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Lecture 6 Outline

• Issues from lecture 5
• Energy storage
• Nuclear power 
• Transportation
• Summary



Issue from lecture 5

Enough with the why.
Not enough about the how. 

Nothing will change. 



Optimists and pessimists



August 26, 2019
Optimism is associated with exceptional 

longevity in 2 epidemiologic cohorts of men 
and women



February 18, 2013
Forecasting Life Satisfaction Across Adulthood:

Benefits of Seeing a Dark Future?



January 8, 2016
Optimism: How to Live Longer and 

Be Happier



March 23, 2013
Be Happy -- Just Think Negative 

Thoughts!!



Energy Storage



Energy Storage
• Motivation for storage
• U.S. storage statistics
• Pumped hydro
• Compressed air
• Mountain gravity
• Crane gravity
• Battery
• Battery limits
• The Big Question



Motivation for Energy Storage

• Energy demand varies on many time scales –
daily, weekly, seasonally

• Energy supply, especially solar and wind, also 
varies on various time scales

• Energy storage decouples supply and demand
• Energy storage provides peak capacity without 

additional equipment





High Solar Penetration
CASIO Duck Curve

(Load Minus Solar Generation)



U.S. Energy Storage Facilities
and Renewables Other than Wind and Solar



U.S. Storage Statistics (2018)

• total storage (operational and planned) = 31.2 GW
• total generation capacity 1,098 GW
• fossil / total = 79.3%
• hydro + nuclear / total = 10.9%
• non-hydro renewables / total = 8.7 %
• storage / total = 2.8%
• almost all storage is pumped-hydro





Maturity of Energy Storage Technologies





Pumped Hydro Energy Storage



Pumped Hydro Storage Facilities With 
Power >1GW in Operation



Pumped Hydro Storage Facilities With 
Power >1GW Under Construction



Rocky Mountain Hydroelectric Plant
Rome, Georgia



Ameren Missouri Taum Sauk Hydroelectric 
Power Station under Construction 2009



Ameren Missouri Taum Sauk 
Hydroelectric Power Station



Pacific Gas and Electric Company
Helms Pumped Storage Plant

From Manho Yeung, Pacific Gas and Electric Company



Helms Operation – Typical Summer Week

total capacity 1,212 MW generating; 
930 MW pumping

From Manho Yeung, Pacific Gas and Electric Company



Pumped Hydro Energy Storage Efficiency
• Dead stop to full generation in eight minutes
• Dead stop to full pump in twenty minutes
• Generating ramp rate of 80 MW per minute 

per unit
• Generation efficiency typically 90%
• Pumping efficiency typically 86%
• Cycle efficiency is the product so 23% of 

energy is lost per cycle



CAES
Compressed Air Energy Storage



Compressed Air Energy Storage

• Huntorf, Germany (operating since 1978)
– 290 MW for 2 hours
– 0.3 × 106 m3 salt dome cavern

• McIntosh, AL (operating since 1991)     
– 110 MW for 26 hours
– 0.6 × 106 m3 salt dome cavern

• Seminole, TX (operating since 2012) 
– 1.6 MW for 150 hours 
– In conjunction with single 2 MW wind turbine

• Goderich, Ontario (operating since 2019)
– 2 MW for 5 hours 
– In conjunction with thermal storage



E.N. Kraftwerke CAES Huntorf, Germany

From Dr Chris Bullough presentation at ALSTOM Power Technology Centre



PowerSouth CAES McIntosh, AL







Huntorf Parameters

• Power generation (turbine) 290 MW ≤ 3 h
• Energy storage (compressor) 60 MW ≤ 12 h
• Maximum cavity pressure 70 bar
• Minimum cavity pressure 20 bar
• Regular operation 45 – 60 bar
• Maximum pressure reduction rate 15 bar / h
• Efficiency 41%



Thermodynamics of CAES
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Texas Dispatachable Wind 1, LLC 
Seminole, TX CAES Plus Wind Demonstration



Geology Favorable for CAES 
and Class 4+ Winds



From Dr Chris Bullough presentation at ALSTOM Power Technology Centre U.K.

CAES and Pumped Hydro Comparison



Compressed Air Car (CAC)  



Tata Motors/Motor Development International 
ZMP Airpod



New CAES



Hydrostor Facility - Goderich, Ontario

2 MW power, 10 MWh storage



Hydrostor Operation Sequence





Storage Technology Comparison



Crane and Block Energy Storage



Switzerland Based Energy Vault



Another Alternative Energy Storage
Mountain Gravity





Mountain Gravity Energy Storage

https://www.iiasa.ac.at/GenticsImageStore/800/auto/prop/web/home/about/news/Mountain-Gravitational-Energy_labels.jpg
https://www.iiasa.ac.at/GenticsImageStore/800/auto/prop/web/home/about/news/Mountain-Gravitational-Energy_labels.jpg


Battery Energy Storage



Tesla Model S and Powerwall



Tesla Powerwall



Tesla Powerpack



Tesla Powerpack Pricing
1 MW – 4 hour duration

$500/kWh



Tesla Gigafactory
Storey County, Nevada



Lithium-Ion Battery



Lithium-Ion Battery Ion Flow



Lithium-Ion Battery Charge-Discharged



Some Battery Storage Facilities



Notrees Battery Storage Project (TX)
Duke Energy

153 MW wind farm with 40 minutes of 36 MW storage
(24 MWh)



AES Laurel Mountain (WV)

98 MW wind farm with 15 minutes of 32 MW storage
8 MWh



Kyushu Electric - Buzen Substation

50 MW for 6 hours
300 MWh



November 20, 2017
Australia Powers Up the World’s Biggest Battery 

— Courtesy of Elon Musk

100 MW, 129 MWh of storage.  Construction in 100 days.  Approximately $250/kWh.



Operating and planned utility-scale 
battery power capacity



Today in Energy July 10, 2019
Utility Scale Battery Energy Storage

End of 2018
862 MW power
1,236 MWh capacity



Battery Storage Systems Ratings

• Power capacity or rating. Measured in megawatts (MW), 
this is the maximum instantaneous amount of power 
that can be produced on a continuous basis and is the 
usual type of generator capacity discussed.

• Energy capacity. Measured in megawatthours (MWh), 
this is the total amount of energy that can be stored or 
discharged by the battery.



Today in Energy October 30, 2019
Utility Scale Battery Technology



Today in Energy June 1, 2018
Utility Scale Battery Costs



The Big Question

How much storage is needed?



Nuclear power



Mostly Economic Issues With Nuclear Power

• Nuclear power plant technology
• Nuclear power emissions
• Is nuclear power a renewable?
• Status of nuclear power industry in the world
• Status of small modular reactors in the world
• Status of nuclear power industry in the U.S.
• Cause of nuclear power decline in the U.S.



Nuclear power plant technology



Timeline of Reactor Developments

from OECD Nuclear Energy Agency



Light Water Reactor Types

pressurized water reactor boiling water reactor

from U.S. Nuclear Regulatory Commission



Boiling Water Reactor (BWR)



Pressurized Water Reactor (PWR)



Nuclear Power and 
Greenhouse Gas Emissions



U.S. Electricity and CO2 Emissions (2011)

If nuclear generated 
electricity were generated by 
fossil fuels, annual emissions 
would increase by 611 MMT 
CO2, a 28% increase.

data from EIA Annual Energy Review 2011, Tables 8.2a & 11.3e 

U.S. Electricity Related CO2 Emissions (2011)
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World Electricity and CO2 Emissions (2011)

If nuclear generated 
electricity were generated by 
fossil fuels, annual emissions 
would increase by 2,037 
MMT CO2, a 16% increase.

data from IEA Key World Energy Statistics 2013, pp 25-26 
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April 4, 2019
The Climate Needs Nuclear Power

James Hansen and Michael Shellenberger 

The Diablo Canyon nuclear-power plant in San Luis Obispo, Calif.



Is nuclear power renewable?



Nuclear Fission
United States Government Accountability Office 



Conversion of Fertile Nuclides to Fissile Nuclides



Global Uranium Reserves







Reusable Fuel Material



Status of the World Nuclear Power industry



Reactors All Categories U.S.



Reactors All Categories Europe



Reactors All Categories East Asia



Operating Reactors East Asia



Offline Reactors East Asia



Shutdown Reactors East Asia



Reactors Under Construction East Asia



World Nuclear Reactor Fleet



World Reactor Startups and Closures
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World Nuclear Reactor Fleet to 2065

(Projection assumes only reactors currently operating or under construction.)



World Nuclear Reactor Fleet to 2065

(Projection assumes only reactors currently operating or under construction.)



Global Investments Nuclear and Renewables



Global Small Modular Reactor Status



Small Modular Reactor Status
• Canada: in design stage
• China: High-Temperature Reactor three years behind 

schedule
• India: Advanced Heavy Water Reactor construction 

start delayed
• Russia: two floating reactors built, one operational 

after long construction period
• S. Korea: System-Integrated Modular Advanced 

Reactor abandoned due to cost
• UK: Rolls-Royce design at early stage
• US: Single NuScale design under certification review

The Small Modular Reactor has not achieved  breakthroughs 
either in technology or in commercial acceptance. 



Status of Nuclear Power in the United States



“The Real Deterrent to Nuclear Power”
February 5, 2013 

• “Long before they consume even a pound of uranium, 
nuclear-power plants burn through copious quantities 
of cash.”

• “Unlike a gas-fired plant, the bulk of a nuclear-power 
station’s costs relate to construction and maintenance.”

• “Big upfront cash outflows combined with uncertainty 
over future inflows…don’t win many fans among 
investors or credit-rating firms.” 

• “…new nuclear works best in countries where 
consumers and financiers are shielded from its full 
costs…” [e.g. Brazil, Russia, India and China] 



U.S. Reactors Early Retirement



U.S. Nuclear Power Plant Closures [Slideshow]
06/25/2016 | Aaron Larson 

http://www.powermag.com/u-s-nuclear-power-plant-closures-slideshow/



San Onofre Nuclear Generating Station
Pendleton, CA

1983/1984 - 2012 



Kewaunee Power Station
Carlton, WS
1974 - 2013



Crystal River Nuclear Plant
Crystal River, FL

1977 - 2013



Vermont Yankee Nuclear Power Plant
Vernon, VT
1972 - 2014



Fort Calhoun Nuclear Generating Station
Blair, NE

1973 - 2016



James A. FitzPatrick Nuclear Power Plant
Scriba, NY

1975 – 2017(?)
Kept open with New York state subsidy



Clinton Power Station
Clinton, IL

1987 – 2017(?)
Kept open by Illinois state subsidy



Quad Cities Generating Station
Cordova, IL

1973 – 2018(?)
Kept open by Illinois state subsidy



Pilgrim Nuclear Power Station
Plymonth, MA

1972 - 2019



Oyster Creek Nuclear Generating Station
Lacey Township, NJ

1969 - 2019



Diablo Canyon Power Plant
1985/1986 – 2024/2025

Avila Beach, CA
Possible California state subsidy



Nuclear Power Plant Closures
2012 - 2024



U.S. Recent Reactor Construction

• Watts Bar Unit 2 
• Spring City, TN
• Operational in 2016

• V. C. Summer Units 2 & 3
• Jenkinsville, SC
• Construction stopped. 
• Petition for Approval of Abandonment filed with NRC.

• Plant Vogtle Units 3 & 4
• Waynesboro, GA
• Construction completion in 2021.



New Nuclear Power Plants 
2016 - 2020



Energy Working Group 
July 19, 2019



Causes of U.S. Nuclear Power 
Industry Decline



Supply and Demand for Electricity

Generation

Supply 
curve: 

price decline 
because of 
low natural 
gas price

Demand 
curve: 

price decline 
because of 
efficiency and 
renewables

Market clearing price (wholesale price) decline since 2008
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Natural Gas Price for Electricity Generation



Gregory Jaczko Chair NRC 2009 - 2012

"I’ve never seen a movie that’s set 200 years in the future and the 
planet is being powered by fission reactors—that’s nobody’s vision 
of the future. This is not a future technology."



Transportation



Transportation Outline

• Energy consumption in transportation sector
• Efficiency in transportation
• MPG of EV
• Current production
• Consumer choices
• Fuel of the 21st century



Energy Consumption of Transportation Sector





Focus on Transportation

Fuel       fraction
oil           91.8%
biofuels   5.0%
NG           3.1%
EV            0.1%

Transportation 28% of primary energy.



U.S. Transportation Energy Use by Mode

Cars, light duty trucks, buses, medium and heavy duty trucks 82% of energy use.



Transportation Emissions by Mode

Emissions from 
pipelines, 
lubricants, and 
non-transportation 
mobile sources are 
shown collectively 
as ‘Other.’ 



U.S. Transportation Fuel Type



Animation Gasoline Engine



Animation Diesel Engine



Wärtsilä-Sulzer RTA96-C



September 12, 2016 
Explaining Volkswagen’s Emissions Scandal



Efficiency in Transportation



CAFE Standards and Achieved Fuel 
Economy, MYs 1978-2026



New Light Vehicles Performance
Model Years 1980-2018 (Updated April 2019) 



Gasoline Vehicle: Where does the energy go?



Hybrid Vehicle: Where does the energy go?



Electric Vehicle: Where does the energy go?



MPG for an Electric Vehicle



Nissan Leaf



Nissan Leaf Monroney Sticker 



Electric Vehicle Fuel Economy Calculation, I
e: equivalent

1
[ ]

33.7 8.90

battery to wheel gasoline

gasoline

MPGe U
Wh mi

U kWh gal kWh l

− − = ×

= =

100 33.7
34

99

battery to wheel
miles kWhMPGe
kWh gal

mpg

− − = ×

=



Electric Vehicle Fuel Economy Calculation, II
e: equivalent
ε: efficiency

1
[ ]

fuel to wheel battery to wheel electricity

gasoline electricity

MPGe MPGe

U
Wh mi

ε

ε

− − − −= ×

= × ×

0.328 0.924 0.303
electricity generation transmissionε ε ε= ×

= × =
Fuel-to-wheel = fuel-to-battery × battery-to-wheel.



Conventional Vehicle Fuel Economy Calculation
e: equivalent
ε: efficiency

fuel to wheel tank to wheel gasolineMPGe MPGe ε− − − −= ×

0.830gasoline refining distributionε ε ε= × =

Fuel-to-wheel = fuel-to-tank × tank-to-wheel.



Compare EV to CV
1

[ ]
100 33.7 0.303
34
99 0.303 30

fuel to wheel gasoline electricityMPGe U
Wh mi

mi
kWh gal
mpg mpg

ε− − = × ×

= × ×

= × =

30 0.830 25
fuel to wheel tank to wheel gasolineMPGe MPGe

mpg mpg
ε− − − −= ×

= × =

(EV)

(CV)



Nissan Leaf Battery and Price

• Li Ion 86 MJ (24 kWh)
• Mass 300 kg (0.29 MJ/kg)

• Compare to gasoline 46.4 MJ/kg

• Cost of 6kWh battery cost for additional 23 mile range 
$5,190 ($865/kWh)

• MSRP (U.S.) $29,860
• Compare to MSRP (Japan) $36,000)

• U.S. Federal tax credit $7,500
• Net cost $22,260



Nissan Leaf Range on Worst Day of the Year



Nissan Sentra



Payback Period and Oil Savings, I
• Assume 12,000 miles/year

• Conventional vehicle at 30 mpg → 400 gal
• 400 gal gasoline at $2.50/gal = $1,000/year
• Assume 19/42 bbl to gasoline → 21 bbl/year
• Assume 10 year lifetime → 210 bbl 
• Rebate then $7,500/210 bbl = $36/bbl
• (see below for a different calculation of cost 

of the rebate)



Payback Period and Oil Savings, II

• Assume 12,000 miles/year
• EV at 34 kWh/100 miles → 4,080 kWh/year
• Assume Ameren IP 2010 13¢/kWh
• 4,080 kWh → $530/year electricity
• Fuel cost savings $1,000 - $530 = $470/year
• Extra cost of EV Leaf over CV Sentra $12,870
• Payback in $12,870/($470/year) = 27 years
• With gasoline at $3.50 per gallon, in 15 years
• With no rebate payback in 47 years for $2.50 

gasoline and 23 years with $3.50 gasoline



Current Production



World Car Production, 1983–2017a 
(Updated August 2019) 



World Truck Production, 1983–2017a 
(Updated August 2019) 



Consumer Choice

Conventional Gasoline Vehicle (CV)
Conventional Diesel Vehicle (CV)

Hybrid electric Vehicle (HEV)
Plug-in Hybrid Electric Vehicle (PHEV)

Battery Electric Vehicle (BEV)
Fuel Cell Electric Vehicle (FCEV)
Compressed Air Vehicle (CAV)

Solar Electric Vehicle



Tesla Model S

Toyota Mirai

Chevrolet Suburban LS

http://carboncounter.com/

http://carboncounter.com/


EV Market Forecasts



The Fuel of the 21st Century?

• Gasoline and diesel
• Natural gas
• Battery
• Hydrogen with fuel cells
• Biofuels



February 3, 2020
Electric future: Britain to ban new petrol 

and hybrid cars from 2035

Victoria Embankment in London



February 27, 2018
In Germany’s Car Capital, the Unthinkable: 

The Right to Ban Cars



July 6, 2017
France Plans to End Sales of Gas and Diesel 

Cars by 2040



Batteries



Lithium-Ion Battery



Tesla Lithium-Ion Battery Pack







Hydrogen with Fuel Cell



Proton Exchange Membrane Fuel Cell Basic



Proton Exchange Membrane Fuel Cell Chemistry









General Motors Hummer H2H 



February 26, 2020
New Flyer of America to supply Illinois with 

hydrogen buses 





H2@Scale Challenges

• Economic generation of hydrogen
• Distribution of hydrogen
• Storage of hydrogen
• Cost of fuel cells
• End use of hydrogen beyond fuel cells 



Biofuels



Volumetric Requirements of
RFS1(2005) and RFS2(2007)
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From D. MacKay Sustainable Energy without the Hot Air, Figure 6.10

Miscanthus at University of Illinois Experimental 
Plot



To replace 10% of U.S. gasoline 55 million acres of corn out of 330 million acres of cropland.
For miscanthus 27 million acres of miscanthus out of 330 million acres of cropland.



Mostly Transportation Summary

• Transportation represents approximately 30% of U.S. 
primary energy consumption and almost 30% of U.S. 
GHG emissions.

• Largest component light duty vehicles
• There will be many more vehicles in the world
• Electric vehicle sales rising, but still expensive
• Battery technology needs a breakthrough
• Hydrogen may be in the future
• Ethanol of limited value, biodiesel could become 

important for heavy-duty vehicles  



Lecture 6

• Energy storage: technology mostly available; issues 
with costs and markets

• Nuclear power: in a few decades, it may disappear
• Transportation: light and medium duty vehicles 

have a viable non-fossil fuel options
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