cellu-
lose, hemicellulose, and/or lignin by enzymatic reactions or acid 
hydrolysis.

The conversions of these small organic compounds bear 
some relationship to the conversions of the oxygen-containing 
organic compounds formed in Fischer–Tropsch synthesis that 
have been summarized in the processing literature.12,13 The cata-
lysts that have been investigated so far are essentially the same 
as those investigated previously for the conversion of petroleum 
and petrochemicals. Much research is needed to find optimum 
catalysts for these conversions; they might require supports as 
well as catalytic components different from those used in fossil 
fuel conversion.

For example, because some of the reactions (e.g., alcohol 
dehydration) produce high yields of water, it will be essential 
to find catalysts that are stable in water. The catalysts used in 
petroleum refining do not encounter much water, but when they 
do, they undergo degradation (e.g., the zeolites used in cracking 
to make gasoline, which are regenerated by the burning of the 
carbonaceous deposits formed during catalysis, coming in con-
tact with high-temperature steam).

The biomass-derived oxygenated compounds typically have 
low thermal stabilities, associated with their high oxygen con-
tents, making it difficult to process them as gas-phase reactants 
under conditions used for most petroleum refining reactions. 
This limitation motivates catalysis with reactants in the liquid 
phase, as illustrated in pioneering research by the group of 
Dumesic.14–16 They recently reported catalyst performance data 
illustrating potential processes for the conversion of sugars, 
sugar alcohols, and polyols into H2 and C1–C15 alkanes. H2, 
CO2, CO, and light alkanes were produced from sugar or sugar-
derived feeds in the presence of liquid water and a solid catalyst 
at 200–260°C and 10–50 bar.

The catalytic pathway that produces maximum yields of H2 and 
CO2 involves cleavage of C–C, C–H, and O–H bonds to form 
intermediate C–OHx species (x is not well known) on the catalyst 
surface, followed by removal of these species by the water–gas 
shift reaction. A good catalyst for production of H2 must facilitate 
C–C bond cleavage and removal of CO by the water–gas shift 
reaction, but it should not facilitate C–O bond cleavage and hydro-
genation of CO or CO2, which produce light alkanes. The best cata-
lysts yet found are metals (e.g., platinum or nickel) dispersed on 
supports. Addition of nickel, cobalt, or iron to form alloy-like 
structures with platinum supported on Al2O3 improves the activity 
by 3–5 times. Nickel–tin catalysts have been found to perform 
similarly to the platinum-containing bimetallic catalysts.

Alkanes produced in this manner would provide a renew-
able source of transportation fuel that could fit into the current 
infrastructure. However, the heaviest of the alkanes produced is 
hexane, which has a low value as a fuel additive because of its 
low octane number; its transformation into the more valuable 
branched isomers can be carried out with existing catalytic 
technology, with the attendant costs.

Progress toward the production of heavier alkanes has been 
achieved by combining the above-mentioned process with one in 
which C–C bond formation occurs before the final dehydration 
reaction; the C–C bond formation takes place by base-catalyzed 
aldol condensation. This reaction links carbohydrate-derived 
moieties through the formation of C–C bonds with the elimina-
tion of water, yielding heavier alkanes ranging from C7 to C15.

Catalytic processing of biomass-derived feedstocks in the 
presence of liquid-phase reactants appears to be a promising 
route to the production of alkanes and H2, but much more 
research is needed to evaluate the technological prospects. 
Work with actual biomass-derived feedstocks instead of pure 
compounds is needed, as is an evaluation of the economics.

Future Options for Conversion of 
Carbon Dioxide

CO2 is a product both of carbon-containing fuel combustion 
and a number of the processes for making the fuels. It would be 
advantageous to dispose of the CO2 in environmentally safe ways 
or, perhaps even better, to convert it into fuels or chemicals. One 
possibility for disposing of CO2 that has already been demon-
strated in a few locations involves sequestration of CO2 from 
power plants in permanent underground reservoirs (see the side-
bar by Benson et al. this issue). This solution will not be feasible 
in all locations, because it requires the availability of suitable 
underground reservoirs. A second possibility is the catalytic 
reduction of CO2 to CO using H2 as a reactant. H2 can be obtained 
with today’s technology from hydrocarbons such as natural gas, 
but in the future, it might be formed from water electrochemi-
cally or photochemically, with the needed energy perhaps pro-
vided by the sun or nuclear power plants (see the article by 
Crabtree et al. in this issue). Economical processes and catalysts 
for such conversions are lacking; the discovery of such catalysts 
and the creation of technology for CO2 conversion is a massive 

Figure 6. Front face of a catalyst during reforming of approximately 
230- m particles of cellulose in air.11 
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challenge. Nature’s photosynthetic apparatus might provide the 
inspiration for efficient conversion of sunlight into useful energy 
or reactants for catalytic fuel production from CO2 and water (see 
the sidebar by Gust et al. in the article by Farrell et al. in this 
issue).
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Introduction
Like many things in life, there are advantages to motorized 

road transportation—such as jobs, wealth, and mobility of goods 
and people—but there are also negatives such as climate pollu-
tion; injuries and deaths; and dependence on unstable suppliers 
for the main energy supply, petroleum. Motorized transportation 
systems consume about 19% of the world’s total energy supplies, 
with 95% of this amount being petroleum, accounting for about 
60% of the total world petroleum production.1 In the United 
States (the only country for which detailed data are available), 
about 80.5% of the motorized transportation energy is consumed 
by road vehicles.2 (Statistics show that air transportation accounts 
for 9% of total energy, water transportation for 5%, transport of 
materials by pipeline for 3.1%, and rail transportation for 2.4%.2) 
In 2005, about 865 million motorized land transportation vehi-
cles were registered in the world (probably not even including 
very small vehicles such as motorized bicycles, scooters, motor-
cycles, and the three-wheel, auto/rickshaw taxis and trucks seen 
ubiquitously throughout the developing world).3 Most of those 
vehicles were registered in the “developed” world consisting of 
North America; Europe (eastern and western); the Pacific Rim 
(Japan, South Korea); and some other parts of Asia, the Middle 
East, and Central and South America, encompassing perhaps two 
billion of the roughly 6.5 billion persons currently alive, for a 
vehicle density of around one vehicle for every two persons. In 
China and India, where perhaps 2.5 billion people live, the vehi-
cle density is on the order of one vehicle per 20 persons, so the 
growth potential is obvious (see Figure 1).

In developing countries, the use of energy for transportation 
is on the rise. The recent increase in petroleum prices; expand-
ing world economic prosperity, particularly in China and India; 
the probable peaking of conventional petroleum production in 
the coming decades; and concerns about global climate changes 
all necessitate efforts to increase the efficiency of the use of, and 
development of alternatives for, petroleum-based fuels used in 
road transportation. Most studies indicate that 70–80% of the 
energy usage in the lifecycle of a road transportation vehicle is 

in the use phase. The remainder is energy usage in the produc-
tion of the vehicles, including the production of the materials, 
supply of the fuel, and disposing of the vehicles. Thus, advances 
in many materials and processes will be required in efforts to 
increase the energy efficiency of motorized vehicles for road 
transportation.

In today’s internal combustion engine vehicles, only about 
15% of the fuel consumed is actually used to propel the vehicle 
and support the accessory loads (such as air conditioning, radio, 
and lights).5 The useful work by the fuel’s energy is used to over-
come the vehicle inertia, tire rolling resistance, and wind drag. 
The rest of the fuel’s energy is lost as heat and friction due to inef-
ficiencies of the engine and drivetrain and idling, for example 
(Figure 2). The energy efficiency of a vehicle can be improved in 
several ways: lightweighting the vehicle structure and powertrain 
using advanced materials and designs, improving the energy 
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Abstract
In many industrial countries, road transportation accounts for a significant portion of the country’s 
energy consumption. In developing countries, the use of energy for transportation is on the rise. 
The recent increase in petroleum prices, expanding world economic prosperity, the probable peak-
ing of conventional petroleum production in the coming decades, and concerns about global cli-
mate changes require efforts to increase the efficiency of the use of, and develop alternatives for, 
petroleum-based fuels used in road transportation. The energy efficiency of a vehicle could be 
improved in several ways: lightweighting the vehicle structure and powertrain using advanced 
materials and designs, improving the efficiency of the internal combustion engine, reducing tire 
rolling resistance, and hybridization. Each of these efforts will require improvements in materials 
and processes.

Aviation

Figure 1. World oil demand. Globally, oil demand is driven by 
growth in transportation in Asia, Europe, and North America. 

 ME/AF is Middle East and Africa, LA is Latin America, Aus 
is Australia, and NZ is New Zealand. (  Reference 4.)
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efficiency of the internal combustion engine, reducing tire rolling 
resistance, reducing aerodynamic drag, and hybridization (recap-
turing kinetic and frictional losses, reducing stop/idle losses, and 
reducing engine size while providing launch and acceleration 
assist with a more efficient electric drive system). Plug-in hybrid 
electric vehicles, battery electric vehicles, and fuel cell electric 
vehicles use an electric drive system that is much more efficient 
than conventional internal combustion engines. It is envisioned 
that fuel cell powertrains might, at some time, replace the internal 
combustion engine powertrains. (The materials challenges associ-
ated with fuel cells are discussed in the article by Crabtree et al. 
in this issue).

Lightweighting
The term lightweighting means reducing the overall weight 

of a vehicle and its components. This term is used instead of 
“lightweight” so as not to imply just the use of lower-density 
materials. Steel, for instance, is not a low-density material, but 
by increasing its strength, less can be used, for a net weight 
reduction. Increased fuel economy is the most obvious effect 
of lightweighting. It has been estimated6 that, with every 10% 
drop in weight, the fuel economy increases by 6–8% (with all 
other factors held constant). This estimate includes mass com-
pounding, which means that, in addition to the fuel economy 
increase due to the direct loss of weight by the given compo-
nent or structure, further gains can be obtained because other 
mass can be shed elsewhere in other vehicle components 
or structures such as the powertrain, suspension, and braking 
system.

In addition, lightweighting offsets the increased weight of 
vehicle upsizing, features (e.g., audio, video, and navigation 
systems), and performance factors (e.g., acceleration, safety, 
exhaust-gas pollution abatement) demanded by customers or 
mandated by regulations. Such compensation to avoid increased 
weight has been the primary goal of lightweighting in the auto-
mobile industry in the recent past. In the next 5–15 years, light-
weighting will also be needed to offset the added weight and 
cost per unit of power of hybrid and fuel cell powertrains.

After many years of research and development, education, 
and price reductions, many auto companies and their lower 
tier suppliers have started using lightweighting materials and 
components in the structures and powertrains of vehicles. The 
relative weight-saving potentials and costs of the main light-
weighting materials are listed in Table I. High-strength steels, 
aluminum, magnesium, and glass- and carbon-fiber-reinforced 
polymer–matrix composites (FRPMCs) are the main contend-

ers. This evolution and the technologies behind them have been 
well described elsewhere.8–11 Of these, high-strength steels, alu-
minum, and glass-FRPMCs are the most mature. Aluminum 
matrix composites, titanium, and stainless steels are niche 
materials because of their relatively high costs. The main chal-
lenge to the further use of these materials in the coming years 
will be lowering the manufactured costs of components and 
structures made from them. In addition to cost, nontechnical 
challenges include manufacturers’ lack of comfort and familiar-
ity with the manufacturing and safety of the vehicles made from 
these new materials; capital already invested in steel-forming 
technologies; and recycling, especially of FRPMCs.

Powertrain Materials
The internal combustion engine and driveline are the result 

of 100 years of constant innovation. Today’s engines demon-
strate a high power density and extreme cost competitiveness. 
In the future, the combination of regulatory and economic pres-
sures will drive manufacturers to develop engines that redefine 
energy efficiency and fuel economy. The next generation of 
heavy- and light-duty engines will push the thermomechanical 
limits of existing materials and will encourage the exploration 
of new cost-effective materials to meet the needs of new com-
bustion regimes, energy recovery systems, and lightweight 
high-efficiency drivelines.

Improvements for heavy-duty truck diesel engines are expect-
ed to include high-efficiency, clean-combustion techniques that 
result in higher peak cylinder pressures and temperatures and 
increased rise rates for temperatures and pressures.12–17 The most 
common clean-combustion techniques under consideration are 
homogeneous charge compression ignition (HCCI) and low-
temperature combustion (LTC); both involve modifications to 
the air–fuel mixture, ignition timing, air charge boost pressures, 
and percentage of exhaust gas recirculation (EGR) in the charge 
air. The goal of each of these technologies is to improve the 
engine thermal efficiency while minimizing unwanted exhaust 
compounds such as NOx and particulate matter (PM/soot).

These advanced combustion techniques will push the limit 
of existing cast iron engine-block and cast-iron or cast-

Table I: Lightweighting Potentials and Relative Component 
Costs for Various Automotive Lightweighting Materials 

Options.

Lightweighting 
Material

Material 
Replaced

Mass 
Reduction 

(%)

Relative 
Cost (per 

Part)a

High-strength 
steel

Mild steel 10 1

Aluminum Steel, cast iron 40–60 1.3–2

Magnesium Steel, cast iron 60–75 1.5–2.5

Magnesium Aluminum 25–35 1–1.5

Glass FRP 
composites

Steel 25–35 1–1.5

Graphite FRP 
composites

Steel 50–60 2–10+

Aluminum matrix 
composites

Steel, cast iron 50–65 1.5–3+

Titanium Alloy steel 40–55 1.5–10+

Stainless steel Carbon steel 20–45 1.2–1.7

Source: Reference 7.
aIncludes both materials and manufacturing.

100%

62.4%

17.2%

2.2%

5.6%

18.2% 12.6%

Aerodynamic
Drag
20%

Rolling
Resistance

4.2%

Inertia

Braking
5.8 %

Accessories

Standby/Idle

Engine Losses

Driveline Losses

Figure 2. In a typical conventional gasoline vehicle, only 
about 12–13% of the fuel’s energy is transferred to the 
wheels, the rest is lost in the engine as heat, in idling, and in 
powering accessories. (  Reference 5.)
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aluminum cylinder-head materials. Initial data indicate that 
engines operating in these new combustion regimes might 
experience peak cylinder pressures in excess of 180 bar. Figure 
3 suggests that cast materials for these applications might 
require compacted graphite iron or some new high-strength 
lightweight cast alloy. (Compacted graphite iron is cast iron 
with graphite incorporated into its basic structure as blunt flakes 
that are interconnected within each cell. This results in a cast 
iron with properties that are intermediate between those of gray 
and ductile iron.) In addition, these pressures might push the 
limits of traditional joining and sealing techniques used to con-
nect the cylinder head to the engine block.

These new engines might require advanced fuel injection 
systems capable of providing multiple fuel injection events at 
injection pressures above 2,000 bar. In turn, these fuel injection 
systems might require new materials with properties of strength, 
durability, and toughness equal to or greater than those of steel 
while allowing for the fabrication of injector orifices measuring 
less than 50 microns ( m). New processing techniques for 
injector tips and piezoelectric actuator mechanisms will also be 
needed.

Higher exhaust temperatures, turbocompounding, solid-
state waste-heat recovery, and emissions controls will push the 
limits of materials currently used in exhaust manifolds, valves, 
and turbocharger components, such as stainless steel, SiMO 
cast iron, high-Ni superalloys, aircraft-grade titanium alloys, 
and other high-performance aluminum-based alloys. It is 
expected that manufacturers will explore the use of materials 
such as stainless steels, titanium alloys, low-Ni superalloys, 
high-temperature aluminum alloys, and ceramics to address the 
needs of these components.

In addition to materials needs resulting from changing com-
bustion regimes, the heavy-duty engine sector is expected to 
continue expanding its use of exhaust aftertreatment devices 
such as catalysts and diesel particulate filters. The long lifecycle 
requirements of these devices will require detailed knowledge 
of the fatigue behavior of filters, ceramic substrates, and cata-
lyst coatings. Further, lifecycle costs will push the industry to 
find replacements for precious-metal-based catalysts.

Light-duty automobile engines are expected to transition to 
direct-injection, turbocharged, high-compression, spark-igni-
tion combustion, which might exceed the properties of the 
lightweight aluminum- or magnesium-based alloys currently 
used in engine blocks. The combination of increased operating 
thermomechanical stresses and the drive for lightweight vehicle 
systems will push engine manufacturers to explore new materi-
als options for future engine designs.

Engine blocks and cylinder heads are expected to continue 
using lightweight alloys, but design changes might be needed 
to add strengthening elements. Strengthening can be provided 
by designs with increased cross-sectional areas, steel thread 
inserts, cast-in steel crossties, or bolt-on reinforcing caps. If 
independent cylinder valve actuation is included in these new 
designs, the weight of the valves might need to be reduced to 
improve dynamic response. This might push forward the devel-
opment of lightweight valve materials such as titanium alloys, 
intermetallics, or ceramics. The drive to reduce turbocharger 
lag, which can be experienced as a hesitation in acceleration by 
a driver, might drive both heavy- and light-duty engine manu-
facturers to explore high-temperature lightweight materials to 
reduce rotating mass.

Both heavy- and light-duty engine manufacturers likely will 
have a number of common materials issues, such as the need 
for improved gasket sealing resulting from increased cylinder 
pressures. Likewise, light-duty fuel injection systems might 
face material and actuator demands similar to those used in 

heavy-duty applications. However, with increasing use of alter-
native fuels in light-duty applications, manufacturing of some 
components of the fuel system might need to transition away 
from traditional aluminum alloys to corrosion-resistant alloys 
such as stainless steel. The exhaust system components might 
also face the same material limitations encountered by the 
heavy-duty sector, but the use of solid-state waste-heat recov-
ery might require additional materials development for compo-
nents and heat exchangers.

Materials might be required to address unexpected noise, 
vibration, and harshness (NVH) issues with the new combus-
tion regimes. Some of the most promising techniques for 
increasing efficiency and mitigating emissions result in unac-
ceptable noise levels being generated by the engine. To mitigate 
these adverse affects, engine manufacturers might explore the 
use of lightweight alloys such as magnesium, which has a dif-
ferent natural frequency than steels and, therefore, a dampening 
effect that can reduce NVH issues in some components.

Further complicating the material needs of future power-
train materials will be the need to help offset the additional 
weight of hybrid-drive and battery systems associated with new 
powertrain configurations. Also, at some time in the future, fuel 
cell powertrains might replace internal combustion engine 
powertrains.

Hybridization and Electric Drives
Hybridization is achieved by adding an electric drive system 

to a conventional vehicle or even a fuel cell vehicle.19 The elec-
tric drive system (Figure 4) can include a motor, generator, 
power electronics (inverters and controllers), and a means for 
storing electrical energy (batteries and/or ultracapacitors). 
Hybrid electric vehicles (HEVs) achieve lower fuel consump-
tion than conventional vehicles with internal combustion 
engines in several ways.20 By recapturing the kinetic energy of 
a decelerating vehicle (while the engine speed is decreasing) 
and using regenerative braking instead of friction breaking, the 
fuel economy of a typical vehicle can be increased by 10%.21

Regenerative braking works as follows: As a driver brakes in a 
hybrid or electric car, the kinetic energy, normally dissipated as 
heat, supplies power to a generator. The generated electrical 
energy then charges the energy storage system every time the 
brakes are applied. The stored energy is subsequently used to 
accelerate the vehicle, requiring less fuel use and thus leading 
to more efficient operation. The availability of an electric motor 
for launch assist and quick engine restarts allows the engine to 
turn off during stops, thus reducing fuel consumption at idle by 
5–10%. Because the combination of a motor and an engine 

Figure 3. Cylinder pressure limits for various engine block 
materials.18
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provides power for acceleration, the engine could be downsized 
to meet only top speed and grade requirements; this could pro-
vide another 10–20% improvement in fuel economy.22 Overall, 
hybridization could improve fuel economy by 20–50%. (For 
example, the combined EPA-rated city/highway fuel economy 
of a 2007 Toyota Hybrid Camry at 39 mpg is 30% higher than 
a conventional 2007 Camry at 27 mpg.23) Each of the major 
hybridization components entails corresponding materials 
challenges.

Energy Storage
The electrical-energy storage systems for HEVs must be 

smaller, lighter, longer-lasting, more powerful, more energy 
dense, and less expensive than today’s batteries if these 
advanced vehicles are to significantly expand into the markets 
around the world. Thus, the energy storage systems offer the 
most challenging material issues, particularly those for plug-in 
hybrid electric vehicles (PHEVs) and battery electric vehicles. 
Materials in PHEV energy storage systems have the more chal-
lenging task of withstanding many shallow charge/discharge 
cycles (as in HEVs) and many deep charge/discharge cycles 
(as in electric vehicles).24 The article by Whittingham in this 
issue covers the general topic of electrical-energy storage 
materials issues, but some challenges are related specifically to 
transportation applications, namely, safety, calendar life, and 
cold-start operation. Many automotive researchers believe that 
lithium-ion batteries are the choice for electric drive applica-
tions for the next 10–15 years, so the focus is on improving 
their low-temperature performance and safety.25 The major 
components of batteries are cathodes, anodes, separators, and 
electrolytes. To improve the safety of lithium-ion batteries, 
researchers and developers are investigating new cathodes 
such as nanophase iron phosphate26 or mixed oxides and new 
anodes such as new forms of carbon/graphite that are less 
active than today’s carbon materials. Other components to be 
improved include lithium titanate (Li4Ti5O12) anodes;27 sepa-
rators with better melt integrity, lower shrinkage, and shut-
down functionality such as ceramic-coated Teflon; and 
nonflammable electrolytes.25 Given that the use of alternative 
cathodes, anodes, separators, and electrolytes might reduce the 
performance and/or life of the battery, other researchers are 
investigating the possibilities of depositing atomic layers of 

protective materials on existing high-performing anodes and 
cathodes and using additives to reduce the flammability of 
electrolytes.28 Still, internal electrical shorts that develop over 
many months, although rare, pose the most challenging materi-
als and design issues for lithium-ion batteries in vehicles.29

Researchers are developing models and test methods to under-
stand this failure mode in order to propose solutions.30 At tem-
peratures below freezing, the power capability and, to a certain 
extent, the available energy of lithium-ion batteries decrease. 
For consumer acceptance, a lithium-battery-powered vehicle 
must be able to start at −30°C. Some of the limitation is attrib-
uted to the interface between electrolyte and active materials.31

In general, changes in the active material and electrolyte have 
not, to date, significantly improved the poor low-temperature 
performance. Therefore, to improve performance, electrolyte 
formulations based on LiBF4 in carbonate and ester mixtures 
are being investigated.32 Moreover, methyl butyrate is being 
tested as an additive that can decrease the viscosity of the elec-
trolytes to enhance their wetability properties in the separator 
(allowing for better electrolyte coverage), thus leading to 
improved low-temperature performance.25

Electric Machine and Power Electronics
The cost and weight of motors/generators and power elec-

tronics (inverters and converters) need to be decreased and their 
power density increased to facilitate greater penetration of 
HEVs into the vehicle marketplace.33 One path to reducing the 
overall cost of the traction drive system (i.e., the electric 
machine and power electronics) is to eliminate the 65–70°C 
auxiliary additional coolant loop presently utilized in commer-
cial HEVs such as the Toyota Prius34 (Figure 5) or Ford Escape. 
Researchers are investigating approaches that use the existing 
internal combustion engine cooling system and take the water/
ethylene glycol coolant directly from the radiator at 105°C to 
cool the power electronics.

Higher temperature coolants impose significant operating 
and reliability challenges for the electrical components used in 
these systems, which are already taxed by high internal self-
heating as a result of their elevated operating currents. Operation 
at extreme temperatures imposes unique design and materials 
challenges for both the power electronics and the electric 
machines.35

In addition to the selection of appropriate materials, manu-
facturing improvements are needed. The cost of permanent 
magnet motors could be reduced by design and manufacturing 

Figure 4. Components in a plug-in hybrid vehicle. (Without 
the plug and the on-board charger, the components 
represent a hybrid electric vehicle.)
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Figure 5. Overview of packaging of 2004 Toyota Prius Hybrid 
inverter/converter.  V Boost is voltage boost, and HV is 
high-voltage.



443 

improvements, as well as elimination or reduction of the num-
ber of magnets and/or the amount of lamination material. One 
area of research is currently focused on improvements to sin-
tered and bonded magnets.36 Bonded magnets are attractive 
from a manufacturing perspective because they can be injection 
molded to desired shapes with possibly lower manufacturing 
costs. However, because of the epoxies required to hold the 
flakes together, bonded magnets have lower energy products 
than sintered magnets and might not be qualified to as high a 
temperature. Further research is needed to improve the mechan-
ical strength and reduce the magnetic saturation of bonded 
magnets at elevated temperatures. Increasing the temperature 
of the coolant, although beneficial from a cost perspective, will 
create many challenges for electric propulsion systems. As the 
operating temperature of a motor approaches the Curie temper-
ature of the magnets, the intensity of the magnetic field decreases 
rapidly toward zero, so it might be necessary to develop special 
magnetic materials with higher Curie temperatures.35 (Note that 
the Curie temperature, by definition, is the temperature above 
which a material is no longer magnetic.)

The performance and lifetime of many power electronics 
components degrade rapidly with increasing temperature.37

Silicon power devices typically can be operated at junction 
temperatures of up to 125°C or even 150°C. Increasing the 
coolant inlet temperature reduces the ability to cool silicon 
devices, so either the current going through them has to be 
reduced or more silicon devices must be used. Alternatively, 
wide-bandgap semiconductors such as silicon carbide or gal-
lium nitride could be used at higher temperatures, but they are 
much more expensive and the technology is not yet mature. 
Further research to reduce costs is needed, along with manufac-
turing improvements to maximize yields.

Other challenges regarding power modules include compo-
nent packaging for higher temperatures, which involves the 
reliability and durability of wire bonds and solder joints both at 
high temperatures and over repeated power cycling. In addi-
tion, thermal interface materials (TIMs) pose a major bottle-
neck to the removal of heat from high-power components.38

Materials with high dielectric strengths and high thermal con-
ductivities are needed. Inverter packages still predominantly 
use thermal grease to improve the flow of heat through various 
packaging layers. Resistance to heat flow is caused by material 
thickness, low thermal conductivity, material voids, and poor 
surface contact between material layer interfaces. The thermal 
grease layer can contribute 40–50% of the total thermal resis-
tance of the different layers in the electronics package. Uniform 
application of the TIM, pumping out during thermal cycling, 
and drying out of the grease are known problems with existing 
thermal greases. Reducing the thermal resistance of the TIM 
can significantly aid in meeting the thermal requirements for 
advanced automotive systems. Figure 6 shows the different 
layers constituting a typical insulated-gate bipolar transistor 

(IGBT) package in an inverter. In this case, the silicon die is 
soldered to the direct-bond copper (DBC) layer, which is com-
posed of an aluminum nitride layer sandwiched between two 
copper layers. In a typical IGBT package, the DBC layer is 
attached to the aluminum heat sink by an interface of thermal 
grease. Because of manufacturing variability, the DBC layer 
and cold plates have surface irregularities that lead to voids in 
the surface-to-surface contact. These irregularities contribute to 
added thermal resistance known as contact resistance. The ther-
mal grease is used to help fill these gaps and provide improved 
thermal contact. The interface material in inverter packages 
typically ranges from 25 to 100 m in thickness and is a major 
contributor to the thermal resistance in the package. Polymers 
with embedded metal-coated particles and carbon nanotubes 
grown on copper substrates are among the materials being 
investigated to replace thermal grease.38

Another research approach under investigation to protect the 
power electronic components from high-temperature peaks is to 
use phase change materials (PCMs) to store excess heat from 
transient power peaks. Examples of PCM candidates based on 
125°C coolant environment are erythritol, MgCl2, rhombic sul-
fur, acetanilide, and ammonium acetate.33 (Phase change materi-
als are also being applied as building materials. See the article 
by Judkoff and the accompanying sidebar by Bonfield in this 
issue for a discussion of PCMs in this context.)

Polymer-film capacitors currently are used to absorb ripple 
currents in inverters to smooth the voltage level and protect the 
batteries from high transients, which contribute to reduced life-
times. These capacitors lose their capacity and degrade more 
rapidly as their operating temperature rises.35 High-dielectric-
constant glass ceramic material is a potential candidate for 
capacitor applications in inverters. Research is ongoing to 
improve the reliability and longevity of ceramic capacitors and 
to mitigate their undesirable failure modes. Another area of 
research involves the use of ferroelectric thin films on metal 
foils, which can be embedded into printed circuit boards in the 
power electronic module. This approach can result in signifi-
cant reductions in the volume of the power module. Other chal-
lenges include high-volume production quality and long-term 
reliability/durability of the components when subjected to the 
harsh automotive environment.33

Tires and Rolling Resistance
Road transportation depends heavily on tires. Key ingredi-

ents of tires are natural rubber (which comes from rubber tree), 
synthetic rubber/carbon black (which come from petroleum), 
and steel.39 Sixty percent of the expense of tire production is 
attributed to petroleum prices. Materials research on tires is 
directed toward improving rolling resistance while maintaining 
the life and handling, reducing or reusing the natural rubber 
content, and reducing the energy required in production. One of 
the key ways to improve automotive efficiency is to reduce the 
rolling resistance of vehicle tires. This is not a measure of a 
tire’s traction or “grip” on the road surface, but rather simply 
indicates how easily a tire rolls down the road, minimizing the 
energy wasted as heat between the tire and the road, within the 
tire sidewall itself, and between the tire and the rim.40 Detailed 
modeling has indicated that a 10% reduction in tire rolling 
resistance should yield fuel savings of about 1–2%, depending 
on driving conditions and vehicle type.41 According to research 
for the California Energy Commission, about 1.5–4.5% of total 
gasoline use could be saved if all replacement tires in use had 
low rolling resistance.42 This translates roughly into average 
savings of up to 30 gallons of gasoline per vehicle per year, or 
$2.5–7.5 billion worth of national average gasoline savings in 
the United States.

Figure 6. Different layers constituting the insulated-gate 
bipolar transistor (IGBT) package in an inverter.
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Future
The future of road transportation vehicles is very exciting. 

Future vehicles will be more energy efficient, have less pollu-
tion, and provide fuel flexibility. Lightweighting and hybridiza-
tion will play key roles in improving fuel economy. In addition 
to new and improved designs, new materials or improvements 
in existing materials for vehicle structures, powertrains, energy 
storage systems, motors, power electronics, and tires will make 
lower fuel consumption and pollution possible.
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Aviation
Dipankar Banerjee (Defence Research and Development Organisation, India)

Aviation accounts for about 3% of the current global energy 
consumption of 15 terawatts (TW).1–3 The global annual growth 
of energy use in the aviation sector is likely to be around 2.15% 
and will exceed that in other transportation sectors, although 
land transport will continue to consume the largest amounts of 
fuel. Figure 1 displays the historical improvements in energy 
efficiency in the aviation sector.4 Fuel use is determined by both 
operational and technological factors.5–7 The former includes 
the passenger load factor, ground efficiencies, taxi procedures, 
take-off and landing paths and circuitry (actual distance trav-
eled versus a great-circle distance), and changes in the mixture 
of old and new aircraft and propulsion systems with time. 
Technology factors, focusing on materials issues, are described 
in greater detail herein.

Technology
The Breguet range equation (Equation 1) provides metrics for 

the evaluation of technology factors contributing to fuel efficiency

aircraft range = (velocity/SFC) (lift/drag) 
ln[1 + Wf /(Wpl + Wo)] (1)

where SFC is the fuel consumption per unit thrust of the propul-
sion system, Wf is the fuel weight, Wpl is the payload weight, 
and Wo is the empty operating weight. Improvements in tech-
nology derive from aerodynamics (that is, an increase in the 
lift-to-drag ratio for various flight conditions), increases in the 
propulsive and thermodynamic efficiencies of gas turbine 
engines, and reductions in airframe and engine weights.7

Airframe
Increases in fuel efficiency due to weight reduction of air-

frames were estimated to be between 2.5% and 7.5% from a 
10% decrease in aircraft weight.6 The prime airframe material, 
aluminum, has been gradually replaced by carbon fiber/polymer 

matrix composites that are significantly superior in specific 
strength, modulus, and fatigue resistance. Fighters such as the 
F22 and the Eurofighter use up to 70% composite materials by 
weight (Figure 2), and commercial aircraft such as the Boeing 
787 use nearly 50%.8 The Airbus A380 design is more conserva-
tive in materials usage, but still employs an aluminum alloy–
carbon fiber/polymer matrix composite sandwich configuration 
extensively for primary structures.9 The structural efficiencies of 
airframes could be improved through increased sophistication in 
the manufacturing of polymer matrix composites. Automated 
textile weaving processes that precisely control fiber spacing, 
directionality, dimensionality, and volume fraction can be uti-
lized to allow designs that provide local rather than global 
responses to loads. Co-curing and co-bonding processes together 
with localized joining through electron beam or irradiation cur-
ing will eliminate metallic fasteners and rivets, thus providing 
increased structural integrity in addition to a reduction in weight. 
The temperature capabilities of polymer matrix composites need 
to be enhanced from their current limits of about 525 K, through 
molecular engineering or perhaps the use of matrix and fiber 
surfaces modified with carbon nanotubes, enabling further 
replacement of metallic parts in hotter sections of aircraft at tem-
peratures higher than 600 K. A key challenge in this task will lie 
in ensuring that the toughness (about 0.04 design compression 
strain) and environmental resistance do not degrade with increas-
ing temperature capabilities.

Increases in fuel efficiency have, of course, been derived 
from aerodynamics. The challenge has always been to resolve 
the conflicting demands of wing design to reduce induced drag 
(arising from wing tip vortices) in the low-speed regime to par-
asitic (form, skin friction, and interference components) and 
supersonic wave drag effects that increase exponentially with 
speed. Concepts that seek to maintain laminar flow over the 
wing profile6 and a variety of wing profiles and geometries that 
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reduce drag over differing flight regimes have been evaluated, 
including most recently the Boeing unmanned blended-wing 
aircraft, which uses a flat, wide body that tapers out to thin wing 
tips. These designs will culminate in adaptive or morphing 
wings that acquire optimal configurations during flight much 
like the wings of a bird. The realization of such advanced con-
cepts will demand an intensely multidisciplinary effort, com-
bining aerodynamics, control, sensors, and actuation, and will 
require the use of multifunctional materials systems that com-
bine structural functions with those of sensing and actuation. 
Thus, materials ranging from piezoelectrics to shape-memory 
materials, magnetostrictive materials, and electroactive poly-
mers will play a significant role (Table I) in the sensors and 
actuators of such morphing wings. Their choice will be deter-
mined by their frequency, stress and strain, and hysteresis 
response.10 Skin materials (which are largely polymer matrix 
composites) of such morphing wings will combine with novel 
structural forms11 to be sufficiently elastic to deform reversibly 
but stiff enough to withstand aerodynamic loads.

Propulsion
Two key concepts have driven performance and efficiency 

improvements in gas turbines. The thrust-specific fuel con-
sumption has steadily improved through increases in the 
bypass ratio (the fraction of the total airflow through the fan of 
the engine that directly contributes to thrust without being 
burned with fuel to drive the turbine) from the turbojet config-
uration. It has been estimated that the ultra-high-bypass con-
figuration might contribute as much as 10% to efficiencies in 
seat miles per gallon.6 Further improvements in propulsive 
efficiency will arise from the geared turbofan concept, which 
sets fan and low-pressure turbine rotor speeds to their respec-
tive optimal values for very high bypass ratios, and from vari-
able-cycle-engine concepts. The turboprop also has a very high 
efficiency, albeit at much lower aircraft speeds. An alternative 
pathway lies in the use of the unducted fan (without a casing) 
or the propfan, which combine the efficiencies of the turboprop 
with the thrust of a turbofan, an approach being pursued by 
Rolls Royce in a European consortium. Significant materials 
innovation has kept engine weights down even as engine sizes 

have increased to accommodate greater thrust and bypass 
ratios. The most striking of these innovations are the use of 
wide-chord, hollow titanium fan blades in Rolls Royce’s Trent 
engines and the use of polymer matrix composite fan blades in 
the GE 90 and GEnx engine, as well as polymer matrix com-
posite front casing in the GEnx engine. The GEnx engine also 
represents probably the first service use of the -TiAl interme-
tallic compound in replacement for nickel-based blades in the 
low-pressure turbine.12

Engine weights have also been kept down through increases 
in the thermodynamic efficiency of the engine that enable 
higher thrust for the same mass flow and through the develop-
ment of high-temperature materials for the turbine. The tem-
perature capability of turbine airfoils used today, made of a 
single-crystal nickel-based superalloy, coated with a thermal 
barrier, and cooled internally, approaches 1800 K, but improve-
ments are becoming increasingly harder to obtain. The elimina-
tion of cooling can provide further enhancements in efficiency. 
Ultra-high-temperature materials represented by those shown 
in Figure 3 (that is, intermetallic compounds based on Mo–Si 
and Nb–Si, platinum-group metals, SiC/SiC ceramic matrix 
composites, or even A12O3/GdA12O3 eutectic composites) pro-
vide possibilities in this direction, perhaps allowing increases 
of about 100 K.13 The use of higher turbine entry temperatures, 
in turn, demands higher temperature capabilities in low-pres-
sure turbine and compressor materials. Advanced cores using 
-TiAl and orthorhombic intermetallic composites and mono-

liths have been evaluated, as have SiC/SiC composites for com-
bustors.14,15 Weight reductions enabled by integrated blading on 
disks of titanium alloys (rotor disk and blades machined from a 
solid piece of material, as opposed to mechanically joined con-
figurations) are now standard on modern fighter engines, as are 
SiC/SiC or C/SiC composite materials on nozzles and other jet 
pipe parts.

Conclusion
Innovations in materials technology, primarily through the 

increasing use of polymer matrix composites and titanium, have 
played a key role in decreasing airframe and propulsion system 
weights, even while enabling higher thrust levels through the 
use of materials that can withstand very high temperatures. 
Smart, multifunctional materials will also play a role in enabling 
adaptive aerodynamic concepts for greater flight efficiency. 
Although the driver for improvements in energy efficiency in the 

Table I: Smart Materials for Actuator Applications in 
Morphing Structures.

Material Strain 
(%)

Stress 
(MPa)

Energy 
Density 

(J/g)

Actuation 
Speed

Dielectric 
elastomers

215 7.2 3.4 medium

Piezoelectric 
materials

0.2–1.7 110–131 0.013–0.13 fast

Shape-memory 
alloys

>5 >200 >15 slow

Magnetorestrictive 
materials

0.2 70 0.007 fast

Conducting 
polymers

10 450 23 slow

Human muscle >40 0.35 0.1 fast

Source: Reference 10, © 2003, Springer and the Minerals, Metals and Materials 
Society.

Figure 3. Potential ultra-high-temperature materials (  
Reference 13).
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aviation sector has usually been the high cost of jet fuel, other 
factors such as the depletion of fossil fuel reserves and global 
warming will increasingly dominate. About 60% of aircraft 
emissions are in the upper troposphere, and 20% are in the 
stratosphere; these emissions are unregulated. Alternative fuels, 
such as biofuels and hydrogen, and alternative propulsion sys-
tems based on fuel cells are being evaluated in response to these 
drivers. These will be associated with a different set of materials 
challenges, as will the reemergence of supersonic transport and 
possible development of hypersonic transport. The advent of 
unmanned air vehicles will provide relatively safe opportunities 
to test advanced technologies. It is possible that improvements 
in energy intensity in the aviation sector will continue to outpace 
those in the automobile sector, as has been the case in the past.
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applicable in developed countries and depend on climate and 
building type.

From the figure, it is evident that there are no “silver bullet” 
solutions to the building energy problem. To radically reduce 
energy consumption in the building sector, all uses and losses 
must be addressed. Many of the loads in a building are interactive 
(see also the sidebar by Bonfield in this article). For example, 
improved insulation for walls reduces heating energy use, as does 
a higher efficiency furnace. The benefit-to-cost ratios of these 
two measures are both interdependent and dependent on the 
order in which they are applied to a building. In this case, which-
ever is applied first will appear to be better than the one that is 
applied second. The aggregate benefit-to-cost ratio will not be the 
same as the sum of the independent benefit-to-cost ratios. Smart 
holistic energy design attempts to take advantage of these inter-
actions, as well as the interactions between the building and the 
local climate; however, the parameter space for building energy 
optimization is extremely large and difficult to model. Computers 
commonly available to architects and engineers have only 
recently become powerful enough to begin to address the notion 
of whole-building energy and cost optimization.7

One can improve building energy performance by improv-
ing the individual technologies or by optimizing the mix and 
interaction among all of the parameters that effect building 
energy use. Figure 2 shows the savings from an energy-
 optimized house compared to the base case of a typical house 
built to code. The x axis shows the percent of source energy 
savings from the base case, and the y axis shows the sum of the 
annual utility bill costs plus any extra annual mortgage costs for 
energy-saving features. At the 0 savings point (y axis), all costs 
are utility bills. As one moves to the right on the savings curve, 
the utility bill savings outweigh the additional mortgage cost 
for energy-efficient features, causing the curve to slope down-
ward. The neutral cost point is the point at which the utility bill 
savings just balance the additional mortgage cost. In this pro-
posed house in the Greensburg, Kansas climate, energy optimi-
zation provides nearly 60% energy savings using off-the-shelf 
technology at no additional cost to the building owner. The 
point at which the curve becomes linear is where current effi-
ciency technology becomes more expensive than installing 

photovoltaic (PV) panels on the roof. With the addition of a PV 
system, a savings of about 80% can be achieved with some 
extra cost to the owner. The curve stops at 80% because no more 
roof area is available for PV installation.

The figure shows that, to go any further toward a zero-
energy building (100% savings on the diagram), new technol-
ogy is needed. In this case, more efficient PV technology or 
more cost-effective efficiency measures would provide further 
savings. The best technology advances would move the neutral 
cost point farther to the right as well. To understand what is 
happening, think of designing a residential building in a cold 
sunny climate with greater window area on the south side 
(northern hemisphere) and correspondingly less area on the 
other orientations. As a result, heating load would be decreased 
at no additional cost and with no need for new technology. 
However, creating materials that allow windows to transmit 
heat when needed and reject heat when not needed would facili-
tate even more energy savings and allow greater design free-
dom. The challenge for materials scientists beyond creating 
superior materials is the difficulty in determining the potential 
impact a new material or component will have on the overall 
building energy, costs, and environmental performance over the 
life of the building. Despite these difficulties, the opportunities 
for energy savings through advanced materials are significant.

Figure 3 shows a zero-energy “Habitat for Humanity” home 
near Denver, Colorado, designed by the Buildings and Thermal 
Systems Center at the U.S. National Renewable Energy Laboratory 
(NREL). After a year of monitoring, the building was actually a 
net energy producer. Energy features of the building include: R-40 
walls (R-value is a measure of thermal resistance and is discussed 
further in the next section), R-60 roof, double-glazed low-emis-
sivity windows (high solar heat gain coefficient on the southern 
face), southern roof overhang for summer shading, a ventilation 
heat recovery system, a 4-kW photovoltaic system on the roof, 
and solar water heating panels on the roof.

Figures 4a and 4b show an ultra-energy-efficient commer-
cial building designed by NREL and the U.S. National Park 
Service. The building uses 65% less energy than a comparable 
code compliant typical building. Energy-saving features include 
passive downdraft evaporative cooling towers; automated 
natural ventilation cooling; clerestories for lighting during the 
day; overhangs for summer shading; photosensors and occu-
pancy sensors to turn off electric lights when not needed; a 
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thermal storage wall (trombe wall) to provide passive heating 
in winter; internal mass for additional heat capacitance; 7 kW 
of photovoltaics; and a computerized control system to opti-
mally control building heating, ventilating, and air conditioning 
(HVAC) functions.

Another example of an energy-efficient commercial facility 
is described in the sidebar by Kusakabe in this article.

Potential for Materials Advances
Walls, Roofs, Floors (Building Envelope or Fabric)

In the building envelope, it would be beneficial to have 
materials with high thermal resistance, good moisture manage-
ment, and variable opaque surface properties. High thermal 
mass can also be beneficial when used correctly in the right 
climates.

Materials intended for use in the building envelope should 
have a high thermal resistance, or a high resistance to heat 
transmission in minimal thicknesses. In the building industry, 
thermal resistance is typically reported per unit thickness and 
per unit area of material in terms of R-values, which have 
units of hour-square foot-degrees Fahrenheit per BTU per inch 
(ft2 °F h)/(BTU in.) or meter-Kelvin per watt [(m K)/W]. 
Current thermal resistances of building insulation materials are 
on the order of R-3–R-7 (ft2 °F h)/(BTU in.), or 18.3–44.1 (m 
K)/W. Materials with much higher values would be beneficial. 
Table II lists a few of the most common current building insula-
tion materials.8

Researchers have developed evacuated insulation materials 
for buildings because of the very high R-values that are theo-
retically possible with such materials. This is because, in a vac-
uum, the heat conduction and convection mechanisms are 
eliminated, leaving only radiation heat transfer. Moreover, the 

radiation is highly attenuated because the metallic surfaces on 
the inside of the component have low infrared emissivity (see 
Figure 5).

In practice, laboratory prototypes have been limited to 
R-values on the order of 15–50 (ft2 °F h)/(BTU in.), or 94.5 to 
315 (m K)/W, because of thermal short circuits from structural 
spacers and edge losses associated with reasonably sized mod-
ules for building applications.9 Other problems include the diffi-
culty of maintaining a high vacuum in excess of 50 years and the 
danger of puncture during or after construction. Other approaches 
have included evacuated pouches containing low-thermal-con-
ductivity powders.10 To date, no evacuated insulation products 
have substantially penetrated the building construction market.

An insulation material is a layer in a wall or roof system that 
must also manage moisture at both wall surfaces and within the 
wall. Ideally, the building envelope should present a perfect 
weather and water barrier. In reality, detailing is imperfect, and 
the interior layers of the envelope have a substantial probability 
of becoming wet from rain, vapor condensation, or plumbing 
failures at some time during their service lifetime. Materials 
that are impermeable to liquid water but that have passively 
variable vapor permeabilities would help prevent wetting and 
also facilitate drying after a wetting event.

Other favorable properties in terms of moisture manage-
ment include the retention of a high R-value by the insulation 

a

b

Figure 4. Zion National Park Visitor Center (Springdale, Utah): (a) North 
façade, (b) South façade.
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Figure 5. Schematic of compact vacuum insulation.

Table II: Insulation R-Values for Common Building Insulation 
Materials.

Insulation Material

Glass fiber batts and blankets 4 (26)

Chopped cellulose 3–4 (22–26)

Rigid expanded perlite 3 (19)

Rigid expanded extruded polystyrene 4–5 (30–35)

Rigid cellular polyisocyanurate 6 (40)

Rigid cellular polyisocyanurate with gas-
impermeable facers

7 (50)

Polyurethane foam, spray applied 6 (40)

Infrared reflective membrane ( a < 0.5) in 
center of 0.75-in. (1.9-cm) cavityb

3 (0.57)

Note: Approximate rounded values. 
a  is emissivity. 
bEffective R-value for the assembly.
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layer when wet and when subsequently dried, as well as resis-
tance to mold growth, rot, and structural damage in the presence 
of moisture for all materials in the wall assembly. Some propri-
etary materials exist that address some, but not all, of these 
issues. One such material is a 2-mil polyamide film that becomes 
more permeable to water vapor at relative humidity levels 
above 60%.11 This material is appropriate for cold and mixed 
climates, but it cannot be used in hot humid climates because, 
under conditions of outside high humidity with air conditioning 
inside, vapor would pass through the membrane and condense 
within the wall cavity wherever the surface temperature was 
below the dew point. Developing a material that could be used 
in all climates would therefore be beneficial.

Solar energy incident on the opaque exterior surfaces of a 
building can provide beneficial heat in winter or create addi-
tional need for cooling in summer. Exterior surface materials 
with variable surface optical properties could have a high solar 
spectrum absorptivity and low infrared emissivity in winter to 
help heat the building but a high solar spectrum reflectivity and 
high infrared emissivity in summer to help cool the building. 
Such surfaces would have to retain these properties for many 
years of weather exposure and would have to be aesthetically 
appropriate for the architectural context of the building. A num-
ber of light-colored and low-emissivity exterior and interior 
surface products exist that incorporate such materials as ceramic 
microspheres, microscopic metallic particles or flakes, or por-
celain enamel compositions with glass and cerium oxide, but 
none have variable properties.12 A material with variable prop-
erties would be beneficial in all seasons and all climates. For 
interior surfaces, low-emissivity paint already exists, helping to 
reflect infrared radiation into the building in winter and resist-
ing the emission of infrared radiation into the building in sum-
mer. The long-term durability of these exterior and interior 
surface properties, however, is not well known.

Materials with high volumetric heat capacitances have the 
ability to store a great deal of energy in a small volume. Materials 
such as water and masonry can store many more units of energy 
per unit of volume than lighter materials such as wood or plas-
terboard. Such heavy materials can reduce energy use and peak 
loads by smoothing out the diurnal load profile of the building 
and by retaining warmth and coolness in passive buildings 
designed to effectively utilize the mass. Constructing high-
thermal-capacitance buildings is expensive because of the need 
for a great deal of heavy and thermally conductive material with 
extensive surface area exposed to the internal spaces of the 
building. Modern construction tends to be lightweight, espe-
cially for internal surfaces. It would be beneficial to have inex-
pensive phase change materials that could be impregnated into 
common interior surface materials such as gypsum board. 
Phase change materials store and release a great deal of heat 
when they transform from one phase to another such as from 
liquid to solid and back again. These phase change materials 
would need to have transition temperatures in the human com-
fort range and be easy to contain, nontoxic, fire-retardant, and 
aesthetically pleasing when integrated with interior surfaces. 
They would also need to be nondestructive to the matrix mate-
rial in which they are integrated. A number of phase change 
materials and containment systems have been studied for build-
ing applications by researchers such as Maria Telkes (formerly 
of the Massachusetts Institute of Technology),13 David Benson 
from NREL, Ivol Salyar and Kelly Kissock from the University 
of Dayton, and Jan Kozny from Oak Ridge National Laboratory. 
The work of these researchers and others is compiled in a refer-
ence list by D. Buddhi14 (see also the sidebar by Bonfield in this 
article). Examples of these materials include eutectic salts and 
paraffins. However, eutectic salts suffer from containment and/

or separation problems after cycling. Paraffins such as n-hexa-
decane avoid many of these problems and have good thermal 
properties, but they have difficulty meeting flame-spread safety 
codes when used at the interior wall surface. Some paraffin-
based products have been developed for use as a layer buried in 
the wall, but this decouples the mass from the interior living 
space, thus reducing its effectiveness.

Windows
For windows, advances in materials science related to 

low-emissivity coatings, electrochromic materials, and high-
thermal-resistance windows would be desirable.

Current low-emissivity windows use a variety of spectrally 
selective and infrared reflective coatings. Such coatings are 
microscopically thin layers of metallic oxide usually bonded to 
the surfaces of glass that face the cavity in a double-glazed win-
dow. However, these windows do not change properties from 
summer to winter. The best window property selections for win-
ter do not perform optimally in summer and vice versa. It would 
be advantageous to have selective, switchable, and/or tunable 
glazing materials that transmit solar energy and reflect infrared 
energy emanating from within the building in winter but reject 
solar energy and heat in summer. The glazing should also pro-
vide adequate view or visible transmittance in all modes.

Electrochromic windows are available on the market that 
can be darkened or lightened to reduce or increase solar trans-
missivity as needed.15 Advantages of electrochromics over 
blinds are that they involve no moving parts and are easily 
adapted to automated control. SAGE Electrochromics, Inc. 
(www.sage-ec.com), a manufacturer of electrochromic glass in 
the United States, describes their process as sputter coating of 
multiple microscopically thin layers of metal oxides through 
which lithium ions pass when subjected to an electric charge. 
Migration of the ions in one direction causes the window to 
darken, and migration in the other direction causes it to lighten. 
Although, when darkened, these glazings reduce transmissivity 
and heat gain compared to a clear window, they still absorb 
substantial amounts of solar energy in the darkened state, result-
ing in unwanted summer heat gains. Improved materials would 
be controllable for both transmissivity and reflectivity at the 
outer window surface, thus providing precisely the right 
amounts of light and heat transmission and rejection needed at 
any point in time.

The highest thermal resistance for windows available under 
current technology is R-4 ft2 of h/BTU (0.76m2k/W) (effective 
resistance for assembly). Such windows are triple-glazed and 
have low-emissivity coatings on two surfaces and krypton gas 
filling the sealed spaces between the panes of glass. Such win-
dows require very good thermal breaks and high-thermal-resis-
tance frames to impede heat loss and gain at glazing edges and 
through frames. Several researchers have attempted to develop 
evacuated glazings to increase window thermal resistance to R-
10 (1.9) and above.16,17 Difficulties with such efforts included 
creating a good edge seal, maintaining a high vacuum in excess 
of 30 years, and needing to support the panes of glass with 
spacers while providing satisfactory visual clarity through the 
window.

Solar Equipment
The building industry would also benefit from advances in 

solar technology, particularly in terms of polymer solar domestic 
hot water systems and combined PV/thermal solar systems.

Current-generation solar water systems are generally fab-
ricated from glass, copper, and aluminum and have so far been 
too expensive for mass-market penetration in the United 
States. China is the world’s largest producer of glass evacu-
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ated tube collectors. Systems based on these tubes have gained 
traction in countries with high energy costs, limited energy 
availability, cheap labor, and/or favorable government poli-
cies, including Germany, Greece, and Israel. The United 
States is the world’s largest producer of unglazed polymer 
water heaters for swimming pools. Such water heaters can 
operate at relatively low temperatures of around 70–80°F 
(21–27°C), which presents no problem for ultraviolet-stabi-
lized polymers. For use in heating domestic hot water, higher 
temperatures are required.

Polymer systems are favorable because they lend themselves 
to cost-cutting mass-production techniques (see Figures 6 and 7). 
A few polymer-based systems are currently marketed internation-
ally in nonfreezing climates. In the United States, a freeze-pro-
tected system was recently introduced primarily for mild climates, 
and at least one other polymer-based system is under develop-
ment.18 No polymer materials to date have all the properties 
needed for wide application in all climates. The combination of 
pressure, temperature, and ultraviolet (UV) exposure for solar col-
lectors is at the limit of off-the-shelf polymer materials properties. 
Improvements in the properties of both glazing materials and 
absorbers for polymer-based solar domestic hot water systems are 
desirable. Ideally, one would want a glazing material that is highly 
transmissive in the solar spectrum, resistant to UV and weathering 
for more than 30 years, and dimensionally stable and structurally 
sound through a wide temperature range from subfreezing to a 
stagnation temperature of about 400°F (200°C). (Stagnation is a 
fault mode that occurs when the collector is exposed to sunlight 
while empty of heat-transfer fluid.) For an absorber, desired mate-
rial properties include a high absorptivity in the solar spectrum, a 
low infrared emissivity, resistance to UV and weathering for more 
than 30 years, dimensional stability and structural soundness 
through a wide temperature range from subfreezing to a stagna-
tion temperature of about 400°F (200°C) under pressures of about 
200 psi, and resistance to damage from a hard freeze.

Building technology would also benefit from the develop-
ment of combined PV/thermal solar systems. In typical terres-
trial PV arrays, only about 10–20% of the incident solar energy 
is converted to electricity. The remainder of the energy is lost 
as heat. For building-integrated PV arrays, it would be benefi-
cial to utilize the waste heat for purposes such as domestic hot 
water. This would increase the overall efficiency of the PV sys-
tem, reduce building energy use, and maximize the usefulness 
of the limited PV-appropriate roof areas on buildings. However, 
all current commonly available PV materials have negative 

temperature coefficients, so that performance degrades as the 
temperature of the PV material rises. Thus, for combined PV/
thermal systems, it would be beneficial to have a PV material 

Figure 6. Prototype polymer collector.
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exhibiting little or no degradation in performance up to about 
200°F (93°C).

Conclusions
Many opportunities are available for materials advances to 

reduce the energy use and atmospheric emissions associated with 
the building sector. The energy and cost performance of walls, 
roofs, windows, mechanical systems, and on-site renewable elec-
trical and thermal systems can all be improved through advances 
in materials. Specifically, materials that improve the performance 
of thermal insulation, thermal storage, vapor retarders, weather 
barriers, glazings, solar thermal collectors, and photovoltaic gen-
erators could all have a profound impact on the overall energy 
efficiency and sustainability of buildings. Buildings have a rela-
tively long lifecycle compared to automobiles and most manu-
factured products, so materials for buildings must be highly 
durable, nontoxic, aesthetically pleasing, and comfortable and 
safe for human interactions. Materials that reduce energy use in 
both new construction and retrofitting and refurbishment projects 
are needed. A challenge for building scientists and materials sci-
entists is the difficulty of assigning a quantitative energy savings 
value to any given materials improvement. The elements of a 
building are highly interactive in their energy performance and 
also dependent on the surrounding climate, building type, and 
usage patterns in the building. Building scientists at the National 
Renewable Energy Laboratory have begun to develop sophisti-
cated computer tools to address this issue, and those tools will 
improve as computer power increases. Because buildings are so 
numerous, even relatively small energy reductions on an indi-
vidual-building basis can have a large impact globally.
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Environmental Performance Enters Construction 

Materials

Peter Bonfield (Building Research Establishment, UK)

Drivers for Change

The environmental sustainability of materials used in con-
struction applications is driving a requirement for the quanti-
fication of performance attributes of such materials. For 
example, the European Union (EU) Energy Performance in 
Buildings Directive1 will give commercial buildings an ener-
gy rating when rented or sold. The Code for Sustainable 
Homes launched by the U.K. Government’s Department for 
Communities and Local Government (CLG) in January 2007 
sets out the requirement for all new homes to be carbon-
 neutral by 2016. In addition, homes in the United Kingdom 
will need to significantly reduce water consumption from 
today’s average 160 liters (l) per person per day to less than 
80 l per person per day. Similarly stringent targets are required 
for waste, materials, and other factors. Such environmental 
and energy standards are complementing characteristics such 

as strength, stiffness, durability, impact, cost, and expected 
life with factors such as “environmental profile,” “ecopoints” 
(a single unit measurement of environmental impact arising 
from a product throughout its lifecycle that is used in the 
United Kingdom), “carbon footprint” (amount of CO2 pro-
duced for the lifecycle of the item), “recycled content,” and 
“chain of custody” (a legal term that refers to the ability to 
guarantee the identity and integrity of a specimen from collec-
tion through to reporting of test results).

Companies are gradually being pulled into requiring dem-
onstrations of environmental sustainability, through regula-
tions, customer’s demands, or a general desire to make a 
positive contribution to protecting the planet.

This is placing new challenges on materials scientists and 
technologists. One of the challenges is to translate the previ-
ously rather ethereal concept of sustainability into an objective, 
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quantifiable performance measure that is as robust as bending 
strength, for example. Significant progress is being made in this 
respect. A number of calculation methodologies and new stan-
dards are now available that allow objective environmental 
sustainability measures to be calculated. For example, BRE’s 
Environmental Profiles methodology2 allows the environmen-
tal impacts of producing construction materials to be deter-
mined. This methodology takes input and output data from 
product manufacture and calculates environmental impacts 
across 12 key impact categories, including such factors as cli-
mate change, ozone depletion, mineral extraction, eutrophica-
tion, and human toxicity. (Eutrophication is the process by 
which a body of water becomes rich in dissolved nutrients from 
fertilizers or sewage, thereby encouraging the growth and 
decomposition of oxygen-depleting plant life and resulting in 
harm to other organisms.) The Environmental Profiles method-
ology is a lifecycle analysis approach that measures and evalu-
ates the environmental burdens associated with a product 
system, such as insulation board or carpet, or an activity, such 
as production of a ton of material, by describing and assessing 
the energy and materials used and released to the environment 
over the lifecycle.

This means that many manufacturers, materials scientists, 
and technologists are now engaged in a new area of environ-
mental performance assessment that sits alongside more tradi-
tional elements of property evaluation.

Product Selection
The lifecycle information calculation by the Environmental 

Profiles methodology has been further processed into a simple-
to-use guide3 that gives best to worst ratings (ranked from A to 
G, respectively) of the environmental impacts of typical build-
ing elements. A building element can be a roof, wall, floor, win-
dow, or cladding construction, for example; the environmental 
impacts are derived by summing the environmental impacts of 
the relative amounts of each of the materials used in the ele-
ment’s construction. Such an approach allows objective com-
parisons of different element constructions to be compared on 
a like-for-like basis.

Design
Environmental design standards, such as the BRE 

Environmental Assessment Method (BREEAM)4 and the Code 
for Sustainable Homes,5 bring a common approach to enabling 
environmentally sustainable designs to be used in the construc-
tion of new homes, schools, offices, sporting venues, and hospi-
tals. The standards work on a credit system whereby increasingly 
better levels of environmental performance are rewarded by 
higher levels of credits. Credits are awarded in the following 
categories: energy, water, transport, pollution, materials, land 
use and ecology, and health and well being.

In materials, credits are awarded for using low-environmental-
impact building materials and elements and for responsible sourc-
ing. The public and private sectors have widely adopted these 
standards.

Perhaps one of the most significant needs for new research 
and product solutions comes from design. Very few materials 
are used on their own in buildings; rather, they are nearly always 
part of a construction that involves a range of materials working 
together to deliver the required performance outcomes. As dis-
cussed earlier, the performance requirements for products used 
in buildings have changed, and they continue to change mark-
edly, driven primarily by environmental sustainability consid-
erations. Therefore, developing design solutions that allow the 

whole building to perform better is required. Thermal efficiency 
of wall elements is one example. Another is how the products 
interface to deliver higher levels of air-tightness (and, with it, 
less heat loss). A holistic and integrated approach is required to 
enable building design to be optimized from a sustainable per-
formance prospective.

Innovation
The drivers and methodologies just described require inno-

vation in the composition and functionality of materials and 
products used in construction. Examples include improving pro-
cess efficiency; fostering reduction, recycling, and substitution; 
employing natural materials; and developing better phase change 
materials.

Process Efficiency
The need to reduce environmental profiles of construction 

materials is giving greater focus to methods to improve the pro-
cessing efficiency of manufacturing operations. Minimization of 
process costs is often directly compatible with minimization of the 
environmental profile. One example is making the most efficient 
use of energy (electricity). Conserving where possible will cut 
energy costs and CO2 emissions. Cutting waste will do the same, 
as will minimizing packaging requirements and consumables. 
Such synergy, however, is not always the case. The rigorous data 
requirements for producing an environmental profile demand that 
each stage of the manufacturing process be carefully analyzed and 
the requisite data collected. A serendipitous outcome from this 
analysis is that the manufacturer often obtains a more robust 
breakdown of the costs of operating in addition to understanding 
the environmental impacts of each stage, thus helping to identify 
areas where costs and environmental impacts can be reduced.

Reduction, Recycling, and Substitution
Materials scientists are now seeking low-environmental-

impact alternatives to the raw materials used to produce con-
struction materials as a way of improving their environmental 
profile. Slag-sourced cement substitutes in concrete mixes are 
one good example. Similarly, the use of reused or recycled mate-
rials is gaining momentum, although, for many materials, such 
as steel, aluminum, wood-based panel products, and concrete, 
such efforts have been carried out for many years. Nevertheless, 
the drive toward reuse and recycling and the quantities of recy-
cled materials being used have increased. In addition, new 
efforts are being made to use raw materials previously viewed 
as waste. Unsegregated domestic waste is one example in which 
board materials can be made from the trash that people throw 
away (Figure 1). The compression process for the board auto-
matically filters out detrimental materials such as glass and 
metal but accepts nearly everything else. Plastic products that 
employ plastic from previously used construction components 
(e.g., windows) or from domestic waste (e.g., milk bottles) are 
also starting to penetrate the market place.

Waste arising on construction sites is another key area that 
is being addressed. More offsite manufacturing, improved 
designs, and better tailoring of products for the buildings in 
which they are used are critical to address site waste, which now 
comprises more than 20% of all new materials used on site in 
the United Kingdom.

Natural Materials
Natural products (other than wood and stone) are also gradu-

ally penetrating the construction market or being rediscovered 
(e.g., lime mortars, rammed earth). For example, crop-based 
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building materials are being investigated and brought into the 
construction marketplace with renewed vigor. Hemp, straw, sisal, 
and jute are being used as fiber reinforcements or fillers for com-
posite products (where limecrete, epoxy, phenolics, or formalde-
hyde-based binders are used) and blocks. The manufacturing of 
films and polymers from starch is also in development, as is the 
production of adhesive systems based on tannins. Whether these 
types of materials ever make it into the mainstream remains to be 
seen, but their use in more niche buildings will inevitably grow.

Phase Change Materials
The entropy changes associated with the transformation of 

a material from one phase to another can be exploited as a tem-
perature-controlling mechanism in buildings. DuPont has pio-

neered this approach with their Energain product. The phase 
change material is sandwiched between two thin aluminum 
foils, and at around 22°C, it goes through a phase change. In 
doing so, the material absorbs heat from the atmosphere. In a 
room internally wrapped in this product, this behavior helps to 
mitigate heat buildup, thereby helping to keep the room cool 
without the need for air conditioning. The use of phase change 
materials is very likely to increase in construction and other 
applications such as transport.

Summary
It is clear that environmental sustainability is driving change 

throughout the construction sector in a manner that has not been 
seen for many decades. A key to reducing environmental impacts 
lies in the materials and products that are used in our build-
ings—in reducing their environmental impacts through manu-
facturing and use—and in designing them into buildings that are 
significantly more environmentally efficient. This endeavor pro-
vides a new sense of purpose and a new energy to materials sci-
entists and technologists who have much to offer and much to 
do to enable delivery of the innovation required.
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A Super-Green Factory: The Sharp Kameyama Plant

Tetsuo Kusakabe (Sharp Corporation, Japan)

Integrating Different Types of Large-Scale 
Power Sources into a Distributed Power 
Supply System

Sharp Corporation is making a concerted effort to reduce 
environmental impacts to the greatest extent possible at its pro-
duction facilities around the world, and it is applying its own 
original evaluation criteria to recognize those plants having an 
extremely high level of environmental performance as “Super-
Green Factories.”1

Our Kameyama plant, the first such factory to be so recog-
nized, is an integrated, start-to-finish production facility for liq-
uid-crystal display (LCD) televisions (TVs), from fabricating 
the LCD panel to assembling the finished TV set (see Table I). 
Given that large amounts of energy are consumed to operate 
production equipment and to power air conditioning, we 

focused particular attention on environmental measures 
intended to reduce global warming and introduced an energy 
supply system that combines environmental friendliness and 
operational stability.2 As shown in Figure 1, this system is 
based on integrating different types of large-scale distributed 
power sources and consists of a gas-fired cogeneration system, 
a fuel cell system, and a photovoltaic power generating system. 
The power output of this system covers about one-third of the 
total electrical needs of the plant.

By situating the equipment that makes up this distributed 
power supply at the point where demand occurs, we are able to 
reduce power transmission losses compared to power supplied 
from distant generating stations, and we can effectively utilize 
the waste heat created at the time the electricity is generated, 
enabling the energy to be used efficiently. This approach also 

Figure 1. Domestic wasteboard made mostly of unsegregated rubbish.
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has the advantage of leveling out power demand by increasing 
or decreasing power generation in accordance with demand 
fluctuations within the plant. Moreover, under a photovoltaic 

power system, peak generating hours correspond precisely with 
the hours of peak electricity demand, thereby reducing the 
amount of power that must be supplied by power companies 
and making this distributed power supply system an effective 
means of reducing power costs.

Furthermore, because an independent source of power is 
available from within the site, even when power from the utility 
grid is interrupted as a result of lightning strikes or other anom-
alies, we can still ensure stable, continuous operation of the 
plant without halting production, thus minimizing opportunity 
losses resulting from operational interruptions.

In addition to the power generating equipment mentioned, we 
also installed a high-efficiency electrical power storage system at 
the Kameyama plant to compensate for voltage sags. It comprises 
a superconducting magnetic energy storage system in which 
NbTi (niobium titanium) Rutherford cables are used along with 
an electric double-layer capacitor energy storage system.

The introduction of such a distributed power supply system 
reduces CO2 emissions resulting from energy consumption at 
the Kameyama plant by about 82,000 tons of CO2 per year com-
pared to conventional thermal power generation.

Problems of Distributed Power Supply 
Equipment and Expectations for the Future

When we introduced this distributed power supply equip-
ment, we took a proactive approach in adopting new technolo-
gies. One of these is the fuel cell. At this plant, we adopted a 
molten carbonate fuel cell that allows us to make use of the 
waste heat generated during its operation.

The outstanding feature of fuel cells is their high electrical 
generating efficiency. Also, because they burn no fuel, they gen-
erate almost no air pollutants such as NOx or SOx. The hydrogen 
needed by the cell to generate electricity is obtained by reforming 

(“cracking”) city gas (liquid natu-
ral gas, or LNG), but if we had a 
system to generate biogas by 
recycling waste products from 
within the site, we could build a 
closed-loop system that would 
enable us to get the benefit of the 
energy in a seamless manner. We 
are currently considering under-
taking a joint research program 
with a university on collecting 
methane by decomposing highly 
concentrated organic waste fluids 
at the plant.

Thus, fuel cells offer many 
advantages from an environmen-
tal standpoint, but because they 
are a new technology, they also 
present numerous problems, par-
ticularly on the reliability side. 
Among these are extending the 
service life of the cell stack, the 
main component of the system, 
and improving the reliability of 
the materials used in the stack. 
Cost is yet another obstacle to 
broadening the use of fuel cells. 
Specifically, both the cost of the 
materials that make up a fuel cell 
and the cost of fuel cell produc-
tion need to be lowered.

Table I: Sharp Kameyama Plant.

Site area Approximately 330,000 m2

Number of workers 1,850 (as of April 1, 2007)

Large LCD plant

Total floor area Approximately 130,000 m2

Glass substrate size Sixth-generation 1500  1800 mm 
[eight 32-in. (81-cm) panels or 
six 37-in. (94-cm) panels per 
substrate]

Substrate input 60,000 panels per month

Large LCD TV plant

Total floor area Approximately 77,600 m2

Production items LCD TVs, 26 in. (66 cm) or 
larger

Production capacity 100,000 units per month

Total floor area Approximately 279,100 m2

Glass substrate size Eighth-generation 2160  2460 
mm [eight 40-in. (102-cm) 
panels or six 50-in. (127-cm) 
panels per substrate]

Substrate input 30,000 panels per month

5,410 kW
on buildings (5,210 kW)
on the reservoir (200 kW)

1,000 kW (250 kW 3 4)

·  Underground line
·  Parallel 2-line transmitted
   electricity 3 2 systems 

LNG pipeline (total length of 17 km
from Suzuka City to Kameyama City)

10,000 kW 10,000 kW 3 2  275 kV

77 kV

Gas company

Cogeneration systems

A substation

Plant No. 1
~12 MW

Plant No. 2
~14 MW

Photovolate power
system

Electric double
layer capacitors

Electric power
company

Superconducting
magnetic energy
storage system

Fuel cell systems

Figure 1. Energy supply system based on integrating different types of distributed power sources at 
the Kameyama plant.  LNG, liquid natural gas.
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Next is the photovoltaic (PV) power generating system. At the 
Kameyama plant, we installed thin-film “see-through” solar cells, 
a new technology, on the curtain walls of the plant buildings 
(Figure 2). During the day, they generate electricity while allow-
ing light to pass through. They also have a moderate shading effect 
that cuts heat gain from solar radiation, making it possible to 
reduce the electric power load from air conditioning. These thin-
film solar cells use a compound semiconductor in addition to a 
silicon-based material. However, because thin-film solar cells 
have a lower module conversion efficiency rate than crystalline 
solar cells, improving conversion efficiency is one of the prob-
lems that must be solved.

Solar cells also need a large installation area, and this is a 
disadvantage. Nevertheless, for thin-film solar cells, we can 
expect applications to grow, through approaches such as mount-
ing them on the window surfaces of high-rise buildings in urban 
centers where installing ordinary solar cells on a large scale 
would be problematic. Thus, we look forward to the benefits of 
improved conversion efficiency resulting from diversification in 
materials and improvements in solar cell architectures.

CO2 emissions increase as business expands. Reducing 
these emissions as much as possible is one of the pressing issues 
facing Sharp. It is important for us to develop a manufacturing 
process that uses as little power as possible but that is also 
highly productive. In addition, for further reductions in CO2
emissions, we anticipate the development of a technology to 
collect CO2 emitted from burning fuel.
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Figure 2. Thin-film “see-through” solar cells covering the windows of 
an office building.
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Solid-State Lighting
Colin J. Humphreys (Cambridge University, UK)

Abstract
Electricity generation is the main source of energy-related greenhouse gas emissions and lighting 
uses one-fifth of its output. Solid-state lighting using light-emitting diodes (LEDs) is poised to 
reduce this value by at least 50%, so that lighting will then use less than one-tenth of all electricity 
generated. LED lighting will provide reductions of at least 10% in fuel consumption and carbon 
dioxide emissions from power stations within the next 5–10 years. Even greater reductions are 
likely on a 10–20-year timescale.

Electrical Appliances, Lighting, and Energy
At first sight, a 100-W incandescent light bulb might not 

seem to be a key target for energy savings. An electric oven can 
consume much more electricity, up to 5,000 W, as can an elec-
tric clothes dryer. A window-unit air conditioner uses typically 
1000W; a four-slot toaster, 1500 W; a desktop computer plus 
monitor, 200 W; and a 19-in. (48-cm) television, 70 W. However, 
the average house in the United States has 45 light bulbs; in 
Canada, 30; and in the United Kingdom, 25. Considering a 
house with 30 light bulbs rated at 100 W and assuming that the 
bulbs are all of the incandescent type (a heated tungsten wire in 
a vacuum bulb), then 3,000 W is used to light the house. In addi-
tion, the average light bulb is switched on for 4 h per day, so 
lighting a house consumes about 12 kilowatt-hours (kWh) of 
electricity per day. By comparison, an electric toaster is likely 
to be switched on for only a few minutes each day, so it con-
sumes only about 0.1 kWh per day. Taking all buildings together 
(residential, industrial, and commercial), lighting is the second 
largest user of energy in buildings.1

Not only does lighting consume a significant amount of 
energy, it is also extremely inefficient. Incandescent light bulbs 
convert about 5% of the electricity they use into visible light. 
Even energy-saving compact fluorescent lamps (a phosphor-
coated gas discharge tube) are only about 20% efficient. These 
low efficiencies contrast starkly with the efficiencies of most of 
the household appliances just mentioned. For example, electric 
ovens, clothes dryers, and toasters convert electricity to useful 
heat with a typical efficiency of at least 70%. Electric motors 
for fans are typically 90% efficient. There is therefore much 
more potential for large energy savings from lighting than from 
most other appliances. Indeed, lighting is so inefficient, and it 
consumes so much energy, that there is probably more potential 
for large energy savings in this field than in any other area.

Lighting, Energy, and Carbon Dioxide 
Emissions

The total annual energy consumption in the United States 
was about 9,200 terawatt-hours (TWh) in 2001 (one terawatt is 

one million million watts).2 Thirty-eight percent of that energy 
was consumed as electricity, and of that, 22%, or 765 TWh, was 
consumed by lighting.2 Thus, over 8% of total energy consump-
tion in the United States was for lighting: this is a significant 
fraction. At $0.068/kWh, the average cost of electricity in the 
United States in 2001, the electricity cost to end users was about 
$53 billion.2 (It should be noted that the cost of electricity has 
risen significantly since 2001. The average cost of residential 
electricity in March 2006 was $0.099/kWh in the United States 
and $0.2/kWh in the United Kingdom).

Worldwide, grid-based electric lighting consumed about 
2,650 TWh of electricity in 2005, some 19% of total global 
electricity consumption.3 The energy bill for electric lighting 
cost end users $234 billion and accounted for two-thirds of the 
total cost of the electric-lighting service ($356 billion), which 
includes lighting equipment and labor costs as well as energy.3

An average cost of $2.8 per megalumen-hour (Mlmh) was used 
by the International Energy Agency in producing those values.3

The annual cost of grid-based electric lighting is about 1% of 
global gross domestic product (GDP).

It is not widely realized that lighting is one of the biggest 
causes of greenhouse gas emissions. The energy consumed to 
supply lighting throughout the world entails greenhouse gas 
emissions of 1900 megatonnes (Mt) of CO2 per year (assuming 
an energy mix based on the 2005 world electricity generation 
values of 40% from coal, 20% from natural gas, 16% from 
hydropower, 15% from nuclear, 7% from oil, and 2% from 
renewables other than hydro).4 This is equivalent to 70% of the 
emissions from the world’s cars and over three times the emis-
sions from aircraft.3 In addition, many developing countries do 
not have grid-based electricity and produce lighting using oil 
lamps. This is responsible for only 1% of global lighting, but is 
hugely inefficient and accounts for 20% of lighting CO2 emis-
sions. The oil consumed for oil-lamp lighting is 3% of the 
world’s oil supply, more than the total output of Kuwait.3

Worldwide demand for lighting is increasing rapidly. The 
average North American consumes over 100 Mlmh each year of 
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lighting, whereas the average person in India uses only 3Mlmh. 
In addition, the world population is increasing rapidly, from 5 
billion in 1987 to 6.7 billion today, an increase of 34% in the past 
20 years. A conservative estimate is that the global demand for 
artificial lighting will be 80% higher by 2030.3 I believe that this 
estimate severely underestimates the fact that the average person 
in India will not be content with having less than 3% of the light-
ing of the average person in the United States. My estimate is 
that global demand for lighting might be three times higher by 
2030. If this turns out to be correct, and if we do not move to 
more efficient lighting, then by 2030, lighting will be responsi-
ble for emitting more than twice the CO2 of all of today’s cars 
and nine times the emissions of all of today’s aircraft.

Lighting and the Human Eye
The human eye is sensitive only to light in the visible spec-

trum, ranging from violet (with a wavelength of about 400 nm) 
through red (with a wavelength of about 700 nm). The maxi-
mum sensitivity of the human eye is to green light with a wave-
length of 555 nm. The lumen is the unit of light intensity 
perceived by the human eye. What is called the efficacy of a 
light source takes into account the sensitivity of human vision, 
so that green light contributes more strongly to efficacy than 
blue or red light and ultraviolet and infrared wavelengths do not 
contribute at all. The units of efficacy are lumens per watt (lm/
W), corresponding to light power out (as perceived by the 
human eye and measured in lumens) relative to electrical power 
in (measured in watts). It is important to note that efficacy is 
different from efficiency. The efficiency of a light source is the 
light power out, not adjusted for the response of the human eye, 
divided by the electrical power in. Efficiency is dimensionless 
and is usually given as a percentage. The terms efficiency and 
efficacy are both widely used in lighting, and care must be taken 
not to confuse them.

The maximum possible efficacy of a light source is 683 lm/
W, for the case of monochromatic 555-nm green light. The 
maximum possible efficacy for an ideal white light source is 
240 lm/W (because the human eye is less sensitive to wave-
lengths on each side of green). Such an ideal source reproduces 
colors perfectly and has a color rendering index (CRI) of 100. 
The CRI is an internationally accepted measure of how well a 
light source renders colors. The CRI varies between 0 and 100, 
with 100 representing perfect color rendering. A CRI of 90% is 
considered to be excellent, and the maximum possible efficacy 
of a white light source with a CRI of 90% is 408 lm/W. It is 
useful to bear this value in mind when reading this article, as it 
represents a theoretical maximum efficacy for excellent quality 
white lighting.

The Range of Lighting Options
Incandescent Light Bulbs

It is commonly believed that Thomas Edison invented the 
incandescent light bulb in 1879. This is not correct. In 1860, the 
English scientist Joseph Swan obtained a U.K. patent for a 
carbon-filament incandescent lamp operating in a partial vac-
uum. Swan received another U.K. patent in 1878 for a carbon-
filament incandescent lamp operating in an improved vacuum. 
In the United States, Edison had been working on copies of the 
original 1860 patent of Swan. He founded the Edison Electric 
Light Company in 1878 and patented a more efficient version 
of Swan’s invention in 1879. Swan sued Edison for patent 
infringement and won. In 1881, Swan started his own company, 
the Swan Electric Light Company, and began commercial pro-
duction of incandescent light bulbs. In 1883, Edison and Swan 
joined forces, and the Edison and Swan United Electric Light 
Company was established, commonly known as Ediswan. The 

company sold the lamps that Swan had developed in 1881. So 
Swan invented the light bulb, but Edison was better at popular-
izing and developing it.

It is difficult to think of many other inventions that we still 
use today, essentially in their original form, that are over 100 
years old. An incandescent light bulb uses electricity to heat a 
coiled tungsten wire in an evacuated glass bulb. The tempera-
ture of the wire is about 3,500 K and it glows white-hot, radiat-
ing white light. The lifetime of an incandescent light bulb is 
typically 1000 h.

The spectrum of radiation emitted is very broad. It fills the 
entire wavelength range (400–700 nm) of the human eye. 
Because its visible spectrum is so broad, it renders colors 
extremely well. An incandescent light bulb has a CRI approach-
ing 100. However, it also emits strongly in the infrared as heat, 
beyond the response of the human eye. Only about 5% of the 
input electrical energy is converted to visible light, and the rest 
is emitted as heat, so the incandescent light bulb is 95% ineffi-
cient at producing light. The efficacy of an incandescent light 
bulb is typically 15 lm/W.

Fluorescent Tubes
The first fluorescent tube was made by General Electric 

(GE) in 1937. Fluorescent tubes consist of a glass tube filled 
with an inert gas, usually argon, and small amounts of mercury, 
typically 3–15 mg. Ultraviolet (UV) light is created by passing 
an electric current between electrodes at each end of the tube, 
which excites electrons in the mercury vapor. When the excited 
electrons relax, UV light is emitted. The UV light excites phos-
phors coating the inner surface of the glass tube, and these emit 
visible light.

Fluorescent tubes have much longer lifetimes (7,500–
30,000 h) than incandescent light bulbs (1000 h). The quality of 
white light emitted depends on the phosphors used, but a warm-
white fluorescent tube has phosphors emitting in the blue, 
green, and red ranges. The efficacy of a fluorescent tube (60–
100 lm/W) is much higher than that of an incandescent light 
bulb (15 lm/W), and the efficiency is typically 25%, compared 
to 5% for an incandescent bulb. These advantages, combined 
with reasonable costs, led to fluorescent tubes rapidly replacing 
incandescent lighting in the workplace, especially in offices and 
public buildings. Today, fluorescent tubes dominate lighting in 
the workplace.

Compact Fluorescent Lamps
Compact fluorescent lamps (CFLs) were first commercial-

ized in the early 1980s. They usually consist of two, four, or six 
small fluorescent tubes, which can be straight or coiled. Their 
efficacy is typically 35–80 lm/W, and their efficiency is typi-
cally 20%. CFLs usually have a lifetime of between 6,000 and 
15,000 h; however, this long lifetime is attained only if the lamp 
is left on for long periods of time. The lifespan of a CFL is sig-
nificantly shorter if turned on for only a few minutes at a time: 
in the case of a 5-min on/off cycle the lifespan of a CFL has 
been measured to be only about 1000 h, the same as that of an 
incandescent bulb.5 Hence, the lifetime of a CFL is a sensitive 
function of how it is used.

Inorganic LEDs
Inorganic materials emitting red light were first demonstrated 

by Holonyak and Bevacqua in 1962.6 Subsequent developments 
led to a range of colored light sources known as light-emitting 
diodes (LEDs). In particular, the first bright blue LED was 
announced by Nakamura at a press conference on November 12, 
1993.7 If a blue gallium nitride (GaN) based LED is coated with 
a phosphor, then white light can be produced (in much the same 
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way as UV-emitting fluorescent tubes and compact fluorescent 
lamps coated with a phosphor produce white light). Such white 
LEDs can last up to 100,000 h, and unlike with CFLs, this life-
time is not reduced if the periods of use are short. The best white 
LEDs have an efficiency of 30% and an efficacy of 100 lm/W. 
Over $4 billion worth of GaN-based LEDs were sold in 2006.7
Sales of high-brightness (HB) LEDs have had a compound 
annual growth rate of over 46% since 1995.8,9

Organic LEDs
Organic LEDs are known as OLEDs (inorganic LEDs are 

simply called LEDs). Light-emitting organic materials were 
first demonstrated by Pope, Kallmann, and Magnante in 1963,10

within one year of the demonstration in 1962 of light emission 
from inorganic materials. Subsequent development led to a 
range of colored OLEDs based on polymeric or molecular thin 
films. In theory, OLEDs have a number of attractive properties 
for solid-state lighting, including ease of processing and low 
cost, as well as the ability for device properties to be tuned by 
chemically modifying the molecular structure of the organic 
thin films.11 However, despite some impressive research results, 
in practice, the development of OLEDs for lighting has lagged 
behind that of LEDs. So far, it has not been possible to achieve 
simultaneously high brightness at high efficiency with long 
lifetime. For this reason, unlike for white LEDs, no white 
OLEDs for lighting are commercially available.8

The Coming Era of the Compact Fluorescent 
Lamp

In the world of lighting, the past 130 years have been the age 
of the incandescent light bulb. However, we are now poised for 
a major sea change: the next five years or so will be the era of 
the CFL. What is precipitating this change is the realization by 
governments around the world of the huge 95% inefficiency of 
incandescent light bulbs and the fact that banning the sales of 
these bulbs is therefore one of the easiest and most effective 
ways of saving energy and reducing carbon dioxide emissions. 
For example, on September 27, 2007, the U.K. government 
announced that shops would stop selling 150-W filament light 
bulbs by January 2008, 100-W bulbs by January 2009, 60-W 
bulbs by January 2010, and 40-W bulbs by December 2011. 
What form of lighting is available now to take over from incan-
descent light bulbs? Long fluorescent tubes have already largely 
taken over in offices, commercial buildings, and factories, and 
any remaining incandescent bulbs in these buildings are likely 
to be replaced rapidly by such tubes. Concerning lighting in 
houses, although white inorganic LEDs are commercially avail-
able and widely used in various lighting applications, they are 
currently too expensive for general household lighting. White 
OLEDs are not commercially available for lighting.8 We there-
fore have one, and only one, realistic replacement for incandes-
cent bulbs in homes at the present time: compact fluorescent 
lamps. These lamps have both advantages and disadvantages.

The main advantage of CFLs over incandescent bulbs is 
efficiency. CFLs are about four times as efficient as traditional 
incandescent bulbs. Martin Goetzeler, the CEO of Osram, has 
stated that shifting just 30% of the world’s lighting to CFLs will 
cut global carbon dioxide emissions by 270 Mt and save 460 
billion kWh of electricity.12 These are substantial savings. The 
next major advantage of CFLs is lifetime: CFLs typically have 
a lifetime of about 10,000 h,3 compared to 1000h for incandes-
cent bulbs. However, if a CFL is left on for only short periods 
of time, its lifetime can drop to 1000 h or less.

The first generation of CFLs had many drawbacks. They 
were expensive, costing about $15 each; the light they emitted 
was cold and harsh; they came on slowly, taking up to 2 min to 

reach full brightness; they could not be dimmed; and their 
brightness decreased over time and also dropped dramatically 
if the temperature became too low or too high. This latter point 
meant that they could not be used to illuminate refrigerated 
displays in supermarkets, for example, or in situations where 
the temperature might become too hot.

However, recently, CFLs have significantly improved. The 
cost of a CFL today can be less than $4 (depending on the style), 
and the cost is continuing to fall. The color rendering of CFLs 
has improved considerably, and warmer white light is now 
available, with a CRI of up to 90. CFLs with electric ballast (the 
earlier generation had magnetic ballast, which was primarily 
responsible for the flickering and slow starting traditionally 
associated with fluorescent lighting, and buyers should beware 
that these are still widely available) turn on much more rapidly 
and can also be dimmed. However, switching on a CFL for 
short periods of time will still shorten its lifetime, and CFLs still 
lose a lot of brightness in cold or hot temperatures.

Returning to the increased efficiency of a CFL, each 13-W 
CFL, over its expected 10,000-h life (given the right operating 
conditions) will save 470 kWh of electricity compared to its 
equivalent 60-W incandescent bulb. This results in reduced 
emissions of over 730 lb (330 kg) of carbon dioxide, as well as 
reductions of 1.6 lb (0.73 kg) of nitrogen oxides and 4.3 lb 
(2.0 kg) of sulfur dioxide. Each incandescent bulb replaced by 
a CFL will save the householder, over the 10,000-h assumed 
lifetime of the CFL, about $50 in the United States and about 
$100 in the United Kingdom (assuming typical 2007 household 
electricity costs of $0.1/kWh in the United States and $0.2/kWh 
in the United Kingdom). For these reasons, sales of CFLs are 
soaring. Walmart, for example, plans to sell 100 million CFLs 
in 2007.

However, CFLs have an environmental drawback. Each 
CFL contains about 5 mg of mercury, which is a highly toxic 
cumulative heavy metal poison. There are 23 million houses 
in the United Kingdom, with 25 light bulbs per house on aver-
age. If all of these light bulbs are replaced by CFLs, there will 
be over 2 million grams (i.e., 2 t) of mercury in CFLs in U.K. 
houses. Neither the CFLs nor the boxes in which they are sold 
state that the contents contain mercury, and the U.K. govern-
ment is providing no special disposal facilities. Hence, when 
CFLs fail, householders will throw them into their normal 
trash can; the garbage truck will collect the waste and compact 
it, breaking the CFL; and the mercury will spill out and con-
taminate the refuse, which will then enter incinerators and 
landfill sites. From incinerators, the mercury will enter the 
atmosphere, and from landfill sites, it can leech out into water 
supplies and into vegetables subsequently grown on the 
land.

There are 130 million houses in the United States, each con-
taining 45 light bulbs on average. If these are replaced by CFLs, 
then there will be over 29 million grams (i.e., 29 t or 32 tons) of 
mercury in CFLs in U.S. houses. The potential for serious mer-
cury contamination is therefore significant. By comparison, a 
mercury thermometer contains 500 mg of mercury. If we assume 
that each house in the United States has one mercury thermom-
eter, then there are 65 million grams (65 t or 72 tons) of mercury 
in thermometers in houses in the United States. This value is 
comparable to the amount of mercury in CFLs; however, the 
chances of breaking a CFL, and releasing the mercury, are prob-
ably far higher than those of breaking a thermometer. At least 
10 U.S. states have banned the sale of mercury thermometers, 
as have many countries worldwide, yet such thermometers 
appear to be safer than CFLs.

Mercury can exist in coal and other fossil fuels. When these 
fuels burn, mercury vapor is released into the atmosphere where 
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it is spread widely by air currents. Coal-fired power plants in 
the United States emit about 48 tons (43 t, or 43 million grams) 
of mercury annually.13 About 20mg of mercury is emitted to 
produce the electricity needed to run an incandescent light bulb 
for a period equivalent to the assumed 10,000-h lifetime of a 
low-energy CFL. Because this is greater than the 5 mg of mer-
cury contained in a CFL, it can therefore be argued that using a 
CFL produces a net saving of mercury. However, if carbon 
dioxide emissions from power plants can be captured, then it 
would make sense to capture the mercury emissions as well. In 
addition, whereas the mercury emitted from coal-fired power 
stations is spread over a large area, the mercury from broken 
CFLs will be concentrated in homes, incinerators, and landfill 
sites, where it is much more of a hazard than the widespread but 
very thin layer of mercury contamination from coal-fired power 
plants.

Mercury levels in many countries are already dangerously 
high. For example, a survey conducted by the U.S. Center for 
Disease and Prevention and published in 2003 found that, in the 
United States, one in 12 (8%) U.S. women of child-bearing age 
had mercury in their blood above the levels considered safe by 
the Environmental Protection Agency.13 It is therefore impor-
tant to minimize exposure to mercury. Hence, it is desirable to 
use low-energy light bulbs that do not contain mercury or other 
toxic materials.

Solid-State Lighting and LEDs
CFLs are likely to be a stop-gap measure to replace incan-

descent lamps, lasting until we have a more efficient, nontoxic 
source of white light at a reasonable cost. This next generation 
of home and office lighting will almost certainly be inorganic 
LEDs.

LEDs are semiconductors in which the light emission comes 
from a very thin crystalline layer composed of typically two, 
three, or four elements such as indium gallium nitride (InGaN). 
This very thin layer, typically only about five atomic layers, or 
2 nm, thick, is called a quantum well (see Figure 1). The quan-
tum well of InGaN is sandwiched between two thicker layers 
of gallium nitride (GaN), one of which, called n-type GaN, is 
rich in negatively charged particles called electrons, and the 
other, called p-type GaN, is rich in positively charged particles 
called holes. When a voltage, for example, from a battery, is 
applied across the sandwich, electrons are injected into the 
InGaN quantum well from the n-type GaN, and holes are 
injected from the p-type GaN (see Figure 2). These electrons 
and holes exist in the InGaN at different energy levels separated 
by an energy bandgap. When the electrons and holes subse-
quently meet and recombine, the energy released is given out 
as light, and the wavelength of the light emitted is equivalent to 
the bandgap energy. This results in the emission of light of a 
single color, such as red or green or blue, called monochromatic 
light. We can change this color by varying the composition of 
the InGaN quantum well and also by changing the thickness of 
the quantum well. Scientists are therefore able to make an LED 
emit light of any desired color. This tailor-made lighting has 
become possible only recently because of some fundamental 
advances in materials science, and it is revolutionizing the field 
of lighting.

The Development of Red LEDs
The story of the development of LEDs is fascinating and 

deserves to be much better known, as it illustrates very clearly 
how basic research on new materials makes it to the 
marketplace.

The first LED to be made emitted red light, and it was 
made from GaAsP by Nick Holonyak6 in the fall of 1962, at 

GE’s Solid-State Device Research Laboratory in Syracuse, 
New York. It shone extremely dimly and had an efficacy of 
only 0.1 lm/W. Despite this not-very-brilliant start, Holonyak 
was incredibly determined (the hallmark of a good researcher), 
and in the February 1963 issue of Reader’s Digest, Holonyak 
is reported as saying: “We believe there is a strong possi-
bility of developing the LED as a practical white source.” 
Holonyak then made the following remarkable prediction: 
“The lamp of the future might be a piece of metal the size of 
a pencil point, which will be practically indestructible, will 
never burn out, and will convert at least 10 times as much 
current into light as does today’s bulb.” Indeed, today’s white 
LED is already six times as efficient as a filament light bulb 
and is on course to be at least 10 times as efficient. Hence, 
Holonyak’s prediction is likely to be fulfilled within the next 
5–10 years.

The research director at GE was not very impressed with 
Holonyak’s red LED, which could be seen only in the dark, so 
Holonyak, determined to continue his LED research, left and 

Figure 1. High-resolution transmission electron microscope 
(0002) lattice fringe image of three InGaN quantum wells 
separated by GaN barriers (courtesy of T.M. Smeeton, 
University of Cambridge, Cambridge, UK).
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went to the University of Illinois. Ten years later, he had doubled 
the efficacy of his LED, to 0.2 lm/W, but it could still be seen 
only in the dark. Undeterred, Holonyak tried a new material, 
GaAs, and also made a quantum-well LED. Because the carriers 
(electrons and holes) were confined in a quantum well that was 
only a few nanometers thick, the 
chances of them meeting, and 
recombining to emit light, were 
greatly enhanced. Ten years 
later, by 1980, the efficacy of 
Holonyak’s red AlGaAs/GaAs 
quantum-well LED had leaped 
by a factor of 10, to 2 lm/W.

Holonyak pressed on with 
materials improvements.  Another 
10 years on, by 1990, he had 
increased the efficacy by a factor 
of five, to 10 lm/W, by introduc-
ing a quaternary semiconductor: 
his materials system was now 
AlInGaP/GaAs. An additional 10 
years on, in the year 2000, the 
quantum-well LED material was 
changed to AlInGaP/GaP, which 
produced another 10 times 
increase in efficacy, to an impres-
sive 100 lm/W. The efficacy of 
red LEDs has increased by over 
five times every 10 years since 
1962.

To illustrate this growth, consider red rear bicycle lamps. 
Traditionally, these are made from small filament light bulbs, 
emitting white light, with a piece of red plastic in front. The 
efficacy of the light bulb is about 10 lm/W. After the light has 
passed through the red plastic, which filters out colors other 
than red, the efficacy of red light production is less than 3 lm/W. 
However, the efficacy of a red LED, which does not need to be 
filtered, is 100 lm/W, a factor of 30 times higher than that of an 
incandescent bulb with a red filter. Thus, if you have a red LED 
rear bicycle lamp, your batteries will last about 30 times longer 
than if you have a traditional rear bicycle lamp with a filament 
light bulb. In addition, the LED will last 100 times longer than 
the light bulb.

An important example of energy savings from single-color 
LEDs is that of traffic lights. The arguments for fitting LED 
traffic lights (Figure 3) are overwhelming. Denver, Colorado, 
was one of the first places to realize this in the late 1990s. 
Since then, more than 48,000 of its red, yellow, and green 
traffic lights have been converted to LEDs, which has saved 
the city more than $800,000 per year in energy, labor, and 
materials costs. It has also saved 3,000 t of CO2 emissions per 
year. Since the end of 2000, Stockholm has fully converted its 
traffic lights to LEDs. The result has been a reduction in 
energy use of 85%, or 5,800 MWh/year, far more than was 
expected. The average power used per traffic light fell from 
70 to 6 W.14 All of Singapore and much of China now have LED 
traffic lights. A public survey in Singapore after the country 
had completely replaced its traffic lights with LEDs showed 
that over 90% of the public preferred the LED traffic signals. 
Better visibility at night, better visibility in the rain, and better 
visibility in direct sunlight were the main reasons given. Most 
cities in the United States are in the process of replacing their 
existing lights with LED lights, and about 50% of the United 
States now has LED traffic lights. Worldwide, 1.6 million 
LED traffic lights were in use in 2002, and this value will now 
be substantially higher.

The Importance of Gallium Nitride
Gallium nitride (GaN) is probably the most important new 

semiconductor material since silicon. The main materials that 
were known to emit light before the era of GaN are summarized 
in Figure 4. As shown in Figure 4b, many different materials 
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which gives rise to dislocation densities in the GaN of typically 5 × 109 cm−2, unless dislocation-reducing 
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Figure 3. LED traffic lights.
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were required to go from infrared 
(InAs) through blue (ZnSe). 
However, despite major research 
efforts worldwide, ZnSe blue 
light-emitting devices have never 
worked, with one problem due to 
the defects in the material that 
quench the light emission. Hence, 
bright blue LEDs could not be 
made. Green LEDs were also a 
problem because, although both 
GaP and AlAs emit green light, 
both have an indirect bandgap 
(which means that momentum 
must be supplied to the electrons 
and holes for them to recombine), 
so the light emitted is weak. 
Hence, before the advent of GaN, 
bright LEDs ranged from infra-
red through yellow, but bright 
green, blue, and white LEDs 
were not available.

Gallium nitride, and its sister 
materials indium nitride (InN) 
and aluminum nitride (AlN), 
changed the situation dramati-
cally. As Figure 4a shows, InN 
has a bandgap of about 0.7 eV 
and emits in the infrared, at one 
end of the visible spectrum. GaN 
has a bandgap of 3.4 eV and emits 
in the near-UV range, at the other 
end of the visible spectrum. By 
mixing InN and GaN, both of 
which have the same hexagonal 
crystal structure, any color in the 
visible spectrum can, in principle, be produced, as well as infra-
red and near-UV radiation. For example, blue and green light is 
produced from InxGa1−xN alloys having indium fractions that 
are 10% and 20% of the group III metal content, respectively. 
For the first time in history, we have a semiconductor material, 
InGaN, that can, in principle, emit bright light of any color in 
the visible spectrum. However, in practice, it is found that the 
intensity of light emission from InGaN is low at high indium 
content, for reasons that are not fully understood. This means 
that, although InGaN emits blue light strongly, its green light 
emission is less intense, and its red light emission is weak.

If GaN is mixed with AlN (bandgap 6.2 eV) to form 
AlxGa1−xN, then UV light ranging from near-UV through to 
deep-UV light can be produced. (The focus here is on visible 
lighting, but it is worth noting in passing that deep-UV radiation 
has many important applications including water purification, 
air purification, and the detection of biological agents.) InN, 
GaN, and AlN are collectively known as III-nitrides. These 
materials do not exist in nature, and the creation of this semi-
conductor family that emits light over such a huge range of 
important wavelengths is a major breakthrough in materials 
science.

The first prototype bright blue LED was based on GaN 
containing a very thin layer of InGaN, called an InGaN 
quantum well, with about 10% In. It was demonstrated in 
November 1993 by Shuji Nakamura in his small laboratory at 
Nichia Chemical Industries in Japan. In 2006—just 13 years 
later—over $4 billion worth of GaN-based LEDs were sold 
worldwide. Remarkably, this was greater than the total sales 
of gallium arsenide (GaAs) devices in 2006, even though 

GaAs devices have been around for much longer and most 
cell phones contain a GaAs chip. The speed to market of 
GaN LEDs has been amazing and has resulted because these 
LEDs fulfill a real market need. However, the fact that GaN-
based LEDs emit light at all is due to extreme scientific good 
fortune.

Why Do Highly Defective GaN-Based Materials 
Emit Brilliant Light?

Until a few years ago, the answer to this question seemed 
clear. The world’s GaN scientists believed they knew why GaN 
devices emitted intense light even though they had a high dis-
location density: nanometer-scale indium-rich clusters formed 
in the InGaN quantum wells that localized the carriers (the elec-
trons and holes) so that they could not diffuse to dislocations. 
The evidence for this explanation came from thermodynamics 
and electron microscopy.

Most commercial LEDs are grown on sapphire substrates, 
and the lattice mismatch (difference in atom spacing) between 
GaN and sapphire is a massive 16%. This misfit results in a high 
density of defects called threading dislocations, in which a typi-
cal density of threading dislocations passing through the active 
InGaN quantum wells is 5 billion per square centimeter (5 × 109

cm−2) (see Figure 2). Dislocations in GaN are known to be 
nonradiative recombination centers that should quench the light 
emission. Indeed, if the dislocation density in other semicon-
ductors, for example, GaAs, exceeds 1000 per square centime-
ter (103 cm−2), the light emission is quenched.

Thermodynamic calculations showed that InGaN is unsta-
ble and should decompose into In-rich and In-poor regions.15
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Critically, high-resolution electron micrographs showed that 
InGaN quantum wells contain strained regions on a nanometer 
scale,16 and electron energy loss spectroscopy showed that these 
regions are indium-rich.17 Because the bandgap of InN is less 
than that of GaN, indium-rich regions in an InGaN quantum 
well will confine the electrons and holes and prevent them from 
diffusing to dislocations. Severe doubt was cast on this theory 
in 2003 when observation using a low electron dose revealed 
no gross indium clustering. Instead, the indium-rich clusters 
were being produced by electron-beam damage within the elec-
tron microscope and were thus just an artifact of the observation 
technique.18 In addition, more sophisticated thermodynamic 
calculations, which took into account the fact that the InGaN 
quantum wells were strained, suggested that the strain should 
suppress the decomposition and that InGaN should be a homo-
geneous random alloy up to an indium content of at least 40%.19 
Hence, the bright light emission from InGaN cannot be due to 
the formation of indium-rich clusters. So the puzzle remained: 
Why do InGaN quantum wells emit brilliant light when the 
dislocation density is so high? This controversy provoked two 
special symposia at international conferences in 2005 and a 
special issue of Philosophical Magazine in 2007.20

The consensus now emerging (see the articles in Reference 
20) is that the high brightness of GaN-based LEDs might be due 
to a fortunate and unexpected interface effect: monolayer-
height interface steps on the InGaN quantum wells. Researchers 
now believe that InGaN is a random alloy in quantum wells 
with compositions of up to at least 30% indium. Recent three-
dimensional (3-D) atom probe studies, which do not use an 
electron beam for imaging, confirm that InGaN is indeed a ran-
dom alloy.21 However, interestingly, transmission electron 
microscope results suggest that the InGaN quantum wells con-
tain monolayer-height interface steps,22 and this has also 
recently been confirmed by 3-D atom probe studies. Because 
the quantum wells are strained and because of the high piezo-
electric effect in GaN, a monolayer interface step produces an 
additional carrier confinement energy of about 3 kT at room 
temperature, where k is the Boltzmann constant and T is tem-
perature. This is sufficient to localize the carriers (for a review, 
see Reference 23).

Solid-State White Light
Whereas LEDs and OLEDs emit light of a single color in a 

narrow band of wavelengths, we need white light for a huge 
range of applications, including home and office lighting, and 
obtaining white light from LEDs and OLEDs presents a chal-
lenge. In fact, no white OLED for lighting is currently com-
mercially available,8 and it is unclear if and when this will 
happen.

There are various ways of obtaining white light from inor-
ganic LEDs. Some of these involve the use of colored LEDs 
coated with phosphors. I will call such LEDs “white LEDs,” as 
is standard practice. Phosphors are, in fact, highly important for 
some types of white LEDs.

Phosphors for LEDs
Most phosphors have been developed for use with fluores-

cent tubes or CFLs that emit UV radiation, and hence, they 
have not been optimized for use with LEDs emitting in the 
visible spectrum. The first commercially available white LED 
was based on an InGaN chip emitting blue light at a wave-
length of 460 nm that was coated with a cerium-doped yttrium 
aluminum garnet (YAG) phosphor layer that converted some 
of the blue light into yellow light.24 Both the chip and the 
phosphor are nontoxic, so the white LED is not toxic (unlike 
CFLs).

The blue LED plus yellow phosphor combination just out-
lined gives a cool white light. For home and office lighting, a 
warmer white light is desirable, which means adding some red 
light to the blue plus yellow. Unfortunately, very few red phos-
phor materials are available for excitation using blue or near-
UV light, and those that are available have a low efficiency. 
Novel phosphors for LED lighting are being produced,25 but 
these are at an early stage, and further research is needed in this 
area (see Reference 26 for further details).

How to Make Solid-State White Light
There are a number of ways to use GaN-based LEDs to 

make white light:
1. Blue LED and yellow phosphor. As stated previously, 

nearly all white LEDs sold today use a blue GaN/InGaN LED 
plus a yellow phosphor. The blue LED chip is covered with a 
thin layer of a phosphor that emits yellow light when excited by 
the blue light. The phosphor layer is sufficiently thin that some 
blue light is transmitted through it, and the combination of blue 
and yellow produces a cool white light. The white LEDs used 
as front bicycle lights (Figure 5); in large display screens 
(Figures 6 and 7); as the interior lighting in cars, buses, trains, 
and planes; or as the exterior lighting on buildings, for example, 
all use blue LEDs covered with a yellow phosphor.

2. Red plus green plus blue LEDs. This method, mixing red, 
green, and blue (RGB) LEDs is the obvious way to produce 
white light. However, this approach has three basic problems. 
The first is that the efficiency of green LEDs is much less than 
that of red and blue LEDs, for reasons that are not yet understood 
(this is known as the “green gap” problem). Hence, the overall 
efficiency of this method is limited by the low efficiency of the 
green. Second, the efficiencies of red, green, and blue LEDs 
change over time at different rates. Hence, if a high-quality 
white light is produced initially, over time, the quality of the 
white light degrades. However, this process is slow and can be 
corrected using automatic feedback. Third, because the emission 
peaks of LEDs are narrower than those of most phosphors, red 
plus green plus blue LEDs will give a poorer color rendering 
than red plus green plus blue phosphors. This problem can be 
minimized by a careful choice of LED emission wavelengths, 
and of course, more than three different color LEDs can be 
used for better coverage of the visible spectrum. In particular, 
using four LEDs—red, yellow, green, and blue—can give a 
good color rendering.

Figure 5. White LED bicycle light.
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3. Red, green, and blue 
quantum dots in a single LED. It 
is possible to produce a single 
LED with quantum dots of 
InGaN of different sizes and 
compositions so that white light 
is emitted. This is a recent devel-
opment, and the efficiency, 
reproducibility, and lifetime of 
these LEDs are not yet known.

4. Near-UV or blue LED plus 
red, green, and blue phosphors. 
As already discussed, blue LEDs 
covered with yellow phosphors 
give a rather cool white light. 
This is fine for many applications 
(e.g., displays, lighting in cars, 
buses, yachts, key-rings, and cell 
phones), but the quality of light is 
probably not good enough for 
home lighting, for which a 
warmer white light containing 
some red light is desirable. Such 
warm white LEDs (blue LEDs 
plus yellow and red phosphors) 
are available commercially now. 
However, the efficiency with 

which existing red phosphors are excited using blue light is 
much less than that using near-UV light; hence, a better route to 
higher quality white light might be to use a near-UV LED plus 
red, green, and blue phosphors. There are no dangers in using a 
near-UV LED as thick phosphor layers would be used so that no 
near-UV light would be transmitted, in much the same way as 
the phosphor coating on fluorescent tubes and CFLs prevents the 
transmission of UV light.

Limitations of LED Lighting
Although existing markets for LEDs are large, the real prize 

is home and office lighting. If GaN-based LEDs are so good, 
what is preventing their widespread use in our homes and 
offices? There are five main factors: efficiency, heat manage-
ment, color rendering, lifetime, and cost.

Efficiency
Table I compares the efficiencies and efficacies of various 

forms of lighting, including white LEDs. For high light output, 
for example, 1000 lm per LED, the LEDs need to be run at a 
high drive current (350 mA is a standard drive current for high-
power white LEDs). The maximum efficiency of a commercial 
high-power white LED is currently about 30% (100 lm/W effi-
cacy). This is six times greater than the efficiency of a filament 

Figure 7. One of the largest LED displays in the world, on Fremont 
Street in Las Vegas, Nevada. The picture changes continuously. The 
initial display contained 2.1 million filament light bulbs, which con-
stantly needed to be replaced because of failure. The new display, 
opened in 2004, contains 12.5 million LEDs.

Figure 6. One of the largest LED screens in the world: the Donald W. Reynolds Razorback Stadium 
replay screen in Arkansas. The screen contains 2.5 million LEDs.

 Efficiencies and Efficacies of Various Forms of 
Commercially Available Lighting in 2007.

Type of Light Source Efficiency (%) Efficacy (lm/W)

Incandescent light bulb  5  15

Long fluorescent tube 25  80

Compact fluorescent lamp (CFL) 20  60

High-power white LEDs 30 100

Low-power white LEDs 50 150

Sodium lamp (high-pressure) 45 130

White LEDs (10-year target) 60 200
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light bulb and 50% better than that of a compact fluorescent 
lamp. However, at a lower drive current of 20 mA (a standard 
low-drive current) and therefore less total light output (typi-
cally 10 lm), LEDs with an efficiency of 50% are commercially 
available. We can expect an efficiency of 50% to be reached for 
higher drive currents (for example, 350 mA) in the next few 
years. We will then have a light source that is 10 times as effi-
cient as filament light bulbs, three times as efficient as compact 
fluorescent lamps, twice as efficient as fluorescent tubes, and 
more efficient than even a sodium lamp (which has poor color 
rendering and is mainly used for low-quality street lighting). A 
target of at least 60% efficiency might be possible in the next 
10 years or so. It is unlikely that other forms of lighting, for 
example, fluorescent tubes and CFLs, will increase their effi-
ciency significantly in the future given that their technology is 
mature.

The factors currently limiting the efficiency of GaN LEDs 
are complex and not well understood. Figure 8 shows a plot of 
the internal quantum efficiency (IQE) of GaN-based quantum 
wells versus wavelength, using the best IQE values reported. 
(The IQE is the ratio of the number of photons out to the num-
bers of photons in, if excited by a laser, or to the number of 
electrons in, if excited electrically.) The shape of this curve is 
not understood theoretically. Improving efficiencies further at 
all wavelengths requires some in-depth basic science. However, 
it is clear from Figure 8 and Table I that existing blue and white 
LEDs are already efficient light sources.

Heat Management
Although the best high-power white LEDs have an efficacy 

of about 100 lm/W at 350 mA, many commercial high-power 
white LEDs operate at an efficacy of about 75 lm/W at 350 mA, 
which is about 25% efficient. This means that, although LEDs 
stay cool relative to incandescent light bulbs, 75% of the input 
power is dissipated as heat. If the LED becomes too hot, then 
its lifetime decreases. Heat management is therefore an impor-
tant issue in many applications of high-power LEDs (the mate-
rials issue associated with heat management include degradation 
of the contacts and the generation of defects).27 For example, in 

the LED car headlamps that BMW and Lexus are introducing, 
heat management has been a key issue to solve.

Fortunately, the problem of heat management will signifi-
cantly decrease in the next few years when white LEDs reach 
an efficacy of 150 lm/W, which corresponds to 50% efficiency, 
as less heat is then emitted. Hence, higher LED efficiency is not 
only important for saving energy and carbon emissions; it will 
also greatly facilitate heat management.

Color Rendering
Nearly all commercial white LEDs are blue LEDs coated 

with a yellow phosphor. These emit a cool white light that might 
not be acceptable for home lighting. If the various routes to 
higher quality white LED lighting mentioned earlier prove to 
be successful, we could then mimic the visible spectrum of sun-
light, giving high-quality “natural” lighting in our homes and 
offices, in which clothing, lipstick, and skin colors would look 
the same as outdoors. Apart from the public preference for this 
natural lighting, there might well be health benefits. Humankind 
developed in natural lighting, and our bodies are adapted to this. 
The 24-h cycle of our internal body clock (our circadian rhythm) 
determines not only our sleep pattern, but also such functions 
as brainwave activity, hormone production, and cell regenera-
tion. There is increasing evidence that, in addition to light inten-
sity, light color is also an important factor controlling the degree 
to which our internal body clock is reset.28 At current rates of 
progress, white LEDs that both are highly efficient and also 
have excellent color rendering should be available within the 
next 10 years. The progress is likely to be incremental, with 
light of better quality becoming available each year.

Lifetime
Red LEDs are known to have a lifetime of 100,000 h (11 

years). Many manufacturers claim a 100,000-h lifetime for 
their white LEDs (blue LED plus yellow phosphor), but in 
many cases, independent studies have shown that this claim is 
not true. The basic blue-emitting chip does have a lifetime of at 
least 100,000 h; the problem lies in the packaging and in the use 
of cheap, poor-quality components.

One problem is that the epoxy resin used in the LED encap-
sulation process can become very inflexible when exposed to 
heat and to blue light. When the LED is switched on, all the 
components heat up, and thermal expansion can cause the con-
tact wires to move relative to the LED chip and the frame. If the 
cured epoxy resin is inflexible, the contact wires can become 
detached. The use of a high-grade silicone polymer instead of 
epoxy resin eliminates this problem and others. We can expect 
that, with good packaging, as is now being employed by the 
best LED manufacturers, the lifetime of white LEDs should be 
about 100,000 h.

Cost
Cost is probably the major factor limiting the widespread use 

of white LEDs in our homes and offices. GaN-based LEDs are 
significantly more expensive than filament light bulbs or CFLs. 
However, the cost is continually decreasing. White LEDs are 
currently grown on 2-in.- (5-cm-) diameter sapphire (Al2O3) or 
SiC substrates. Increasing the diameter of these substrates will 
reduce costs because edge effects will become relatively less 
important, and the cost of processing a 4-in. (10-cm) wafer is 
much the same as processing a 2-in. (5-cm) wafer, but four times 
as many LEDs can be obtained from a 4-in. (10-cm) wafer.

A more dramatic cost reduction might be achieved by grow-
ing GaN-based LEDs on 6-in. (150-mm) silicon wafers. 
Six-inch (150-mm) Si wafers cost much less than 2-in. (5-cm) 
sapphire or SiC wafers. In addition, 6-in. (150-mm) processing 
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lines are relatively common in the electronics industry, whereas 
2- and 4-in. (5- and 10-cm) facilities are rare. One hundred fifty 
thousand LEDs could be grown on a single 6-in. (150-mm) 
wafer. We can therefore expect substantial reductions in the 
future cost of white LEDs.

White Solid-State Lighting: The Present
White LEDs are already widely used, for example, as back-

lighting in cell phones; as interior lighting in aircraft, cars, and 
buses; and as bulbs in flash lights. They are also being fitted on 
airport runways: traditional lighting on runways lasts for about 
six months, and the runway has to be closed to replace it, at 
considerable cost. LED lighting should last for 10 years, giving 
significant operational savings. Audi A6 and A8 cars are using 
white LEDs as front daytime running lights, and BMW and 
Lexus are introducing white LEDs in their top-of-the-line car 
head lamps. LEDs are also being increasingly used for the 
flashes in camera phones. For example, sales of Philips Lumileds 
Flash LEDs for camera phones have gone from zero to 100 
million units in less than three years.

White (and colored) LEDs are increasingly being used to 
illuminate the fronts of buildings. For example, on October 23, 
2006, it was announced that the front of Buckingham Palace in 
London would be illuminated at sunset every day during winter 
for the benefit of tourists. Apparently, the Queen had personally 
chosen white LEDs because of their low energy consumption, 
long life, and low maintenance. The power consumed in illumi-
nating the whole of the front of Buckingham Palace using white 
LEDs is less than that used in running an electric kettle (2.8 kW). 
White and colored LEDs are widely used in displays around the 
world (see Figures 6 and 7). A large emerging new market is 
LED backlighting for liquid crystal displays for televisions and 
computer screens, replacing fluorescent backlighting: for 
example, Showa Denko is expanding to make 200 million GaN-
based LEDs per month by the end of 2008 compared to 60 mil-
lion per month in mid-2007, mainly for the LED backlighting 
market.

Key Materials Research Challenges
If white LEDs are to become the lighting of choice in our 

homes and offices, then the following key materials problems 
will need to be solved (see also Reference 26):

Increased Efficiency of Green LEDs
As previously stated, this is known as the “green gap” prob-

lem, and it is not well understood. Recent work has shown that, 
in green-emitting InGaN, the InGaN quantum wells often break 
up into network structures and the threading dislocations are 
mostly physically separated from the active regions of the 
quantum wells.29 Optimization of the quantum-well network 
structures might well enable an increase in the efficiency of 
green LEDs.

Increased Efficiency of Blue and Near-UV LEDs
Blue LEDs are the basis of both the cool and the warm white 

LEDs available today. The IQE of blue emitters is about 70% 
(see Figure 8). This value is already high, but if the IQE can be 
increased to 90%, then we can both increase the external effi-
ciency significantly and also help to solve problems of thermal 
management.

Near-UV LEDs are more efficient than blue LEDs at excit-
ing a number of phosphors, particularly red phosphors. Near-
UV 380-nm LEDs also have a high IQE of 67% (see Figure 8), 
but again, increasing the value to 90% would facilitate high-
quality white lighting based on a near-UV LED plus red, green, 
and blue phosphors.

Dislocation Reduction
As previously described, blue InGaN-based LEDs emit bril-

liant light even though the dislocation density is high. However, 
the efficiency is even higher if the dislocation density is reduced. 
Free-standing low-dislocation-density GaN substrates are 
expensive, so a key research challenge is to reduce the disloca-
tion density substantially in situ in the growth reactor by opti-
mizing such factors as the growth conditions and the use of 
interlayers.

Nonpolar and Semipolar GaN
Virtually all commercial GaN-based LEDs are grown in the 

[0001] direction. This is a polar direction, so there is an electric 
field across the InGaN quantum well that keeps the electrons 
and holes apart and, hence, reduces the rate of recombination 
and light emission. Growth in a nonpolar (or semipolar) direc-
tion should eliminate this effect, thus enhancing the efficiency 
of light emission. However, unless expensive free-standing 
nonpolar GaN substrates are used, the defect density increases, 
and hence, the IQE decreases instead of improving. Further 
research is required to grow nonpolar GaN with low defect 
densities.

Improved p-GaN
The holes in p-type GaN have a low mobility and a low 

concentration. This reduces the LED efficiency. Further research 
is required to improve the quality of p-GaN.

Novel Wide-Bandgap Semiconductors
Fundamental research on novel wide-bandgap semiconduc-

tors is required as these materials might be even more efficient 
than GaN-based devices. ZnO is currently receiving much 
attention, but efficient p-doping of ZnO is proving to be a major 
problem. ScN is a potentially promising novel nitride,36 but fur-
ther work is required on new wide bandgap semiconductors.

Novel Phosphors
As mentioned earlier, most phosphors were developed for use 

with UV-emitting fluorescent tubes. There is an urgent need for 
new phosphors optimized for use with blue and near-UV LEDs.

Assuming that adequate funding is made available to address 
the key materials research challenges outlined, progress in solv-
ing these issues will have a significant effect on the future use 
of white LEDs in home and office lighting.

White LEDs for Lighting: The Next 5–10 Years
The main current market for LEDs is in displays and back-

lighting for devices such as cell phones. The next large market 
will be automotive lighting. There are 600 million cars on Earth. 
Last year, 60 million cars and 40 million motorbikes were made, 
and this number is rising rapidly. The power consumption for 
lighting in a typical car is 370 W. By using LEDs, this value can 
be reduced to 70 W. If 50% of cars used LEDs instead of halogen 
lamps just for their low-beam headlamps, the electricity savings 
would be 110 million kWh. Cool white LEDs (blue LED plus 
yellow phosphor) are fine for both car interior lighting and exte-
rior daytime running lights and headlamps. Although white 
LEDs are more expensive than conventional car lights (internal 
and external), the substantially longer lifetime coupled with fuel 
savings (the energy for the lighting comes from the fuel) means 
that, even at their current price, white LEDs are being increas-
ingly used in cars. In the next five years, white LED lighting is 
likely to be the lighting of choice in all cars.

The use of white LEDs for home lighting is currently 
extremely small. Warm white LEDs are now available, based 
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on blue LEDs plus yellow and red phosphors. However, these 
warm white LEDs are less efficient than cool white LEDs 
because of the low efficiency of red phosphors excited by blue 
light; they are also more expensive. Higher quality warm white 
LEDs, with almost perfect color rendering, need further research 
but should be available in the next five years.

As previously mentioned, a key issue for the use of LED 
lighting in homes and offices is cost. The total costs of owner-
ship of a light bulb, combining the purchase cost plus running 
costs, at 8 h per day, are listed in Table II for one and five years, 
assuming the current costs of electricity to be $0.1 kWh for 
households in the United States and $0.2 kWh for households 
in the United Kingdom. It is clear that warm white LED lighting 
is not yet economically attractive for home lighting. In 2002, 

the U.S. Department of Energy and the Optoelectronics Industry 
Development Association (OIDA) published a Roadmap for 
solid-state lighting. This Roadmap gave the 2002 costs of vari-
ous types of lamps in dollars per kilolumen as 0.4 for incandes-
cent light bulbs, 1.5 for long fluorescent tubes, and 200 for 
white LEDs.37 This Roadmap was updated in March 2007,38 and 
the cost of cool white LEDs is given there as $40 per kilolumen. 
In fact, the field is moving so fast that some of the values in this 
report are already out of date; the cost of white LED lighting is 
now less than $20 per kilolumen. Most people will consider 
only the capital cost when buying light bulbs for homes, some 
will consider capital plus running costs over one year, and a few 
will consider capital costs plus running costs over five years. 
On this basis, and using the values just given and Table II, it is 
clear that, today, white LED lighting in homes is a niche market: 
LEDs will mainly be fitted in locations where the 100,000-h 
lifetime is important, for example, in inaccessible places.

Over the next five years, we can expect warm white LEDs 
with an efficacy of at least 130 lm/W to become available. The 
electricity cost for one year at 8 h/day and today’s U.S. cost of 
electricity of $0.1 kWh will then be only $2. However, if LEDs 
are to compete with CFLs in terms of the total cost of ownership 
over one year, then the capital cost of an LED lamp must be less 
than $4, which is a challenge. However, if we take the total cost 
of ownership over 5 years, then the LED electricity cost is $10, 
and the total cost of ownership is less than that of a CFL if the 
LED price is less than $18, which is easily achievable. In addi-
tion, white LEDs contain no toxic materials like mercury. We 
can therefore expect that white LEDs will enter the home light-
ing market strongly in the next five years, provided that an effi-
cacy of about 130 lm/W can be obtained.

In the next 10 years, the efficiency of white LEDs will con-
tinue to increase, with dramatic energy savings. For example, 
at an efficacy of 150 lm/W, a white LED with light output equiv-
alent to that of a 60-W incandescent light bulb could be left on 
all year for 24 h per day at an electricity cost of only $5 (at 
today’s U.S. electricity cost of $0.1 kWh). Also in the next 10 

years we can expect today’s warm white LEDs to be replaced 
by higher quality white LEDs giving out natural lighting, simi-
lar to sunlight. Further research is needed to develop these 
LEDs, but they are likely to be popular with customers for the 
health reasons mentioned earlier. Such white LEDs giving out 
natural light are likely to be commercially available in the next 
10 years.

White LEDs for Lighting: The Next 10–20 Years
The OIDA 2002 Roadmap37 predicted that, by 2007, white 

LEDs would have an efficacy of 75 lm/W and a light output of 
200 lm/lamp. Both of these milestones have been achieved and, 
in fact, exceeded. For example, a 115 lm/W cool white LED is 
commercially available today (1 mm × 1 mm chip, 350 mA). 

The Roadmap predicts that, by 
2012, a white LED with an effi-
cacy of 150 lm/W and a light out-
put of 1000 lm/lamp will be 
achieved. We are, indeed, on 
course to achieve these mile-
stones. Finally, the Roadmap 
predicts that, by 2020, a white 
LED with an efficacy of 200 lm/
W will be available.

The updated 2007 Roadmap38 
predicts the efficacy of a commer-
cial cool white LED to be 113 lm/
W in 2010, 135 lm/W in 2012, 
and 168 lm/W in 2015. In fact, the 

prediction of 113 lm/W in 2010, published in May 2007, was 
exceeded later in 2007, with the aforementioned commercial 
availability of a cool white LED having an efficacy of 115 lm/W 
at 350 mA. Again, this indicates the rapid progress being made 
with inorganic LEDs, and it raises expectations that the other 
future predictions for inorganic LEDs will also be met.

The situation with OLEDs is much less clear. The OIDA 
2002 Roadmap for OLEDs gave targets for 2007 that have not 
been met, and no white OLEDs for lighting are commercially 
available, unlike the situation with white LEDs. The updated 
2007 OLED Roadmap38 states: “Today, the efficacy of OLED 
devices lags behind LED devices. . . . However, the efficacy of 
OLED products should approach that of the LED products in 
the latter part of the current forecast [toward 2015]. This reflects 
the anticipated exponential efficacy improvement of OLED 
devices as compared to the projected linear improvement in the 
commercial efficacy of LED devices.” It seems inherently 
unlikely that “anticipated exponential efficacy improvements 
of OLED devices” will occur between now and 2015, and even 
if they do, the efficacy of OLEDs will still lag behind that of 
LEDs in 2015. In addition, once white LEDs are established as 
the lighting of choice in homes and offices, they might be diffi-
cult to displace. For further information on OLEDs for lighting, 
see Reference 38 and the references contained therein.

It is unlikely that 200 lm/W will be achieved using an LED-
plus-phosphor combination because of efficiency losses in the 
phosphor and also efficiency losses in converting high-energy 
photons from the LED into lower energy photons (the Stokes 
shift). The solution to this problem is to avoid phosphors and to 
produce white light by mixing red, yellow, green, and blue 
(RYGB) LEDs. This cannot be done efficiently at present 
because, as mentioned earlier, green LEDs are much less effi-
cient than blue and red (the so-called “green gap”).

If we can solve the green gap problem, then we should be 
able to produce white light from RYGB LEDs with an efficacy 
of at least 200 lm/W. The energy savings, and carbon dioxide 
emission savings, will then be even greater than the values 

 Total Costs of Ownership of a Light Bulb for One Year and Five Years.

United States United Kingdom

60-W incandescent $18 $90 $36 $180

Compact fluorescent lamp (CFL) $6 $28 $11 $50

60 lm/W warm white LED $18 $36 $23 $58

Note: Values calculated assuming light bulbs used for 8 h/day at electricity costs of $0.1/kWh (U.S.) and $0.2/kWh 
(U.K.), cost of incandescent bulb $0.5, cost of CPL = $2, and cost of LED = $14.
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given at the start of this article, which assume an LED efficacy 
of 150 lm/W. In addition, this white light source will be color 
tunable by the customer to provide mood lighting: houses will 
have a color control switch in rooms (or a hand-held remote 
control) that will enable people to wake up to a blue-white light 
and go to bed with a red-white light, for example.

In 10–20 years’ time, if we can meet the materials chal-
lenges outlined earlier, LEDs will provide the ultimate light 
source with the following characteristics:

ultra-energy-efficient (15 times more than incandescent light 
bulbs and 5 times more than CFLs);
ultra-long-lived (100,000h compared to 10,000h for CFLs 
and 1000 h for incandescents);
environmentally friendly with no toxic mercury;
inexpensive;
natural, similar to sunlight, for our health and wellbeing; and
tunable (with the ability to provide mood lighting of any 
desired color or shade of white).
Indeed, in 10–20 years’ time, LED lighting will probably be 

the dominant form of lighting in homes, offices, cities, and 
transport throughout the world.
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Abstract
Nearly one-third of the world’s energy consumption and 36% of its carbon dioxide (CO2) emissions 
are attributable to manufacturing industries. However, the adoption of advanced technologies 
already in commercial use could provide technical energy savings in industry of 27–41 exajoules 
(EJ), along with a reduction in CO2 emissions of 2.2–3.2 gigatonnes (Gt) per year, about 7–12% of 
today’s global CO2 emissions. Even more significant savings can be attained on the supply side if 
fuel switching and CO2 capture and storage are considered. However, such changes must start in 
the coming decade to have a substantial impact by 2050.

Introduction
Rising population and increasing wealth are fueling grow-

ing global demand for products, services, buildings, and public 
infrastructure. The industrial sector, which manufactures these 
products and structures, has many opportunities to make them 
using less energy and emitting less carbon dioxide (CO2). This 
article discusses these opportunities, highlighting those in the 
materials industries and those depending on advances in mate-
rials science, engineering, and management. Industry also has 
a role in developing, producing, using, and recycling improved 
materials (e.g., stronger, lighter weight, and better insulating) 
to manufacture products that consume less energy when used, 
but with some exceptions, these issues and the full lifecycle 
energy and emissions consequences thereof are beyond the 
scope of this article and are addressed elsewhere in this issue.

In 2004, the total global primary energy supply was 469 
exajoules (EJ). Industry, when apportioned the energy losses 
from the electricity and heat it uses, accounted for more than 
147 EJ, or nearly one-third of this supply. Total final energy use 
(excluding electricity and heat losses) by industry amounted to 
113 EJ (Table I). These totals exclude energy used for the trans-
portation of raw materials and finished industrial products, 
which is not negligible. The mentioned quantities include oil 
feedstocks for the production of synthetic organic products.

Most industrial energy consumption occurs in industries 
that produce raw materials: chemicals and petrochemicals, iron 
and steel, nonmetallic minerals, and nonferrous metals. 
Together, these four materials groups consumed 69.9 EJ of final 
energy in 2004 (62% of total final industrial energy use). The 
chemicals and petrochemical industry alone accounts for 30% 
of industrial energy use, followed by the iron and steel industry 
with 19%; the production of nonmetallic minerals is responsi-
ble for 10% and that of nonferrous metals for nearly another 
4%. The food, tobacco, and machinery industries, along with a 
large category of unspecified industrial energy users, account 
for the remaining 37% of total final industrial energy use.

Direct industrial CO2 emissions (excluding emissions from 
electricity generation and heat use) amounted to 5.8 gigatons 

(Gt) of CO2 in 2004. Three sectors were responsible for nearly 
70% of the direct industrial emissions: iron and steel, nonmetal-
lic minerals (notably cement), and chemicals and petrochemi-
cals (Figure 1). These values include 1Gt of CO2 of process 
emissions (originating not from fuels but from feedstocks, e.g., 
limestone calcination in cement production), but exclude down-
stream emissions from the incineration of plastics and other 
synthetic organic products (0.1–0.2 Gt of CO2). The total direct 
and upstream emissions (3.9 Gt of CO2 from the production of 
electricity and heat used by industry) equal 36% of all energy 
and process CO2 emissions worldwide. This does not include 
the emissions from the freight transportation involved in bring-
ing raw materials to manufacturing facilities and delivering 
products made from them to consumers, which would add 
another 10–12 percentage points. Thus, between one-third and 

Table I: Final Industrial Energy Use by Energy Carrier and CO2 
Emissions, 2004.

Industrial Sector Energy 
Use (EJ/year)

CO2 Emissions  
(Gt of CO2/year)

Coal and coal 
products

28.92 2.72

Natural gas 23.56 1.32

Oil and oil products 28.00 0.73

Combustible 
renewables and 
waste

7.03 no data

Electricity 21.50 3.59

Heat 4.21 0.29

Other 0.03 –

Process emissions – 1.08

Total 113.25 9.73
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one-half of global CO2 emissions are generated in activities 
related to materials and product supply.

Opportunities for Energy Efficiency and CO2
Reduction in Industry

Globally, industry’s energy consumption and direct CO2 emis-
sions have been growing, with increases of 61% and 34%, respec-
tively, between 1971 and 2004, and show no signs of abating. For 
the most part, growth in energy demand has been high in develop-
ing countries and moderate or stagnant in Organisation for 
Economic Cooperation and Development (OECD) countries.

To some extent, growth in both energy demand and emis-
sions has been mitigated by efficiency improvements in all sec-
tors worldwide. However, these efficiency gains have not been 
geographically uniform. The rapid growth of production in 
less-efficient developing countries has contributed significantly 
to poverty alleviation, but it has also limited the average effi-
ciency gains worldwide. Rapid growth in countries such as 
China and India has supported continuation of less-efficient 
“mom-and-pop”-type heavy industry in some sectors that does 
not exist in OECD countries. Small-scale manufacturing plants 
using outdated processes and low-quality fuels and feedstocks, 
as well as weaknesses in transportation infrastructure, contrib-
ute to industrial inefficiency in some emerging economies.

These overall energy and emissions trends can be mitigated 
through additional energy efficiency measures. Even though 
energy represents a manufacturing cost, to be managed and 
controlled like any other cost, industry is not always efficient in
its energy use. A new study by the International Energy Agency 
(IEA) suggests a technical efficiency improvement potential of 
18–26% for the manufacturing industry worldwide if the best 
available technology were applied.1 These savings would equal 
5–7% of total worldwide energy use and reduce CO2 emissions 
by 7–12% worldwide (Table II), or one-half of the European 
Union’s current energy consumption. These are conservative 
estimates based on proven technology. Most of the underlying 
energy-saving measures would be cost-effective in the long 
term, but their implementation is hindered by the long remain-
ing lifespan of the standing capital stock and the priority given 

to avoiding production disruptions that can be caused by new 
equipment or new procedures. The IEA analysis excluded cer-
tain emerging technologies with unclear impacts such as nano-
technology, fuel cells for stationary applications, increased use 
in industry of renewable energy sources other than biomass 
(e.g., solar and geothermal), logistical and infrastructural 
aspects such as co-siting (integration of energy and material 
flows on industrial sites), and heat integration, among others.

The adoption of advanced technologies already in commer-
cial use could improve the performance of energy-intensive 
industries. The performance of the manufacturing industry as a 
whole can be made more efficient through systematic improve-
ments to steam and motor systems, including combined heat 
and power systems, and through recycling of materials. The 
analysis suggests that more than half of the estimated energy 
and CO2 savings potential is in systems approaches that often 
extend beyond the process level. Further significant savings can 
be attained on the supply side if industrial fuel switching and 
CO2 capture and storage are considered.

The lifecycle flow of materials (e.g., end-use material effi-
ciency improvement and cascading through reuse, recycling, 
and recovery) and their storage in the economy (stockpiling) are 
not well understood, and as a consequence, important options 
for efficiency improvements might be overlooked as attention is 
focused instead on energy efficiency in materials production.

The realization of part of this potential for technical improve-
ments would entail immediate significant costs because it 
would imply replacement of the existing capital stock before 
the end of its technical life. Over the longer term, however, 
these gains seem affordable. A key factor is the age of the capi-
tal stock. New plants tend to be more efficient than old ones, as
more efficient technologies are developed and adopted. As a 
consequence, the most efficient industries can sometimes be 
found in emerging economies where production is expanding. 
For example, the most efficient aluminum smelters are in
Africa, and Brazil has some of the most efficient cement pro-
duction facilities. Aging capital stock also explains why the 
least efficient cement kilns are in the United States and why
Canada has a low-efficiency pulp and paper sector. The general 
notion of efficient manufacturing in industrialized countries 
and inefficient production in developing countries with the 
main obstacle being technology transfer is a myth; reality is far 
more complex. Although rapidly expanding economies allow 
speedy introduction of the latest energy-efficient technology,
capital scarcity might favor smaller plants with lower efficiency. 
Also, low-cost and subsidized energy processes often pose a 
disincentive for energy efficiency. In addition, resource quality
constraints play a role. For example, the low coal quality in 

 

Energy Efficiency 
(EJ/year)

CO2 Emissions  
(Mt of CO2/year)

Sector process 
improvements

12–17 1150–1550

Systems options 13–20 750–1650

Total 25–37 1900–3200

(%) (%)

Industrial 
improvement 
potential

18–26 19–32

World improvement 
potential

5–7 7–12

Iron and steel
26% 

Chemicals and
petrochemicals

18% 
Nonmetallic

minerals
25% 

Other
29%

Nonferrous
metals

2% 

Figure 1. Direct industrial CO2 emissions, 2004.1
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India explains the emergence of relatively inefficient direct
reduction plants for iron making, as coking coal is an expensive 
imported resource.

The discussion so far has focused only on technical poten-
tial, based on existing technology and current production vol-
umes. Part of this potential will be realized by the market 
without new policy efforts. New CO2 policies might result in a 
greater uptake of these efficiency options, as well as in the use 
of further CO2 mitigation options that entail additional costs. 
These possibilities were analyzed using the IEA Energy 
Technology Perspectives model, a bottom-up least-cost optimi-
zation program. This model was developed to study the global 
potential for energy efficiency and CO2 emission reduction in 
the period to 2050, particularly in the industrial sector.2 In a 
baseline scenario (that considers only energy and CO2 policies 
put in place to date), industrial CO2 emissions (including the 
emissions in power generation from electricity used in indus-
try) would rise by 82% between 2003 and 2050. In the 
Accelerated Technology (ACT) scenario, a global CO2 incen-
tive of $25/t of CO2 was assumed, in combination with more 
energy research, development, and demonstration (RD&D) and 
more stringent efficiency standards and measures. The incen-
tive reflects a policy effort that can be based on a range of policy 
instruments such as taxes, subsidies, emissions trading schemes, 
sectoral agreements, or others. In this scenario, where total 
global CO2 emissions in 2050 are 6% above 2003 levels, the 
industrial emissions would decrease by 21% during the same 
period—compared to a 36% decline in the power generation 
sector, a 9% increase in the buildings sector, and a 66% increase 
in the transportation sector. A mix of CO2 emissions reduction 
incentives, efficiency regulations, and support measures would 
be needed. A range of new technologies plays a role in this sce-
nario (Figure 2). Further emissions reductions are possible, but 
the costs will increase substantially.

The following discussion focuses on three key materials 
industries—namely, iron and steel, cement, and chemicals and 
petrochemicals—providing some examples of the materials 
science, engineering, and management challenges of improving 
their energy efficiency and emissions performances. The pur-
pose is to explain key aspects and R&D needs of the accelerated 

technology scenario (i.e., the CO2 incentive in combination 
with RD&D) for these three sectors.

Iron and Steel
In 2005, 1129 million tons (Mt) of steel was produced, mak-

ing it by far the most important structural metal (Figure 3, all 
values in Mt). Steel is used in a number of markets such as 
transportation equipment, infrastructure, machinery, buildings, 
and packaging. From 1971 to 2004, annual steel production 
grew 93%, while its energy use rose by 30% to 21.4 EJ/year and 
its CO2 emissions increased by 17% to 1.7Gt/year.

Materials recycling reduces the energy needs and direct CO2
emissions substantially, by a factor of 2 to 4. Total scrap recov-
ery in steel production increased from about 325 Mt to 450 Mt 
from 1970 to 2003. This increase is the net result of a decreasing 
amount of home scrap (an indication of fabrication yield 
improvements) and an increasing amount of so-called obsolete 
scrap (i.e., post-consumer waste, in contrast to processing waste 
or preconsumer waste). Even though the recycling rate is high, 
an expanding economy has meant that the total crude steel pro-
duction is roughly twice the amount of scrap collected and used. 
Net additions to the stock of materials in the economy consti-
tute a major materials sink. Materials losses from the lifecycle 
of steel are small, so increased recycling is an improvement 
option of secondary importance.

The CO2 breakthrough program of the International Iron 
and Steel Institute aims for the development of CO2-free steel 
production processes. The European activities under this head-
ing are named ULCOS (Ultra-Low CO2 Steel). In the second 
stage of this project, industry has selected three process routes 
for further development:3 (1) blast furnaces in combination 
with CO2 capture and storage; (2) natural-gas-based reduction 
processes (with CO2 capture and storage); and (3) electrolysis 
production processes, similar to aluminum smelting.

Another interesting development is the Finex process that 
has been in testing by Posco since 2007 at the demonstration-
plant scale (1.5 Mt/year). This process avoids coke production 
and iron agglomeration by applying fluidized-bed technology 
and has the potential to become more energy-efficient and less 
CO2-intensive than the conventional blast furnace process.

Between one-tenth and one-quarter of the energy use and 
CO2 emissions in steel production is related to the processing 
of crude steel into finished steel products (depending on the 
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Figure 3. World steel mass balance, 2005.1 (BF, blast furnace; BOF, 
basic oxygen furnace; DRI, direct reduced iron; EAF, electric arc 
furnace.) Values refer to material flows in megatons per year.
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product type). Near-net-shape casting is a process for casting 
metal in a form close to that required for the finished product 
and with minimum reheating, thus reducing both energy use 
and CO2 emissions. This technique is highly cost-effective, but 
it is limited in its ability to generate steel of the right quality. 
Better understanding of steel transformations and process con-
trol could allow wider use of near-net-shape casting.

Materials properties enhancements are an important ele-
ment of the steel industry’s effects on sustainability. Steel 
strength, quality, and other properties have a significant influ-
ence on how products made from steel use energy. For example, 
stronger steels allow for the use of thinner-gauge, and thus 
lighter-weight, product components. Reducing the weight of 
automobiles has received much attention and could yield 10–
15% fuel efficiency gains, provided that it is not offset by trends
toward larger and higher performance vehicles (see article on 
transportation by Carpenter et al. in this issue). Improved col-
lection and separation practices and processing technologies for 
scrap metal will allow further growth in the use of recycled steel 
in areas that have been the domain of virgin steel. However, 
scrap availability is the main limiting factor here, not scrap 
quality. In the case of coal-fired power plants, steel quality 
determines maximum operating efficiencies by limiting the 
temperatures and pressures in steam sections. However, the 
development of new steel types that can resist higher steam 
temperatures and yield higher power plant efficiencies has 
stalled. Instead, new strategies have been developed that focus 
on the use of alloys or other materials in key parts of the plant. 
This development should enable up to 50–55% efficiency in 
coal-fired ultrasupercritical steam cycles (which are character-
ized by conditions of >250 bar and 600°C for the main steam 
and >600°C for the reheat steam) in the coming decades, com-
pared to 45–46% for the most efficient recent plants and a world 
average of 35%.

Current steel alloys have reached their limits at a maximum 
steam cycle temperature of about 600°C. Research in the 1990s 
that focused on ferritic (up to 650°C) and austenitic (up to 
700°C, so-called P91 and P92 alloys) steels for higher tempera-
tures has not yielded satisfactory results. In recent years, research 
has focused on nickel alloys. These alloys have the necessary 
properties to withstand temperatures of 700–750°C.4

The problem with these nickel alloys is their price, which is 
10 times that of ferritic and austenitic steels and 100 times that 
of carbon–manganese (C–Mn) steels. Moreover, the use of sig-
nificant tonnages of nickel could increase its price. This has 
hindered the widespread use of these alloys so far. New power 
plant designs are being proposed in which nickel alloys are used 
only for critical parts of the power plant. Novel plant designs 
such as two-pass, inverse twin tower, and horizontal boiler con-
cepts can reduce investment costs and have been developed in 
the framework of the European 700°C power plant project. 
Their introduction would limit the use of nickel alloys and 
enable the construction of power plants with a maximum steam 
temperature of 700°C.4

Not only steel quality but also coke quality is an issue that 
deserves attention. The impact of coke quality on coal and coke 
consumption in blast furnaces is still not well understood. Blast 
furnace operation is still largely based on engineering experi-
ence, and the impact of coal quality and ore quality on process 
operation cannot easily be transferred from one blast furnace to 
another. This limits the potential to translate the operating expe-
riences of the best blast furnaces into a global improvement. 
The experimental blast furnace test facility of the Swedish com-
pany LKAB (Luossavaara-Kiirunavaara AB) is of key impor-
tance to making progress in this area.5 The steel industry has 
already shown great interest in LKAB because many of the 

risks involved in full-scale trials in a production blast furnace 
can be avoided.

Cement
Worldwide cement production amounted to 2284Mt in 

2005, with the vast majority of the production occurring in 
developing countries. In 2005, China accounted for 47% of 
global cement production, whereas India, Thailand, Brazil, 
Turkey, Indonesia, Iran, Egypt, Vietnam, and Saudi Arabia 
together accounted for 17%. From 1971 to 2004, annual cement 
production nearly quadrupled (285% growth), and in the non-
metallic minerals sector, energy use rose by 136% to 10.6 EJ/
year and CO2 emissions increased 147% to 1.7 Gt/year. Cement 
is a special case among major materials industries because 
more than half of its direct greenhouse gas emissions emanate 
from process sources (the calcination of limestone during clin-
ker production) rather than energy use, and these emissions 
cannot be reduced through changes in the process conditions. 
Clinker is the material produced by heating limestone, clay, 
bauxite, iron ore, and quartz to 1450°C in a rotating kiln.

China merits special attention because of its high share of 
world production and its production technology. Thus far, inef-
ficient vertical shaft kilns dominate in China, but the country’s 
capacity base is changing quickly. Since 2001, China has been 
building 100 rotary kilns for cement production per year, and 
today, these more energy-efficient kilns account for nearly one-
half of Chinese cement production. In fact, China is now export-
ing these kilns and has 30% of the world market. Rotary kilns 
are an order of magnitude larger than shaft kilns, which makes 
a much higher level of heat integration economical, resulting in 
much better energy efficiency.

Four approaches can be applied to increase the energy effi-
ciency and reduce CO2 emissions in the cement industry: (1) 
increase the process energy efficiency, (2) use coal fuel substi-
tutes, (3) capture and store CO2 (an option for CO2 reduction 
only; not yet commercialized), and (4) develop new cement 
types that reduce the use of cement clinker.

The fourth approach involves materials substitution. The 
world average clinker/cement ratio is about 0.81, with the bal-
ance comprising gypsum and additives such as blast furnace 
slag, fly ash, and natural pozzolana. As clinker production is 
the most energy-intensive and CO2-emitting step of the 
cement-making process, reductions in the clinker/cement 
ratio (through use of clinker substitutes) reduce energy use 
and process CO2 emissions. Blast furnace slag is already a 
widely used clinker substitute; other examples are fly ash, 
pyrite ash, and phosphogypsum (from flue gas desulfurization 
and phosphoric acid production). A key parameter determin-
ing the suitability of a material as a clinker substitute is the 
compressive strength, in addition to tensile strength and water 
absorption. Increased use of steel slag and fly ash from coal-
based power plants could generate an additional 350 Mt of 
cement clinker substitute, which would reduce world CO2
emissions by about 250 Mt.

High-basicity (high-pH) steel slag (whose main components 
are SiO2, Al2O3, CaO, MgO, and FeO) that has been cooled 
properly can exhibit cementing properties. Ground steel slag 
has been used in several different cementing systems, and it 
provides some advantages over conventional cements. In many 
countries, most steel slag is currently being used as unbound 
aggregate for asphalt concrete pavement. However, the use of 
steel slag as a cementing component should be given a priority 
for technical, economic, and environmental reasons.6 About 
200 kg of steel slag is generated per ton of steel. Given an 
annual steel production of 1129 Mt, about 220 Mt of clinker 
substitute could be generated.
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Fly ash can also serve as a clinker substitute. Fly ash is the 
finely divided mineral residue that primarily originates from the 
combustion of coal in power plants (collected with electrostatic 
precipitators). However, most fly ash requires upgrading, 
through froth flotation, triboelectrostatic separation, or carbon 
burn-out in a fluidized bed. These processes reduce the carbon 
content (and loss on ignition) to less than 5%, but are just 
emerging and are not yet widely applied. Especially in China 
and India, a significant potential exists to increase the use of fly
ash. Total world fly ash production is about 300 Mt/year; only 
one-half this amount is used today, and the remainder is 
landfilled.

In addition, special grinding (the so-called energetically 
modified cement, or EMC, process) is being studied as a way to 
possibly increase the fly ash content of cement to 70% (com-
pared to a maximum of 30% today).7 The grinding process 
markedly reduces the size of both cement grains and fly ash and 
creates flaky agglomerates with a high specific surface area. This 
change in properties is reflected in improved strength because 
the pozzolanic reaction rate is increased for the fly ash.

As with steel, materials properties enhancements are an 
important element of the cement industry’s effects on sustain-
ability. A growing demand exists for high-strength concrete and 
effective structures utilizing such concrete. Super-high-strength 
concrete with a compressive strength of 250 MPa, high flexural 
strength, and remarkable ductility is under development. Better 
cement grinding technology yielding greater surface areas and 
a more uniform particle size distribution merits special atten-
tion in this respect.

Another development is the use of chemical admixtures 
(e.g., lignosulfonates, vinyl polymers, and melamine formalde-
hyde condensates), which have become an essential part of 
modern concrete technology. Added to a concrete mixture in 
relatively small amounts, the chemical admixtures significantly 
change the required parameters and behavior of fresh or hard-
ened concrete. Developed from industrial waste and used in 
special formulations engineered for optimal interaction with 
concrete, modern admixtures can remedy almost any problem-
atic property of concrete.

Admixtures help create “high-performance cements” based 
on mechanochemical activation of certain ratios of clinker, gyp-
sum, admixture, and optionally, a mineral additive of industrial 
or natural origin that imparts a high strength and extreme dura-
bility to the concrete or mortar made from it. A wide range of 
natural pozzolanic materials, sand, limestone, granulated blast 
furnace slag, fly ash, and broken glass can be used as mineral 
additives in these cements.8 This approach alleviates the prob-
lems of clinker substitute availability, and it could pave the way 
to a 50% reduction in energy use and CO2 emissions. A major 
problem is that extensive testing is needed and cement and con-
crete standards must be revised, a slow process that limits the 
potential in the short and medium term.

Chemicals and Petrochemicals
From 1971 to 2004, energy use in chemicals and petrochem-

icals production rose by 206% to 33.6 EJ/year and CO2 emis-
sions increased by 160% to 1.0 Gt/year.

Certain inorganic chemicals such as fertilizers, chlorine, and 
soda have some energy relevance, but petrochemicals (account-
ing for approximately 10% of the total final consumption of 
petroleum products) represent the bulk of the energy and feed-
stock use in this sector.1 In mass terms, the predominant share 
of the final output of the petrochemical industry is polymers 
(approximately 85%). Figure 4 shows the global mass balance 
of the petrochemical portion of the sector. In 2004, 345 Mt of 
hydrocarbons (about 16 EJ of feedstock, half of all fossil 

fuel use in this sector) was converted into 310 Mt of petrochem-
ical products. Plastics represented 73% of the total petro-
chemical product mix, followed by synthetic fibers, solvents, 
detergents, and synthetic rubber. About 120 Mt was stored in 
increasing product stock, with the remainder released as gas-
eous, solid, and liquid waste. Across the globe, the majority of 
this waste was discarded in landfills.

Materials substitution of biomass feedstocks for petroleum 
feedstocks holds great potential for reducing energy use in the 
petrochemicals industry. Interest in realizing this potential has 
risen, in tandem with the increased attention paid to the devel-
opment of liquid biofuels stemming from surging oil prices, 
supply security considerations, environmental policies, and 
technological progress. Apart from these factors, the success of 
bio-based chemicals will depend on biomass prices and the 
availability of land, for which there is increasing demand for 
food and nonfood purposes. At the same time, there are largely 
untapped sources of raw materials in some parts of the world, 
for example, in some parts of Africa and Eastern Europe.

The four principal ways of producing polymers and other 
organic chemicals from biomass are as follows.

Several naturally occurring polymers can be used directly, 
usually with some thermal treatment, chemical derivatization, 
or blending. Examples include thermoplastic starch polymers, 
cellulose, and chitin/chitosane. These materials are derived 
from plants (e.g., cereals) and animal material (e.g., crab shells). 
Cellulose for textile fiber production is currently the largest bio-
based polymer by far, with a total worldwide production of 
nearly 3 Mt. In comparison, the quantities of all other bio-based 
chemicals are as yet negligible (including those listed in the 
next section).

Polymers can also be produced through the thermochemical 
conversion of biomass (e.g., pyrolysis or gasification), followed 
by synthesis and further processing. Examples include the con-
version of biomass to bio-based naphtha (conventional naphtha 
is a light product of crude oil refining) through the Fischer–
Tropsch process and its subsequent conversion to olefins and
aromatics in the so-called steam-cracking process. (In a steam 
cracker, saturated hydrocarbons are broken down at 850°C in 
the presence of steam into smaller, often unsaturated, hydrocar-
bons.) As an alternative, olefins can be produced by methanol 
synthesis and subsequent application of the methanol-to-olefins 
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process, which is performed in a fluidized- or fixed-bed reactor
in the presence of a catalyst.

A few polymers can be produced by so-called “green bio-
technology,” which produces biopolymers (or their precursors) 
in genetically modified field crops such as potatoes or miscan-
thus. A prominent example is polyhydroxyalkanoates (PHAs), 
a family of bio-based polyester that also occurs naturally.

So-called “white biotechnology” (also referred to as indus-
trial biotechnology) makes use of fermentation processes (for 
most bulk products) or enzymatic conversions (mainly for spe-
cialty and fine chemicals). The most accessible raw materials
for these processes are C66 sugars (commonly produced from 
starch crops and sugar crops such as sugar beet and sugar cane); 
major efforts are currently being made to produce fermentable 
sugar (a mixture of C55 and C66 sugars) from cheaper woody 
biomass such as wheat straw, maize straw (maize stover), or 
wood (also referred to as lignocellulosic feedstocks).

Detailed analyses show that bio-based chemicals offer sub-
stantial potential savings of nonrenewable energy and green-
house gas (GHG) emissions. For example, to produce 1 t of 
cellulose fibers (e.g., viscose), approximately 40 gigajoules 
(GJ) of nonrenewable energy is required,9 as compared to 100–
110 GJ/t for synthetic fibers made from polyethylene terephthal-
ate (PET). The resulting savings potential of 60% (for both 
nonrenewable energy use and fossil CO2 emissions) might not 
be representative of all current worldwide production capacity, 
because the savings differ by fiber type and process type, and 
also because further steps in the lifecycle should be taken into 
account (textile production and use). Nevertheless, this exam-
ple shows that large-scale bio-based processes for material pro-
duction hold great potential for energy and emissions savings.

This conclusion is also valid for bio-based chemicals pro-
duced by white biotechnology. The bio-based chemical with the 
largest potential market is likely ethylene made from bioetha-
nol. Bio-based ethylene can be used to produce bio-based poly-
ethylene and all other bio-based ethylene derivatives such as 
ethylene oxide, ethylene glycol, or acetaldehyde; these, in turn, 
can be used for a wide range of chemicals such as polymers, 
solvents, antifreeze agents, and lubricants. It has been estimated 
that nonrenewable energy use and lifecycle GHG emissions can 
be reduced by more than one-third compared to petrochemical-
based approaches if ethylene is produced from bioethanol made 
from maize in a moderate climate and using the current level of 
technology. Using the same feedstock and more advanced fer-
mentation and separation technology, the savings can be 
increased to 50%. If fermentable sugar from sugar cane is used 
instead of maize, ethylene production is a net producer of 
energy instead of a consumer (even using current technology). 
This is a consequence of the high yields of tropical sugar cane 
cultivation and the large amounts of waste biomass, so-called 
bagasse, produced; this bagasse is used to generate power and 
hence replaces fossil-fuel–based electricity.

According to recent company announcements, two large-
scale bioethylene plants with a total capacity of 500,000 t/year 
will be brought into operation around 2010. Depending on the 
boundary conditions, the production of bioethylene could grow 
to more than 50 Mt by the year 2050 in Europe alone (based on 
the status of the European Union before 2007, EU-25).10 Other 
polymers that have the potential of replacing bulk petrochemi-
cals are polyhydroxyalkanoates (PHAs) and polylactic acid 
(PLA).10

Technically speaking, the overwhelming share of the total 
demand for organic chemicals and polymers could be covered 
from bio-based feedstocks. The ultimate diffusion will primar-
ily depend on the relative price levels of bio-based and petro-
chemical feedstocks, technological progress, government 

support, and synergies with biofuel production. The largest 
benefits in terms of energy savings and GHG abatement could 
be achieved by uniting bio-based chemicals with a combined 
strategy of reuse, recycling, and energy recovery.

As with steel and cement, the ways in which materials or 
products are used constitute an important element of the chemi-
cal industry’s effects on sustainability. Nitrogen fertilizer is a 
case in point. About 6 EJ or 20% of all energy use in the chemi-
cal and petrochemical industry is for the production of ammo-
nia, which is largely used for the production of nitrogen 
fertilizer. This synthetic fertilizer has been a key driver for 
increased agricultural yields, but also a source of environmental 
problems. Production of nitrogen fertilizer causes about 0.2 Gt 
of direct CO2 emissions, and its use causes about 0.8 Gt of emis-
sions of nitrous oxide (N2O), another potent greenhouse gas. 
Both of these emissions streams could be reduced through more 
thorough use of natural nitrogen fixation processes. The bio-
logical reduction of atmospheric N2 to ammonium (nitrogen 
fixation) provides about 65% of the biosphere’s available nitro-
gen. Most of this ammonium is contributed by legume–rhizobia 
symbioses, which are initiated by the infection of legume hosts 
by bacteria (rhizobia), resulting in the formation of root nod-
ules. Establishing a fully functional symbiosis requires a suc-
cessful completion of numerous steps that lead from recognition 
signals exchanged between the plant and bacteria to the differ-
entiation and operation of root nodules, the plant organ in which 
nitrogen fixation takes place. To increase knowledge of this sys-
tem of particular importance in sustainable agriculture, major 
emphasis should be placed on basic research. More work is 
needed on the relevant genes in rhizobia and legumes, the struc-
tural and chemical bases of rhizobia–legume communication, 
and the signal transduction pathways responsible for the induc-
tion of the symbiosis-specific genes involved in nodule devel-
opment and nitrogen fixation.11

Discussion: The Urgency of Materials Sciences 
Contributions

Increasing the efficiency of industrial processes and the
flows of materials through the economy is a slow transforma-
tion process that will take decades. In the short and medium 
term, it is important that new plants be built with the best avail-
able technology. Materials sciences will play a key role in the 
further development of emerging solutions for increased energy 
efficiency and reduced CO2 emissions. A range of disciplines is 
involved such as chemistry, mechanical engineering, and bio-
engineering, depending on the material and product categories. 
Progress from the laboratory to full market deployment is very 
slow because of barriers such as standards and regulations and 
the lifespan of the existing capital equipment stock. Therefore, 
options need to be demonstrated in the next 10–15 years to have 
a substantial impact from 2030 to 2050.

Whether a new technology is taken up by the market depends 
to a large extent on the economics. Cost-effective technologies 
are essential to achieving substantial emission reductions. 
However, development of these technologies depends on cred-
ible long-term signals that energy efficiency improvements and 
CO2 emissions reductions will receive sufficient incentives in
the long term, a situation that does not exist at present. A glob-
ally uniform CO2 pricing and abatement regime, for example, 
is not yet in sight.

Apart from commodities, high-performance materials will 
help to improve materials efficiency, and materials with very spe-
cific properties (e.g., self-healing materials, self-cleaning materi-
als) will reduce the energy and CO2 footprints throughout the 
product lifecycle. At the same time, new materials will create 
new demands that might offset some of the efficiency gains.
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A better understanding is needed about the use of materials in 
the economy. The issue of increasing stocks and losses from the 
materials chain needs to be improved. Toward this end, materials 
flow analyses, dynamic systems models, and other simulation 
tools need to be combined with actual measurements.

Efficient product system design can help to reduce materials 
consumption and reduce costs. However, the opportunities in 
this area are still not well understood, and product design 
remains a heuristic process. (The topic of lifecycle optimization 
is discussed in greater detail in the article by Lave in this 
issue.)

Although it is difficult to change existing consumption pat-
terns, efforts to change emerging consumption patterns deserve 
special attention. An example is the rapid population growth 
and urbanization in developing countries. The ways in which 
these new cities are planned and developed will have a signifi-
cant impact on the resulting materials consumption and trans-
portation energy.

Developing countries are where most of the growth in 
industrial production in the coming decades will occur. 
Therefore, it will be important to develop sustainable consump-
tion patterns in these countries in addition to fostering a renew-
able energy supply. Governments can play a role in advancing 
such a development, applying lessons learned from the experi-
ences of industrialized countries. The development of funda-
mentally different production technologies seems unlikely, as 
industries operate globally and a few equipment suppliers 
deliver to all major companies. Technology transfer is not a 
major issue, but capital availability, equipment import barriers, 
a country’s desire to develop its own equipment supply indus-
tries, and open or hidden energy subsidies often hamper the use 
of the best available technology. However, polices for amelio-
rating these problems can be applied through domestic mea-
sures, international financial institutions, development 
assistance programs, and international CO2 incentives.

For maximum effect, new investments in the manufacturing 
industry in all countries need to be based on the best available 
technologies, and existing plants need to be retrofitted with 
energy recovery equipment. Energy efficiency is only part of 
the solution to achieving meaningful emissions cuts and mini-
mizing the release of greenhouse gas emissions. It is a good 
starting point, especially for developing countries, as it can also 
reduce energy costs and thus manufacturing costs as well. 
Companies that address the CO2 challenge robustly at an early 
stage will reap the benefits in the coming decades.

Conclusions
Efforts to achieve deep GHG emission reductions will have 

significant consequences for materials use. About 36% of all CO2 
emissions can be attributed to industry, mainly to materials pro-
duction processes. Materials sciences can help to increase the 
efficiency of materials use and to develop new materials that allow 
for higher energy efficiency during product use. This includes 
chemical and mechanical processing technologies and biotech-
nologies. In addition, certain process improvements are depen-
dent on a better understanding of materials transformation 
processes. About 18–26% improvement can be achieved based on 
existing technologies, but this is not sufficient to compensate for 
the projected growth in demand. Further improvements can be 
achieved only through better materials and new emerging produc-
tion processes. Efforts to develop better cement materials, bio-
mass feedstocks instead of coal and other fossil feedstocks, and 
substitutes for synthetic nitrogen fertilizer merit special attention. 
However, the development and widespread use of new materials 
and processes is a slow effort that is limited by capital stock turn-
over, norms and standards for new materials, and acceptance by 
the market. Therefore, such changes must start in the coming 
decade in order to have a substantial impact by 2050.
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