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Making Stuff
 

the role of materials in sustainability



US	  Energy	  consump0on	  by	  Energy	  source,	  2009	  

The	  challenge	  is	  to	  change	  the	  percentages	  in	  the	  three	  largest	  wedges,	  	  increase	  	  the	  smallest	  
wedge	  drama0cally,	  and	  to	  do	  so	  in	  a	  rela0vely	  short	  0me	  span.



Primary	  Energy	  Flow	  by	  Source	  and	  Sector,	  2009

The	  0meframe	  for	  the	  needed	  change	  in	  energy	  source	  and	  usage	  is	  perhaps	  on	  the	  order	  of	  few	  decades,	  
which	  means	  we	  will	  need	  to	  accelerate	  the	  design,	  processing,	  property	  determina0on	  as	  well	  as	  shorten	  
the	  0me	  to	  move	  from	  a	  small	  scale	  laboratory	  test	  to	  a	  commercially	  viable	  product.



energy usage

in 2009, US total energy use:  
      94.758 quadrillion BTU   (= 1 x 1020 J) 

average power use per US resident:  
       1 x 1020 J/year ÷ 3.05 x 108 people 
                            ÷ 3.1536 x 107 seconds/year
                            = 10381 J/(second person)
                           
                            = 10381 W/person



where do we stand (power per person)?
country usage (W/person)
Canada 11055

US 10381
Finland 9613
Sweden 7678
France 6018

United Kingdom 5218
Switzerland 5100

China 1516
Senegal 310

http://en.wikipedia.org/wiki/List_of_countries_by_energy_consumption_per_capita

US has 6th largest 
power usage per 

person

world average 
~2000 W



how well do we use our energy? 

from www.gapminder.org/world

USJapan

Finland

France

UK
Germany



economic energy efficiency = GDP/energy

country GDP/energy 
2004

Switzerland 8.27
United Kingdom 7.25

Senegal 6.46
France 5.92

US 4.60
Sweden 4.53
China 4.36
Finland 3.78
Canada 3.42

http://www.nationmaster.com/graph/eco_gdp_per_uni_of_ene_use-gdp-per-unit-energy-use

in PPP 2000$/kg oil 
equivalent 

US:  EEO in 2007 
was about 2 times its 
1960 value; 
Switzerland’s EEO 
dropped to 80% of 
its 1960 value

to compete in future 
will likely require a large 
EEO



we have made some progress
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energy use by using recycled materials. In the paper and pulp 
industry, it is not cheaper to use recycled paper because it costs 
money to collect, sort, and process the waste paper. 

Recycling has other bene!ts, though. It reduces the amount of 
paper in land!lls and means fewer trees must be cut.

 Chemical Manufacturing
Chemicals are an important part of our lives. We use chemicals in 
our medicines, cleaning products, fertilizers and plastics, as well as 
in many of our foods. 

The chemical industry uses energy in two ways. It uses coal, oil, and 
natural gas to power the machinery to make the chemicals. It also 
uses petroleum and natural gas as major sources of hydrocarbons 
from which the chemicals are made.

New technology has made the chemical industry 60 percent more 
energy e"cient than it was 30 years ago.

 Cement Manufacturing
Some people think the United States is becoming a nation of 
concrete. New roads and buildings are being built everywhere, 
every day.  We use lots of concrete.

Concrete is made from cement, water, and crushed stone. A lot of 
energy is used in making cement. The process requires extremely 
high temperatures—up to 3,500 degrees Fahrenheit.

Cement plants have reduced their energy consumption by one-
third using innovative waste-to-energy programs. More than half of 
the cement plants in the U.S. now use some type of waste for fuel. 
These wastes, such as printing inks, dry cleaning #uids and used 
tires, have high energy content. For example, the energy content of 
one tire equals that of two gallons of gasoline.  This industry is using 
energy that would otherwise be wasted in a land!ll.

PAPER RECYCLING

Image courtesy of National Renewable Energy Laboratory
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REDUCTION IN ENERGY USE, 1975 ! TODAY

Source: U.S. Department of Energy



suppose:  reducing US energy usage by 1/4 
would save 23.6 quad per year (use would 
be 7800 W per person)

if GDP were unchanged, the US EEO would 
be 6.33, a more competitive value

a primary goal should be to reduce US usage 
of energy:  

will require new technologies and changes in 
behavior



new materials are essential for sustainable 
technologies

reduced energy use 

energy generation and storage



for more information:

see NOVA program entitled “Making Stuff ”

videos of 4 programs at 
http://video.pbs.org/program/979359664/



almost everybody worries about 
materials



our palette

efficiency of electrical generation tied to magnets

want very high magnetic field per mass

best magnets made out of rare earth elements
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Relative atomic mass is shown with five
significant figures. For elements have no stable
nuclides, the value enclosed in brackets
indicates the mass number of the longest-lived
isotope of the element.

However three such elements (Th, Pa, and U)
do have a characteristic terrestrial isotopic
composition, and for these an atomic weight is
tabulated.





reduced energy use 
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Transportation Sector
The United States is a big country. The transportation sector uses 
twenty-seven percent of the energy supply to moving people and 
goods from one place to another.

 The Automobile
Americans love automobiles. We love to drive them. We don’t want 
anyone telling us what kind of car to buy or how much to drive it. 
Thirty years ago, most Americans drove big cars that used a lot of 
gas. The gas shortages of the 1970s didn’t change Americans’ driving 
habits much. What did change was the way automobiles were built. 
Automakers began making cars smaller and lighter. They built 
smaller and more e!cient engines.

One reason for the changes was that the government passed 
laws requiring automobiles to get better gas mileage. With new 
technologies, cars now travel more miles on each gallon of gas. Today, 
passenger cars get an average of 30 miles per gallon. If automakers 
hadn’t made these changes, we would be using 30 percent more fuel 
than we do today.

In 1973, there were 102 million cars on the road. Today, there are 
more than 135 million cars. There are more cars being driven more 
miles than ever before. Almost half of the passenger vehicles sold 
in 2008 were sport utility vehicles and light trucks. With the recent 
"uctuations in fuel prices, however, demand for these big vehicles 
has dropped, while demand for hybrids and other fuel e!cient 
vehicles has increased.

 Commercial Transportation
Passenger cars consume about two-thirds of the fuel we use for 
transportation. Commercial vehicles consume the rest. These 
vehicles—trains, trucks, buses, and planes—carry people and 
products all across this vast country. Commercial vehicles have also 
become more fuel e!cient in the last 30 years.

 Trucks use more fuel than any other commercial vehicle. Almost 
all products are at some point transported by truck. Trucks are big 
and don’t get good gas mileage. They have diesel engines and can 
travel farther on a gallon of diesel fuel than they could on a gallon 
of gasoline. In the last thirty years, trucks have improved their gas 
mileage from 4.8 miles per gallon to about seven miles per gallon.

 Trains carry most of the freight between cities. In the last 30 years, 
trains have improved their fuel e!ciency by 60 percent. Trains are 
lighter and stronger and new locomotives are more e!cient.

 Airplanes move people and products all over the country. In 2008, 
more than 800 million passengers "ew on planes. Airlines are 
twice as e!cient today as they were 30 years ago. Fuel is one of 
the biggest operating costs for airlines. Making planes more energy 
e!cient is very important to airlines.

 Mass Transit is public transportation for moving people on buses, 
trains, light rail, and subways. Today, there are about eight billion 
trips made on public transit systems. That sounds like a lot, but it 
is less than the number of trips made in 1970.  Why is this? One 
reason is that Americans love their cars. Another is that people have 
moved from cities to suburbs and many businesses have followed. 
Most mass transit systems were designed to move people around 
cities or from suburbs to cities. Very few systems move people from 
suburb to suburb.

Most people worry about air pollution from auto exhaust. They also 
worry about tra!c congestion. Congress has passed legislation 
supporting public transit. If public transit is convenient and the cost 
is reasonable, people may leave their cars at home.
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*By 2020 new model cars and light trucks will have to meet a 35 mpg fuel economy standard.

1973

AVERAGE FUEL ECONOMY OF NEW PASSENGER CARS

Energy Consumption$
EFFICIENCY

CONSERVATION

Source: U.S. Department of Energy



Improving	  vehicle	  efficiency	  –	  weight	  reduc0on

For	  10%	  reduc0on	  in	  curb	  weight,	  you	  
get	  about	  6	  to	  7%	  saving	  in	  fuel	  
consump0on.	  	  Of	  course,	  there	  is	  a	  
fundamental	  limit	  to	  curb	  weight.



replacing aluminum with 
composites

properties similar to aluminium, but density is 
lower:  allows 20-50% reduction in aircraft 
weight 

Boeing 787:  >50% 
composites by 
weight

composites:
carbon epoxy



nanomaterials for greater 
strength

carbon nanotube:  pure carbon

strongest and stiffest material yet 
discovered

single walled

multiple walled

Young’s 
modulus 

(TPa)

Tensile 
strength 

(GPA

% Elongation at 
break

SWNT ~1 53 16

MWNT 0.95 150

Kevlar 0.18 3.8 2

Steel 0.21 1.55 50



why so useful?

high strength and low density

not ready for large-scale use, but 
will revolutionize structural 
materials

single walled

spool of nanotube thread



household energy use
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Energy Use
Think about how you use energy every day. You wake up to an alarm 
clock. You take a shower with water warmed by a hot water heater. 
You listen to music on the radio as you dress. You catch the bus to 
school. That’s just the energy you use before you get to school! Every 
day, the average American uses about as much energy as is stored 
in seven gallons of gasoline. Energy use is sometimes called energy 
consumption.

Who Uses Energy?
The U.S. Department of Energy divides energy users into four groups: 
residential, commercial, industrial, and transportation. These groups 
are called the sectors of the economy.

Residential and Commercial Sector
Any place where people live is considered a residential building. 
Commercial buildings include o!ces, stores, hospitals, restaurants, 
and schools. Residential and commercial buildings are grouped 
together because they use energy in the same ways—for heating 
and cooling, lighting, heating water, and operating appliances.  

Together, homes and buildings consume more than a third of 
the energy used in the United States today. In the last 30 years, 
Americans have reduced the amount of energy used in their homes 
and commercial buildings. We still heat and cool rooms, and heat 
hot water. We have more home and o!ce machines than ever. Most 
of the energy savings have come from improvements in technology 
and in the ways the equipment is manufactured.

 Heating & Cooling
It takes a lot of energy to heat rooms in winter and cool them in 
summer. Half of the energy used in the average home is for heating 
and cooling rooms. The three fuels used most often for heating are 
natural gas, electricity, and heating oil. Today, more than half the 
nation’s homes use natural gas for heating. 

Most natural gas furnaces in the 1970s and 1980s were about 60 
percent e!cient. That means they converted 60 percent of the 
energy in the natural gas into usable heat. New gas furnaces are 
designed to be up to 98 percent e!cient.

The second leading fuel for home heating is electricity. Electricity 
also provides almost all of the energy used for air conditioning. The 
e!ciency of heat pumps and air conditioners has increased more 
than 50 percent in the last 30 years.

Heating oil is the third leading fuel used for home heating. In 1973, 
the average home used 1,300 gallons of oil a year. Today, that "gure 
is about 800 gallons, a signi"cant decrease. New oil furnaces burn oil 
more cleanly and operate more e!ciently.

In the future, we may see more use of renewable energy sources, 
such as geothermal and solar energy, to heat and cool our homes 
and workspaces.

 Lighting
Homes and commercial buildings also use energy for lighting. The 
average home spends 10 percent of its electric bill for lighting. 
Schools, stores, and businesses use about 38 percent of their 
electricity for lighting. Most commercial buildings use #uorescent 
lighting. It costs more to install, but it uses a lot less energy to 
produce the same amount of light.

Most homes still use the type of light bulb invented by Thomas 
Edison over 100 years ago. These incandescent bulbs are not very 
e!cient. Only about 10 percent of the electricity they consume is 
converted into light. The other 90 percent is converted to heat. 

Compact #uorescent light bulbs (CFLs) can be used in light "xtures 
throughout homes. Many people think they cost too much to buy 
(about $3 - $10 each), but they actually cost less overall because they 
last longer and use less energy than incandescent bulbs. 

$
EFFICIENCY

CONSERVATION

Energy Consumption

Transportation
 28%

Industry
 31%

Commercial
 19%

Residential 
22%

ENERGY USE BY SECTOR

Source: Energy Information Agency



lighting

40% of US energy use is in electricity 

11% of home electricity use is in lighting, mostly 
incandescent

38% of commercial/school electricity use in lighting 
(mostly fluorescents)



compact fluorescent lightbulbs

• most efficient 
option to date

• contain mercury 
(a poison)

• lifetime: 
6,000-15,000 
hours

1879 Incandescentescent

20

100

17

1.4

Today’s Incandescent

Today’s Halogen

Today’s Fluorescent

LUMENS PER WATT

LIGHTING EFFICIENCY



solid state lighting
• based on semiconductor light-

emitting diodes (LEDs) or polymer 
light-emitting diodes (PLEDs)

• current LEDs are not as effective as 
fluorescents: 17-79 lumens/W 
versus 100 lumens/W 

• research is ongoing with goal of 
increasing lumens/W

• lifetimes: 35,000-50,000 hours 
(which is why they are attractive in 
traffic lights, etc.) 



elements in LEDs

3/8/11 8:50 AMLight-emitting diode - Wikipedia, the free encyclopedia

Page 8 of 28http://en.wikipedia.org/wiki/Light-emitting_diode#Disadvantages

pavement signal lights, and that are utilized in climates where the temperature within the luminaire gets very
hot, could result in low signal intensities or even failure.[42]

LED light output actually rises at colder temperatures (leveling off depending on type at around
!30C[citation needed]). Consequently, LED technology may be a good replacement in uses such as supermarket
freezer lighting[43][44][45] and will last longer than other technologies. Because LEDs emit less heat than
incandescent bulbs, they are an energy-efficient technology for uses such as freezers. However, because they
emit little heat, ice and snow may build up on the LED luminaire in colder climates.[42] This lack of waste
heat generation has been observed to cause sometimes significant problems with street traffic signals and
airport runway lighting in snow-prone areas, although some research has been done to try to develop heat sink
technologies to transfer heat to other areas of the luminaire.[46]

Colors and materials
Conventional LEDs are made from a variety of inorganic semiconductor materials, the following table shows
the available colors with wavelength range, voltage drop and material:

Color Wavelength
(nm) Voltage (V) Semiconductor material

Infrared ! > 760 "V < 1.9 Gallium arsenide (GaAs)
Aluminium gallium arsenide (AlGaAs)

Red 610 < ! < 760 1.63 < "V <
2.03

Aluminium gallium arsenide (AlGaAs)
Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)
Gallium(III) phosphide (GaP)

Orange 590 < ! < 610 2.03 < "V <
2.10

Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)
Gallium(III) phosphide (GaP)

Yellow 570 < ! < 590 2.10 < "V <
2.18

Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)
Gallium(III) phosphide (GaP)

Green 500 < ! < 570 1.9[47] < "V <
4.0

Indium gallium nitride (InGaN) / Gallium(III) nitride (GaN)
Gallium(III) phosphide (GaP)
Aluminium gallium indium phosphide (AlGaInP)
Aluminium gallium phosphide (AlGaP)

Blue 450 < ! < 500 2.48 < "V <
3.7

Zinc selenide (ZnSe)
Indium gallium nitride (InGaN)
Silicon carbide (SiC) as substrate
Silicon (Si) as substrate — (under development)

Violet 400 < ! < 450 2.76 < "V <
4.0 Indium gallium nitride (InGaN)

Purple multiple types 2.48 < "V <
3.7

Dual blue/red LEDs,
blue with red phosphor,
or white with purple plastic



refrigeration

• accounts for about 
8% of a household 
energy use

• based on refrigerant 
gases that have 
deleterious 
environment effects

• looking for new 
technologies

0
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537 kwh537 kwh

REFRIGERATOR EFFICIENCY

Source: ENERGY STAR®



magnetic refrigeration

• based on magnets 
with very strong 
fields - rare earth 
elements

• early in 
development, but 
could be much more 
efficient

magnetocaloric effect

Hot heat 
exchanger

Cold heat 
exchanger

Magnetocaloric 
wheel

Permanent 
magnet



a new problem?
• “... the International Energy Agency ... warns that energy 

used by computers and consumer electronics will not 
only double by 2022, but increase threefold by 2030”

• “increase was equivalent to the current combined total 
residential electricity consumption of the United States 
and Japan”

• “ ... the number of people using personal computers will 
exceed 1 billion over the next seven months and notes 
that nearly 2 billion television sets are already in use 
worldwide, averaging more than 1.3 sets in each home 
with access to electricity. The agency also projects that 
the world will count more than 3.5 billion mobile phone 
subscribers by 2010.” http://www.nytimes.com/cwire/2009/05/14/14climatewire-

soaring-electricity-use-by-new-electronic-de-12208.html



energy generation and storage



energy generation

source cost ($0.01/kW-h)

gas 3.9-4.4

coal 4.8-5.5

nuclear 11-15

wind 4-6

geothermal 4-30

hydro 5-11

solar 15-30

tide 2-5

http://peswiki.com/index.php/Directory:Cents_Per_Kilowatt-
Hour#Conventional.2C_Renewable_Power_Generation

does not 
include carbon 

cost



traditional sources
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Oil extraction from more extreme environments - 
Subsea Architecture

• Manifolds connect 
wells to the platform
• High C/alloy steel 

forgings welded to low 
C pipelines
• 6000 ft water depth
• 100°C fluid 

temperature, 4°C water 
temperature
• Cathodically protected

Fe-Ni butter welds are often used 
in extreme environments



Genera0on	  IV	  nuclear	  reactors
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Reactor Molten 
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Challenge:	  	  how	  to	  make	  materials	  that	  can	  withstand	  
these	  environments	  in	  record	  sePng	  0me	  and	  
predict	  the	  performance	  of	  these	  materials	  60	  to	  80	  
years	  from	  now.



New	  alloy	  developments	  –	  self-‐healing	  materials	  
for	  reactor	  applica0ons

Material	   design	   strategy	   is	   focused	   on	   improving	   exis0ng	  materials	  with	   few	   developments	   of	  
new	  materials.	  	  	  Ball	  milled	  nano-‐ODS	  alloys	  and	  mul0-‐interface	  structures	  show	  poten0al,	  at	  the	  
laboratory	   scale	   of	   being	   self-‐healing	   in	   terms	   of	   the	   radia0on	   damage	   but	   how	   to	   scale	  
produc0on	  to	  make	  the	  quan00es	  needed	  to	  construct	  a	  reactor	  vessel.	   	  Unclear	  if	  they	  posses	  
all	   the	   requisite	   proper0es	   for	   applica0on	   in	   the	   envisioned	   environments.	   	   Need	   to	   ask	   the	  
ques0on	   is	   this	   the	   best	   we	   can	   do	   or	   are	   there	   unexplored	   opportuni0es	   for	   making	   new	  
materials	   or	   pushing	  materials	   into	   new	   property	   space	   by	   different	   synthesis	   and	   processing	  
strategies.

Zinkle	  et	  al.



Lead-‐cooled	  nuclear	  reactor
Fast	  neutron	  spectrum,	  Toutlet	  800	  oC

High	  Si	  F-‐M,	  
ceramics	  or	  
refractory	  
alloys

High	  Si	  
austenitic	  
steels,	  
ceramics	  or	  
refractory	  
metals

Understanding	  
materials	  behavior	  in	  
these	  environments	  
for	  cladding,	  reactor	  
internals	  and	  heat	  
exchangers.	  

	   Structural	  
materials

	  

Cladding Out-‐of	  core Material	  issues

Primary	  use:	  	  electricity	  produc0on



solar energy

concentrated solar energy (heat)

direct generation of electricity
 (photovoltaics)



solar energy potential

size of dots indicates area of panels needed to generate all the 
world’s electricity needs with 8% efficiency panels
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This energy park in Geesthacht, Germany, includes
solar panels and pumped-storage hydroelectricity.

Seasonal variation of the output of
the solar panels at AT&T Park in
San Francisco

the Green Energy Act, allows residential homeowners in Ontario with solar panel installations to sell the
energy they produce back to the grid (i.e., the government) at 42¢/kWh, while drawing power from the grid at
an average rate of 6¢/kWh.[67] The program is designed to help promote the government's green agenda and
lower the strain often placed on the energy grid at peak hours. In March, 2009 the proposed FIT was increased
to 80¢/kWh for small, roof-top systems (!10 kW).[68]

As of November 2010, the largest photovoltaic (PV) power plants in the world are the Finsterwalde Solar Park
(Germany, 80.7 MW), Sarnia Photovoltaic Power Plant (Canada, 80 MW), Olmedilla Photovoltaic Park (Spain,
60 MW), the Strasskirchen Solar Park (Germany, 54 MW), the Lieberose Photovoltaic Park (Germany,
53 MW), and the Puertollano Photovoltaic Park (Spain, 50 MW).[69]

World's largest photovoltaic power stations (50 MW or larger)[69]

PV power station Country
DC Peak

Power
(MWp)

Notes

Sarnia Photovoltaic Power
Plant[70] Canada 97[69] Constructed 2009-2010[71]

Montalto di Castro Photovoltaic
Power Station[69] Italy 84.2 Constructed 2009-2010

Finsterwalde Solar Park[72][73] Germany 80.7 Phase I completed 2009, phase II and III 2010
Rovigo Photovoltaic Power
Plant[74][75] Italy 70 Completed November 2010

Olmedilla Photovoltaic Park Spain 60 Completed September 2008
Strasskirchen Solar Park Germany 54
Lieberose Photovoltaic Park
[76][77] Germany 53 Completed in 2009

Puertollano Photovoltaic Park Spain 50 231,653 crystalline silicon modules, Suntech
and Solaria, opened 2008

The annual International Conference on Solar Photovoltaic Investments, organized by EPIA notes that
photovoltaics provides a secure, reliable return on investment, with modules typically lasting 25 to 40 years
and with a payback on investment of between 8 to 12 years.[78] Solar power costs about $275 per megawatt-
hour to produce compared with $60 for a coal-fired power plant.[79]

Energy storage methods
Main articles: Grid energy storage and V2G

Solar energy is not available at night, making energy
storage an important issue in order to provide the
continuous availability of energy.[80] Both wind power and
solar power are intermittent energy sources, meaning that
all available output must be taken when it is available and
either stored for when it can be used, or transported, over
transmission lines, to where it can be used. Wind power
and solar power tend to be somewhat complementary, as
there tends to be more wind in the winter and more sun in
the summer, but on days with no sun and no wind the
difference needs to be made up in some manner.[81] The
Institute for Solar Energy Supply Technology of the
University of Kassel pilot-tested a combined power plant
linking solar, wind, biogas and hydrostorage to provide load-following
power around the clock, entirely from renewable sources.[82]

Solar energy can be stored at high temperatures using molten salts.
Salts are an effective storage medium because they are low-cost, have a
high specific heat capacity and can deliver heat at temperatures
compatible with conventional power systems. The Solar Two used this
method of energy storage, allowing it to store 1.44 TJ in its 68 m"
storage tank, enough to provide full output for close to 39 hours, with
an efficiency of about 99%.[83]

Off-grid PV systems have traditionally used rechargeable batteries to store excess electricity. With grid-tied
systems, excess electricity can be sent to the transmission grid. Net metering programs give these systems a
credit for the electricity they deliver to the grid. This credit offsets electricity provided from the grid when the
system cannot meet demand, effectively using the grid as a storage mechanism. Credits are normally rolled
over month to month and any remaining surplus settled annually.[84]
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11 MW Serpa solar power plant in
Portugal

Nellis Solar Power Plant, 14 MW
power plant installed 2007 in
Nevada, USA

Werner von Siemens and James Clerk Maxwell recognized the
importance of this discovery.[32] Following the work of Russell Ohl in
the 1940s, researchers Gerald Pearson, Calvin Fuller and Daryl Chapin
created the silicon solar cell in 1954.[33] These early solar cells cost
286 USD/watt and reached efficiencies of 4.5–6%.[34] Currently, the
highest National Energy Renewable Laboratory (NREL) certified
conversion efficiency for organic photovoltaic cells is 8.3%,[35] 21.6% for inorganic cells[36] and 41.4% for
concentrated photovoltaics.[37]

Development, deployment and economics
Main article: Deployment of solar power to energy grids

The early development of solar technologies starting in the 1860s was
driven by an expectation that coal would soon become scarce. However
development of solar technologies stagnated in the early 20th century in
the face of the increasing availability, economy, and utility of coal and
petroleum.[38] In 1974 it was estimated that only six private homes in
all of North America were entirely heated or cooled by functional solar
power systems.[39] The 1973 oil embargo and 1979 energy crisis caused
a reorganization of energy policies around the world and brought
renewed attention to developing solar technologies.[40][41] Deployment
strategies focused on incentive programs such as the Federal
Photovoltaic Utilization Program in the US and the Sunshine Program
in Japan. Other efforts included the formation of research facilities in
the US (SERI, now NREL), Japan (NEDO), and Germany (Fraunhofer
Institute for Solar Energy Systems ISE).[42]

Between 1970 and 1983 photovoltaic installations grew rapidly, but falling oil prices in the early 1980s
moderated the growth of PV from 1984 to 1996. Since 1997, PV development has accelerated due to supply
issues with oil and natural gas, global warming concerns, and the improving economic position of PV relative
to other energy technologies.[43] Photovoltaic production growth has averaged 40% per year since 2000 and
installed capacity reached 10.6 GW at the end of 2007,[6] and 14.73 GW in 2008.[44] Since 2006 it has been
economical for investors to install photovoltaics for free in return for a long term power purchase agreement.
50% of commercial systems were installed in this manner in 2007 and it is expected that 90% will by 2009.[45]

However, the U.S. Energy Information Administration calculates that all-told, electricity from a Solar PV
plants costs 4 times the cost of conventional coal and solar thermal costs 2.5 times conventional coal.[46] Nellis
Air Force Base is receiving photoelectric power for about 2.2 ¢/kWh and grid power for 9 ¢/kWh.[47][48]

Commercial concentrating solar thermal power (CSP) plants were first developed in the 1980s. CSP plants
such as SEGS project in the United States have a levelized energy cost (LEC) of 12–14 ¢/kWh.[49] The
11 MW PS10 power tower in Spain, completed in late 2005, is Europe's first commercial CSP system, and a
total capacity of 300 MW is expected to be installed in the same area by 2013.[50]

Operational Solar Thermal Power Stations
Capacity
(MW) Name Country Location Notes

354 Solar Energy Generating
Systems  USA Mojave Desert California Collection of 9 units

150 Solnova Solar Power
Station  Spain Seville Completed 2010

[51][52][53][54][55]

100 Andasol solar power
station  Spain Granada Completed 2009

[56][57]

64 Nevada Solar One  USA Boulder City, Nevada

50 Ibersol Ciudad Real  Spain Puertollano, Ciudad Real Completed May 2009 [58]

50 Alvarado I  Spain Badajoz Completed July 2009
[59][60][61]

50 Extresol 1  Spain
Torre de Miguel Sesmero
(Badajoz)

Completed February 2010
[62][63][64]

50 La Florida  Spain Alvarado (Badajoz) completed July 2010 [62][65]

Solar installations in recent years have also largely begun to expand into residential areas, with governments
offering incentive programs to make "green" energy a more economically viable option. In Canada the RESOP
(Renewable Energy Standard Offer Program), introduced in 2006,[66] and updated in 2009 with the passage of



concentrated solar energy

parabolic mirrors concentrate sun and heat 
the transmission/storage fluids (often molten 

salts)

largest solar 
electricity 

generation plant 
uses this 

technology



Concentrated	  solar	  with	  thermal	  energy	  storage	  –molten	  
salts

Material	  challenges

Finding	  materials	  that	  can	  
withstand	  the	  aggressive	  
environment	  of	  a	  high	  
temperature	  molten	  salt.

Normally	  strategies	  for	  
protec0ng	  against	  corrosion	  
are	  not	  applicable,	  the	  
oxides	  are	  unstable	  at	  these	  
temperatures	  in	  the	  molten	  
salts.

Salt	  composi0on	  changes	  
with	  0me!

With	  concentrated	  solar	  need	  materials	  that	  can	  
withstand	  large	  and	  repeated	  	  thermal	  shock.	  	  Solar	  
chemical	  reactors	  operate	  at	  temperatures	  >1500	  K



photovoltaics: 

convert light directly into electricity





the best cells

based on Ga-based materials

expensive so now only used for special applications (e.g., 
space)



materials issues

key goal:  
increase efficiency of photo conversion and to lower 
cost (perhaps a contradiction)

old technology (crystalline silicon) is 
being replaced by CdTe, CuInGaSe, amorphous Si

much research in this area, but resources of some of 
these elements are limited



thermoelectric generators

convert heat directly 
to electricity

complex metal oxides
with specific crystal 
structures
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Hot heat exchanger side TH

Cold exchanger side TC

Solar con-
centrator

Circulating fluid

Heater

R

Thermoelectric generators convert thermal energy –
such as high-temperature solar energy or process
waste heat – directly into electric power. Empa is de-
veloping new materials in this context for use at high
temperatures and targeting the highest possible ener-
gy conversion efficiency.

6 Commercially available thermoelectric converters made
from conventional materials can be used only at operat-
ing temperatures of up to amaximum of 300 degrees Cel-
sius owing to their thermal instability. Such units oper-
ate at relatively poor energy conversion efficiencies – i.e.
high conversion losses are incurred – and are very ex-
pensive as well as highly toxic. Their suitability for use
in thermoelectric generators is therefore limited. At Em-
pa, innovative synthesis processes are enabling the fab-
rication of improved n- and p-conductive compounds
based on complex transition metal oxides with per-
ovskite-type structure, such as titanates, ferrates, cobal-
tates and manganates, etc. that display high thermal sta-
bility in air, for instance, to temperatures of up to 1000
degrees Celsius. In-depth characterisations of the rela-
tionships between structure, composition and properties
should ultimately enable Empa researchers to «design»
new materials with the desired material properties.

1
Solar thermal converter: a heat
exchanger heated by concen-
trated solar irradiation, thermo-
electrically active n- and p-semi-
conductor legs and cooled heat
exchanger connected to a space
heating system

2
Crystal structure (left) and trans-
mission electron microscopic im-
age (right) of a tailor-made per-
ovskite-type thermoelectrically
active cobaltate, a compound
made from lanthanum, cobalt
and oxygen

3
Prototype of a thermoelectric
oxide module (TOM) with mate-
rials developed at Empa that al-
lows high-temperature heat
(T>500 degrees Celsius) to be
converted directly into electricity

1

2

3

Thermoelectric generators

PD Dr. Anke Weidenkaff

+41 44 823 41 31
anke.weidenkaff@empa.ch

10 nm
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wind energy

electricity is generated
 by rotating a magnet 

in a copper coil

turbine blades are fiber
composites (like in 

airplanes)



magnets

efficiency of electrical generation tied to magnets

want very high magnetic field

best magnets are made out of rare earth elements:

rare earth magnets used in many products:  cars,  
maglev trains, electric guitars, ...
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appears at low temperatures. However, they form compounds with the transition metals such as iron, nickel,
and cobalt, and some of these have Curie temperatures well above room temperature. Rare earth magnets are
made from these compounds.

The advantage of the rare earth compounds over other magnets is that their crystalline structures have very
high magnetic anisotropy. This means that a crystal of the material is easy to magnetize in one particular
direction, but resists being magnetized in any other direction.

Atoms of rare earth elements can retain high magnetic moments in the solid state. This is a consequence of
incomplete filling of the f-shell, which can contain up to 7 unpaired electrons with aligned spins. Electrons in
such orbitals are strongly localized and therefore easily retain their magnetic moments and function as
paramagnetic centers. Magnetic moments in other orbitals are often lost due to strong overlap with the
neighbors; for example, electrons participating in covalent bonds form pairs with zero net spin.

High magnetic moments at the atomic level in combination stable alignment (high anisotropy) results in high
strength.

Magnetic properties
Some important properties used to compare permanent magnets are: remanence (Br), which measures the
strength of the magnetic field; coercivity (Hci), the material's resistance to becoming demagnetized; energy
product (BHmax), the density of magnetic energy; and Curie temperature (Tc), the temperature at which the
material loses its magnetism. Rare earth magnets have higher remanence, much higher coercivity and energy
product, but (for neodymium) lower Curie temperature than other types. The table below compares the
magnetic performance of the two types of rare earth magnet, neodymium (Nd2Fe14B) and samarium-cobalt
(SmCo5), with other types of permanent magnets.

Magnet Br (T) Hci (kA/m) (BH)max (kJ/m3) Tc (°C)

Nd2Fe14B (sintered) 1.0–1.4 750–2000 200–440 310–400
Nd2Fe14B (bonded) 0.6–0.7 600–1200 60–100 310–400
SmCo5 (sintered) 0.8–1.1 600–2000 120–200 720
Sm(Co,Fe,Cu,Zr)7 (sintered) 0.9–1.15 450–1300 150–240 800
Alnico (sintered) 0.6–1.4 275 10–88 700–860
Sr-ferrite (sintered) 0.2–0.4 100–300 10–40 450

Types

Samarium-cobalt

Main article: Samarium-cobalt magnet



rare earths

efficiency of electrical generation tied to magnets

want very high magnetic field per mass

best magnets made out of rare earth elements
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energy storage

heat storage

chemical storage (batteries)



batteries

for storage need to be rechargeable with long 
lifetimes

http://www.howstuffworks.com/battery.htm

example:  

anode:
Zn (s) + 2OH− (aq) →        
ZnO (s) + H2O (l) + 2e−

cathode:
2MnO2 (s) + H2O (l) + 2e− 
→Mn2O3 (s) + 2OH− (aq)



material issues

for transportation, need low weight, long 
lifetimes, high capacity, ...
• best candidate:  lithium-ion batteries

for electrical generation, need long lifetimes, 
high capacity, ...
• more options, including lithium-based



lithium-ion batteries

600 million cars on the road x 18 kg Li/car 
= 10.8 million tonnes of Li needed

plus whatever other uses we need 
(computers, etc.)

we will discuss how much we have in a future 
lecture



The	  technological	  solu0on	  is	  only	  	  part	  of	  the	  answer	  to	  a	  
sustainable	  energy	  program

• Materials	  are	  finite	  resources	  and	  yet	  we	  
design	  without	  considera0on	  of	  end-‐of-‐
life	  recyclability.

• Materials	  for	  cri0cal	  technologies	  are	  
scarce	  and	  we	  need	  to	  invest	  in	  finding	  
alternate	  strategies	  for	  building	  systems.

• Assuming	  everyone	  aspires	  to	  reach	  a	  
standard	  of	  living	  comparable	  to	  that	  in	  
America,	  we	  would	  need	  to	  increase	  the	  
produc0on	  of	  steel,	  copper	  and	  
aluminum	  significantly.

hcp://www.mnforsustain.org/meadows_limits_to_growth_30_year_update_2004.htm

Engineers	  will	  need	  to	  become	  more	  knowledgeable	  about	  areas	  normally	  outside	  the	  usual	  
curriculum.	  	  They	  should	  have	  an	  understanding	  of	  the	  social,	  economic	  and	  poli0cal	  impact	  to	  
create	  a	  society	  that	  is	  truly	  sustainable.



questions


