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World annual consumption (10* TOE)

Energy Use to Be Doubled by 2050
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61% of Total Energy Wasted
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'Flaring' wastes 3.5% of world's natural gas

TOP NATURAL-GAS-FLARING NATIONS

More than 143 billion cubic metres of natural gas was wastefully
burned In 2012, around 3.5% of the world’s supply.
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http://www.nature.com/news/flaring-wastes-3-5-of-world-s-natural-gas-1.19141 6



Topaz Solar Farm, 9 million solar panels that cover the impressive 9.5 square miles in
San Luis Obispo County, California. 500+ MW for 160,000 homes
e LT g i g NGRS | LTl ™.
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System demand /MW

The Concept of Load Leveling
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http://www.pdenergy.com/grid-services.php
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Smart grid in cities

Rows of battery racks at the
Salem Smart Power Center in Salem, Oregon




Strategies to Store Energy for Electricity



Direct Storage
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Independently invented by a German
Ewald Georg von Kleist on 11 October
1745 and

by a Dutch scientist Pieter van
Musschenbroek

of Leiden (Leyden) in 1745-1746
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http://mulana-jaringan.blogspot.com/2010/03/8-kasus-kebohongan-sains.html 17



Electrochemical Capacitors

During Charge

C c<xA/d




High Power, Low Energy Density

Miller, Science 321, 651 (2008)



Indirect Storage

Electric energy

I -

Electric energy
Other formats of

ey | o [

Potential energy
Kinetic energy

Thermal energy
Chemical energy

20



§ic Water.Cycle

Water storage

 Ice and SNOW Condensatios

i, Sublimanhon -

Y Evapotranspiration \

Evaporation

Water storage
in oceans

~_ http://www.see.murdoch.edu.au/resour
info/Res/hydro/
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Seneca Pumped Hydro Generating Station in northwest Pennsylvania

http://www.ucsusa.org/clean-energy/how-energy-storage-works#bf-toc-2
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https://www.youtube.com/watch?v=RcgtWitk8Dc
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Flywheel Energy Storage

Composite
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http://www.uaf.edu/files/acep/BoeingFlywheelOverview 06 20 2012.pdf



Stephentown, New York 28
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Discharge time at rated power

Seconds

Hours

Minutes

UPS T & D grid support
Power quality Load shifting

Flow batteries: Zn-Cl, Zn-Br
Vanadium redox New chemistries

NaS battery
Advanced lead-acid battery

High-energy
supercapacitors NaNiCl, battery

Li-ion battery

Lead-acid battery
High-power flywheels
High-power supercapacitors

Bulk power

management

Pumped
hydro

Compressed air
Energy storage

1 kW 10 kW 100 KW 1 MW 10 MW
System power ratings, module size

Dunn et al. Science 334, 928 (2011)
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Potential Energy of Electrons in Atoms

Vacuum level

A

Cathode
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Alessandro Volta
(1745 - 1827)

A voltaic pile on
display in the
Tempio Voltiano
(the Volta Temple)
near Volta's home
in Como.
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This M an 1891 painting by Giuseppe Bertini (1825-1898) of Alessandro Volta
demonstrating his battery (called the “Voltaic Pile”) to Napoleon in 1801. The work is curr§4ntly
maintained at the Volta Temple in Como, Italy.



Lead Acid

Planté, France 1859

Ni-Cd

Jungner, Sweden, 1899

NiMH

1967 K.D. Beccu, Swiss

Li-lon Batteries

Whittingham, Goodenough 1977-1980



2012 at UT Austin
Goodenough’s 90 years
old birthday
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Charge and Discharge of a Li-lon Battery
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_ Formula E since Sep. 2014

http://www.fiaformulae.com/
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https://blog.compete.com/2012/08/12/sunday-series-the-electronics-category/ 41



Abundance, atoms of element per 10 atoms of Si
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Rock-forming elements

Se A9

Major industrial metals in red Rh
Precious metals in purple
Rare earth elements in blue

Rarest "metals”

10 20 30 40 50 60
Atomic number, Z

Gordon B. Haxel, Sara Boore, and Susan Mayfield f’rom USGS
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Structure-Property Correlation for Carbon in Na (K)-ion Batteries
Capacity, Cycling life, and Power.
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Hydronlum Mg Ion Anlon Storage
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Bommier, Ji, Nano Energy, 2015



Identify New Chemistry for Energy Storage
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Journal of the American Chemical Society 137, no.36, (2015): 11566—-11569



Oregon State Materials Electrochemistry Group
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33 publications
4 patent filings

One startup to be founded.
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