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1970’s and 1980’s

» Coal gasification

* Hydrogen pipeline
« Solar thermal

« Shale oil
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Middle East turmoil

Rapid increase in
energy prices

Energy Independence
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‘The World has made two major energy

transitions. Why hasn’t it made a third?
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The past 35 years have deepened the

world’s dependence on hydrocarbons

Total World Primary Energy
Consumption ( % by fuel - 2005 )

Total World Electricity
Generation ( % by fuel - 2005 )
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Modern renewable fuels (wind, solar, geothermal) comprise
only 1% of world energy supplies. Nuclear supplies 6%.
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ooking forward, what are the energy drivers:

population, urbanization, industrialization

World Marketed Energy Consumption,

1980-2030
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World population will increase another
50% between 2005 and 2030.
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Carbon and climate impose new
constraints on the world’s energy system

Departures in temperature in °C (from the 1961-1990 average)
081
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For the United States, energy Is core
to our national security

0il Reserves in

2003-04
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“Power, Faith and Fantasy, America in the Middle East 1776 to the Present”, Oren, 2008

World Map showing top ten
Countries with Oil Reserves
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“While enhancing the military ability to defend themselves from Middle Eastern threats, Americans
will have to accept the limits of their power in the area.”

In 2007, the U.S.
spent ~$500B on
oil imports. This
is equivalent to
2X the GSP of
Indiana.
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-~ ‘ To change where you're going
you need to recognize where you are!
United States energy picture

Percent Percent
of Source of Sector
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96% of transportation is from petroleum, while 51%
of electric power is from coal. New technologies are
needed to change this picture. @ Sandia
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Transistors

n we do for energy what microelectronics did

for information technology?
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Infortunately, if you consider a longer

time horizon we already have

100.0

W Savery, Newcomen (<0.5%)

50%

4 Watt/Boulton Steam Engines

A Post-Watt Steam Engines
X Lenoir, Hugon Coal-Gas Engines

X Otto/Langen Coal-Gas Engines

—
O
o

¥ Atkinson, Tangye Coal-Gas Engines|

® Banki Spirits Engine

O Priestman's Oil Engine

-+ Diesel's Oil Engines
O Automotive S| Engines

M Truck Diesel Engines

—_
o

@ Large Bore DI Diesels

First-Law Efficiency (%) .

/\ Steam Turbines

& Gas Turbine/Steam Turbine

Q© Polymer Electrolyte Membrane FC
© Phosphoric Acid Fuel Cells
@ SOFC/Gas Turbine

0.1
1600

1700

1800 1900
Time (Years A.D.)

I

2000

21
00 C. Edwards group, Stanford

For many energy conversion systems, we are

at or approaching thermodynamic limits
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Science and Engineering Excellence and
Innovation --
Essential keys to a new energy future

:;,

Enabling efficiency and fuel substitution ... three examples

« Combustion research: transitioning to
new fuels while improving efficiency and
further reducing pollutants

« Solar thermal processing: converting a
waste stream, CO,, to useful products

* Biofuels: a systems view and multiple
pathways to transportation fuels
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ombustion Research Facility: a 25 year effort to improve
the cleanliness and efficiency of auto and truck engines

#¢ Theory and .
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collaborations; Post Doc program
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e cleanliness of truck engines has been
dramatically improved: NOx and particulates

1974 EPA (HC + NO,)

Older diesel theory
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ny energy solution is intertwined with public
policy and private choices in the market place

Fuel Economy and Performance
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-Temperature Combustion (LTC) strategies can
both improve efficiency and reduce pollution

6
Two LTC strategies:
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ng existing tools in new and innovative ways:
Heat transfer at very high temperatures

and very large scales

Engine Test Facility

Rotating Platform DishEnomeN esting
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Thermal Test
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-~
Ing solar heat to make syngas from CO,
and H,O: sunlight to fuel without the biology

Sandia
National
Laboratories




\

CO, and H,O splitting have been
demonstrated: at 1000-1300° C
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lofuels using biology: multiple pathways
enable process and fuel options

— T
Thermal treatment through treatment *Syngas® catalysts
vsis and aasificati |
pyrolysis and gasification e Consolidated process = s )
development / {microbes or enzymes] =
—> —> —> [EE ——> [ W5 | Enzymatic processing

fsmart breeding, Biofuel production
genetic engineering) depoljfm mm : of lignocellulose
{microbes or enzymes) or aaialysis)

The Economist

Bioengineered
algae
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systems thinking

roduction Systems: reducing the cost of inputs and
improving the value of fuels and co-products requires

Impaired Water

- Desalination concentrate
- Ag wastewater

- Industrial wastewater

- Municipal wastewater

CO, & Heat

- Electric power generation
- Ag processing

- Industrial processing

- Wastewater treatment

- Desalination

Co-products

- feeds

- fertilizers

- biopolymers
- glycerine

- other

Sunlight

Biomass harvesting

Reclaimed

H Water
- nutrient

1L
—— Processing
Biofuels
- biodiesel - biogas
- ethanol - bio-oil
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Thermal processing of biomass:
post-processing of cellulose and production of biocrude

Gasification

« Conversion efficiency and rates:
effect of temperature and pressure

» Gasifying residual lignin in
cellulosic ethanol plants

Lab-scale gasifier

Pyrolysis

« Effect of pyrolysis severity
(temperature and residence
time) on the combustion
properties of biocrude

Biocrude combustion
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*‘ Engineering enzymes for biofuels from

cellulose

« Key challenge: advanced
enzymes that hydrolyze
cellulose into glucose

« Enzymes are one of the
most expensive biofuels
components

~$0.50 — 1.00/gallon of fuel

 Results to date: new
enzymes that work faster
and cost less

Computational Model of Cellulase
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‘ JBEI: a new approach to basic
research driven by industry and government

- Joint BioEnergy Institute: five year, $135M
» Transportation bio-fuels R&D

« Laboratory/University consortium: LBNL, SNL,
LLNL, UC-Davis, UC-Berkeley, Stanford

* 65,000 sq. ft. at industrial biotech R&D park
(Emeryville, CA)

* Industrial advisory committee

« Scale-up is a part of the R&D program design
 Post Doc programs
« Rotational assignments for DOE scientists

« Open innovation: industrial and international
partnerships

Other DOE Bioenergy Research Centers: at Oak Ridge
and at the University of Wisconsin, Madison

24



n Innovation and Engineering Networks:
Research hubs organized by outcomes,
not technologies

. NATIONAL
Combustion Research LABORATORIES
& .

Facility and JBEI--

the eventual goal is e s = _p s
Low-Carbon | i | b Sl
Transportation Energy = - Hum/
- Scope: from science to ey AGACEMIA
engineering
» Scale: broad research
base, scale-up of lab
innovations o
* Partners: international @ v II\TBD '
science and global Nuclear Energy Electric Grid ]

Security Hub Low-Carbon Integration Hub

industries Transportation Energy
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B ' Value Map for CRF
“International Center of Excellence”

DOE
Science

State of the art

capabilities and
expertise dedicated
to collaboration

Access to
research capabilitie

l —

DOE Energy mission

P _
»

Nat'l Lab | capability
development \,&\\

Exposure to
industry
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Value Map for JBEI
“Government Start-up”

Research ideas
Professional
development
A
Q
e

@
iona
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Science

DOE . Energy mission%
Nat’'l Lab Capability
development
<&

Dedicated team of
lab and university
staff, co-located,
outcome focused
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niversities will provide the talent and skills
to meet the energy challenge

S&E doctoral degrees earned in U.S. universities,
by field: 1977-2001
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Driving our next energy transition:

%ur Science/Engineering and Innovation must

enable our options

35 years hence, what will

characterize our energy picture? 0ill 7 Gas (A) Coal

Peaking of conventional oil AL (B) Mixed Future
_ _ (C) Renewables

*‘New sources of unconventional oil o sox (D) Oil and Gas

Low carbon conversion of coal to liquids

40% 60%

Methane from shale i

*Harnessing wave and ocean power

40%

1950 /
*Extremely efficient solar PV

Genetically tailored bio-fuels /W/\/i
100% — 185 0%

20% 40% 60y historicalgoy 100%
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Grubler, Yale
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