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World Energy Demand

2100: 40-50 TW
2050: 25-30 TW

.
.
.
.
.
‘Q
Py

25.00 -

*
“

‘Q
.
.
o*
*

World Energy Demand

20.00

energy gap
~ 14 TW by 2050
~ 33 TW by 2100
15.00

=
|__
10.00

50
| World Fuel Mix 2001
ol
40
1970 1990 2010 2030 , 30 coal
2
20
EIA Intl Energy Outlook 2004
http://www.eia.doe.gov/oiaf/ieo/index.html nucl renew
Hoffert et al Nature 395, 883,1998 10
0
85% fossil

A
ArgQTr\.O]N':] EGRATORV’ 2



Energy Challenges: Supply and Security

When Will Production Peak?
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Energy Challenges: Pollution
acid rain in the US

Gir' pO”UTIOh |n BelJlng acid rain
1995-99

Sulfate Deposition (kgfha)
<& ? 11 14_ 17 20 23 26 28 32 =35

99% of urban dwellers in China

breathe unsafe air

by European Union standards

pollution zones near sources

urban areas, power plants
http://www.nytimes.com/2007/08/26/world/asia/26china.html

http://www.epa.gov/air/urbanair/époll.html




Energy Challenges: Climate Change
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The Energy Alternatives

[ Fossil } [ Fission } [Renewable} [ Fusion } [Efficiency}

solar, wind, hydroelectric
ocean tides and currents
biomass, geothermal

energy gap 4 N
~ 14 TW by 2050 10 TW = 10,000 1 GW power plants
~ 33 TW by 2100 > 1 new power plant/day for 27 years
N /

China: 1 GW / week

no single solution

diversity of energy sources
required




The Goal: Sustainability

energy
sustainability

environmenta
sustainability

[ a multidimensional, interactive challenge ]




What is Sustainability?
4

Lasts a long time
Oil in 1900
Coal in 2008

N
RN

Does no harm

Nuclear electricity: no CO,
Ethanol: reduced CO,

-

Leaves no change

Closed chemical cycle

Electricity, hydrogen
N /




Electricity as an Energy Carrier

digital
electronics
N -
@ power / transportation
—> .
nuclear / \

fission
lighting
35% of primary energy heating

34% of CO, emissions refrigeration
34% efficient

mechanical
motion

| iCi }
clean, efficient o

does no harm E
leaves no change
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The Grid - the Triumph of 20th Century Engineering

Clean versatile power everywhere, at the flick of a switch
1.4 B people without electricity
Capacity inadequate for future needs
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The 21st Century: A Different Set of Challenges

capacity reliability efficiency
electric power concentrated ' lost ener
in cities and suburbs power' qual ITY 9y
33% of power used average
in top 22 metro areas power loss/customer
urban power bottleneck (min/yr)
Uus 214
France 53
Japan 6

[ERIERELCH]

Sustained
Interruptions
33%

63% energy lost in
production / delivery

8-10% lost in grid

$52.3 B
40 GW lost (US)
~ 40 power plants

6.3B
/ Momentary
Interruptions
67%
2030: 60 GW lost (US)

$79 B economic loss (US) 340 Mtons CO,

LaCommare & Eto, Energy 31, 1845 (2006)

2030
50% demand growth (US)
100% demand growth (world)




Superconductivity: A 21st Century Solution

Relieve Urban Power Bottleneck Long Distance Superconducting 6rid

Replace saturated underground cables Intercity transmission cables
and overhead lines with superconductor

Transcontinental power and load sharing
= bx capacity

Cross weather boundaries / generation zones

Lower voltage Generation at fuel source for distant use
No heating
No stray fields | ‘ I I [T s
No impact on underground ~209
infrastructure - £
- 10 §
NY S
R
Q
Lo
_ I i| i w
] ] ] 1 1 1 I I 1 1 I [
12N 4PM 8PM 12 M 4AM 8 AM 12N

Pacific Time

Transcontinental diurnal leveling
Increase efficiency and capacity

[ Only superconductors can achieve this ]




Next Generation Materials 200
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X |
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. [+}] : e a @
55 superconducting elements T 20f Moo ¢ A Yopam,c  PuCoGa gy
-> 554~ 10 million quaternaries C NbNY V,si Ko Li@ss “Pa':?“TAcm Fydrogen
10:Pb///// PuRNGa/ AT ]
0 " CoCusi, YBoypy,  UPd:AL, CeColng/ X:che ¢ iuid
ob.He o +2 —B@————cni W '/ diamond | Helium
{900 7840 1880 1985 1990 1995 2000 2005 2010
LaO

Year

Search strategies for new superconductors

FeAs * Quaternary and higher compounds
- Layered structures
LaOFeAs . Vat'iable valence
Tc ~ bbK

* Highly correlated normal states
- Competing high temperature ordered phases

Challenge
Discover next generation complex superconductors
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Hydrogen as an Energy Carrier

automotive
fuel cells
consumer

electronics

nuclear/solar
thermochemical
cycles

gas or

hydride
storage

stationary
electricity/heat
generation

bio- and

bio-inspired [DSE. (el

reforming

clean, efficient 2H,+0, - 2H,0
does no harm

leaves only H,O




The Appeal of Hydrogen: Closing the Cycle

hydrogen

Energy

Energy —
| out

in

water

[’rhe hydrogen - water cycle can be closed to leave no chemical change J




The Appeal of Hydrogen: Conversion to Electricity

O,

Hzﬁ 's .4. “ “

@ %
L - /—v\‘HZO

[ hydrogen can be exchanged for electricity in a fuel cell }

natural partners
hydrogen: stable, storable energy carrier
electricity: versatile, disposable energy carrier

electric tfransportation: hydrogen + fuel cell
renewable electricity: hydrogen as local storage media




The Sustainable Energy in Sunlight

1.2 x 105 TW delivered to Earth
36,000 TW on land (world)
2,200 TW on land (US)

, Earth's
San Francisco Earthquake Ultimate Recoverable Resource
(1906) of oil
magnitude 7.8 3 Trillion (=Tera) Barrels
1017 Joules

1.7 x 1022 Joules

1 second of sunlight 1.5 days of sunlight

Annual Human Production of
Energy

4.6 x 1020 Joules
1 hour of sunlight




Solar Energy Utilization

H,O
?/Z/\;\ e 0, <
—

o0

< Co;
h* sugar <
50 - 200 °C 500 - 3000 °C
space, water heat engines
natural \ heating electricity generation
photosynthesis L process heat
artificial
photosynthesis
[ Solar Electric J [ Salar e ]
[ Solar Fuel ]

.0002 TW PV (world)

00003 TW PV (Us) 1.4 TW biomass (world)
$0.30/kWh w/o storage 0.2 TW biomass sustainable (world) 0.006 TW (world)

| | U

1.5 TW electricity (world) 11 TW fossil fuel 2 TW
$0.03-$0.06/kWh (fossil) (present use) space and water

heating (world)
~ 14 TW additional energy by 2050

AAAAAAAAAAAAAAAAAA -




Solar Energy Challenges and Opportunities

March
2007

Solar energy
...  conversion

arncie
1 HLAC George W. Crabtree and Mathan S. Lewis

Jasic Research Needs
for'Solar Energy Utilization

If sollar energy is to become a practical alternative to fossill fuels, we must have efficient ways fo con-
R Fthe Basic £ wert photons into electricity, fwel, and heat. The need for better conversion technologjies is a driving
eport of the basic tnergy force behind many recent developments in biology, materials, and especially nanoscience.

Sciences Workshop on
o oo rabiree it a ssricr scienfist ot Argonre Maficnal Laboratory in Argonre _ llinois, ared dirsder of it materials sciercs divi-
B i o — L T L e S o ety A o e b
Solar Energy Utilization e e et e e i et et e T R e o P e Tt
April 18-21. 2005 mclsculor materials resscrch cerder at Calbesch’s Beackman Instihube.
pril 18-21,

The Sun prevides Barth with a staggering amount of en-  that the Sun continuowsly delivers, 125 107 terawatts at
ergy—enough to power the great oceande an d atmospheric  Earth's surface, dwarfsevery ofuer energy source, renewable
murrenity, the eyele of evaporation and demaation that or el Tt d ieall y evesade the tate at which
brings fresh water inland and drivesriver flow, andall ef the  haman dvilization produsces and wses energy, currently
typhoons, burd canes, and tormadoes that so ee.:ﬂ"y destroy  about 13 TW.

the natural and built bindscape. The San Francisco earth- The: impness ve s pply of solar enengy i complemended
equakes of 1906, with magnd tude 78 released am estimated 107 by its versati lity, 2 ill in figuare: 1. Suanli becon-
joules of amergy: the amount the Sum dolivers o Eard imone  verted dnto alactricity by axciting alactrons in 3 solar call It
second. Barth's ulimate recoversble nesource of of, esti-  cam yield chemical fuel via natural photosynthesis in green
mated at 3 trillion barrels, contains 1.7 x 1P joulesof eme Ty P|.!nh ex artificial phetosynthesis in human-en gineered sys-
which the Sun supplies to Earth in 15 days. The amount of  tems. Concentrated or unconcentrated sunlight can produsce
energy humans: wse anmally, about 46 % 107 joulles, is de- et for direct use or Further conversion to electricity!
ivirect b Elarth by the Su in s hoar. The en ommous power Dt it thes abuunlances amd wirsatility of slar ey, we

k L2 o
.
C‘?f;‘??;- 7

4003000

50200 °C. Heat engines,
Astificial Space, water electricity genezation,
photosynthesis heating industrial processes

EECTTEE T

George Crabtree and Nathan Lewis
Physics Today 60(3), 37 (2007)

http://www.sc.doe.gov/bes/reports/abstracts.html#SEU http://ptonline.aip.org/dbt/dbt.jsp?KEY=PHTOAD
&Volume=60&Issue=3#MAJOR1
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Storing the Energy We Produce

Energy Density of Fuels

30
20 A ®

compressed [ DOE H, ]
gas H, goal
| 4
® chemical
@<« | hydrides
o O
/O 10 20 30 40

[ batetberl ] Gravimetric Energy Density
y MJ/kg system

Volumetric Energy Density
MJ / L system




Research Challenges for Sustainable Alternatives to Fossil

Electricity
- Renewable production: solar photovoltaics, thermoelectrics
- Storage: bridging cycles of supply and demand

- Distribution: grid capacity saturated - superconductivity
- Use: efficient solid state lighting

Hydrogen
- Renewable production: splitting water from solar photons or heat
- Storage: high density storage media for transportation

- Use: performance, durability and lowering cost of fuel cells




BES Basic Research Needs Workshops

"Considering the urgency of the

f energy problem, the magnitude of
| the needed scientific
breakthroughs, and the historic rate
Basic RESEARCH NEEDS of scientific discovery, current

To ASSURE
A SECURE ENERGY FUTURE

efforts will likely be too little, too
late. Accordingly, BESAC believes
that a new national energy
P research program is essential and
Dlgc Enicery Scnecs Aaviseey Cawiostice must be initiated with the
intensity and commitment of the
Manhattan Project, and sustained

until this problem is solved.”
BESAC Report, February 2003




The Basic Research Needs Workshops

Basic Research in Support of the DOE Missions

= Basic Research Needs to Assure a Secure Energy Future
BESAC Workshop, October 21-25, 2002
The foundation workshop that set the model for the focused workshops that follow

Eﬁ?‘i;if:fi::;,"ﬁiﬁi;m “ = Basic Research Needs for the Hydrogen Economy
' ’D BES Workshop, May 13-15, 2003

The Path to
Sustainable Nuclear Energy

Rusic wnd Applied Research Opportinities
Tar Advasced Fiel Cyeles

= Basic Research Needs for Solar Energy Utilization
BES Workshop, April 18-21, 2005

Warkshep sn
Advanced Computational
Materials Science:
pe——

Fusion and Generation IV
Fission Reactors

= Basic Research Needs for Superconductivity
BES Workshop, May 8-10, 2006

= Basic Research Needs for Solid-state Lighting
BES Workshop, May 22—24, 2006

i

oo ygvend 1wl Anosesf sansiazonoi

oo = Basic Research Needs for Advanced Nuclear Energy Systems
ot : BES Workshop, July 31-August 3, 2006

Energy Storage

= Basic Research Needs for the Clean and Efficient Combustion

of 21st Century Transportation Fuels
BES Workshop, October 30—November 1, 2006

BASIC RESEARCH NEEDS FOR

Bawic Rescarch Needs for
3 & Materials

W _under = Basic Research Needs for Electrical Energy Storage

Extreme

k. Environments BES Workshop, April 2007

= Basic Research Needs for Geosciences: Scientific Challenges

for Measurement, Monitoring, and Verification
BES Workshop, Spring 2007

http://www.sc.doe.gov/bes/reports/list.html = Basic Research Needs for Materials Under Extreme Environments
BES Workshop, June 11-13, 2007
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Energy: Emergent Science of the 21st Century

APS Energy Workshop: Sunday preceding March Meeting
MRS Energy Forum: Monday preceding the Spring Meeting

MI|R|S
Transforming the Energy Chain TIN

Resources = Carriers = Storage = Use

Harnessing Materials for Energy

Sustainability
Environment Climate Economy

Materials

the critical links in the energy chain April 2008

www.mrs.org/bulletin_energy




