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Lecture 6 Outline

e |ssues from lecture 5
* Energy storage
 Nuclear power
* Transportation

e Summary



Issue from lecture 5

Enough with the why.
Not enough about the how.
Nothing will change.



Optimists and pessimists



Proceedings of the
National Academy of Sciences
of the United States of America

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

e Motivation for storage
e U.S. storage statistics
e Pumped hydro

e Compressed air

* Mountain gravity

* Crane gravity

e Battery

e Battery limits

e The Big Question



Motivation for Energy Storage

e Energy demand varies on many time scales —
daily, weekly, seasonally

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

e Energy storage decouples supply and demand

e Energy storage provides peak capacity without
additional equipment
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Megawatts
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U.S. Energy Storage Facilities
and Renewables Other than Wind and Solar

Distribution of energy storage and other renewable power plants in the Lower 48 states
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U.S. Storage Statistics (2018)

e total storage (operational and planned) =31.2 GW
e total generation capacity 1,098 GW

e fossil / total = 79.3%

e hydro + nuclear / total = 10.9%

e non-hydro renewables / total = 8.7 %

e storage / total = 2.8%

e almost all storage is pumped-hydro



U.S. Energy Storage Projects by Technology Type in 20189

(Including Announced Projects)

Projects Rated Power
Pumped
Hydro R Thermal
Storage b Storage, 3%

7% (669 MW)

Electro
Electro- ~_Mechanical, 1%
mechanical (172 MW)
2% Electre
chemical, 3%

(758 MW)



Maturity of Energy Storage Technologies

Early Stage
Technologies

Advanced
Pb-acid and
Flow Batteries

Superconducting
Magnetic Energy
Storage (SMES)

Electrochemical
Capacitors

Adiabatic CAES

Hydrogen

Synthetic
Natural Gas




Discharge Time at Rated Power

Minutes Hours

Seconds

Characteristics of Energy Storage Technologies™
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Pumped Hydro Energy Storage



Pumped Hydro Storage Facilities With
Power >1GW in Operation

kWP



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

A-Courtright, B-Supply Tunnel, C-Turbine, D-Generator, E-Transformer,
F-Wishon, G-Surge Chamber, H-Elevator

From Manho Yeung, Pacific Gas and Electric Company



Helms Operation — Typical Summer Week

total capacity 1,212 MW generating;

930 MW pumping
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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 X 10°% m3 salt dome cavern

Mclntosh, AL (operating since 1991)

— 110 MW for 26 hours

— 0.6 X 10% 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

cavern NK1

power plant

From Dr Chris Bullough presentation at ALSTOM Power Technology Centre



PowerSouth CAES Mclntosh, AL
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Huntorf Parameters

* Power generation (turbine) 290 MW <3 h

e Energy storage (compressor) 60 MW <12 h
e Maximum cavity pressure 70 bar
 Minimum cavity pressure 20 bar

 Regular operation 45 — 60 bar

e Maximum pressure reduction rate 15 bar / h
e Efficiency 41%



Thermodynamics of CAES

heat
loss

adiabatic
compression
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Texas Dispatachable Wind 1, LLC
Seminole, TX CAES Plus Wind Demonstration




Geology Favorable for CAES
and Class 4+ Winds

AL

B Class 4+ wind resources ™
Aquifers

. Domal salt
Bedded salt



CAES and Pumped Hydro Comparison

Required Storage Volume to Generate 300 MW
(12 Hours Pumping, 12 Hours Generation)

0.28 million m? of 7 million m?® of
Compressed Air Water

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



Compressed Air Car (CAC)



Tata Motors/Motor Development International
/MP Airpod




New CAES



Hydrostor Facility - Goderich, Ontario

2 MW power, 10 MWh storage



Hydrostor Operation Sequence

Step 1

Compress air using

electricity

Step 2
Capture heat in
thermal store

Step 3
Store compressed
air

Step 4
Convert compressed
air to electricity

N Off-peak or surplus
electricity from the
grid or arenewable
source is used to
operate a
compressor that
produces heated
compressed air.

N Heatis extracted from
air stream and stored
inside proprietary
thermal store.

N This adiabatic process
increases overall
efficiency and
eliminates the need
for fossil fuels during
operation.

N Airis storedin
purpose-built air
storage cavern where
hydrostatic
compensationis
used to maintain the
system at a constant
pressure during
operation.

N Hydrostatic pressure

forces air to the
surface whereitis
recombined with the
stored heat and
expanded through a
turbine to generate
electricity on demand.



" Reservoir: open

or closed-loop
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Charge

As compressed air is sentinto

the air storage cavern, water is
displaced via a flooded decline
or shaft.

Discharge

As water enters the air storage
cavern, hydrostatic pressure
forces air to the surface.




Storage Technology Comparison

Hydrostor Traditional Pumped Li-lon Flow
A-CAES CAES Hydro Battery Battery
Size (MW) 50-500+ >100 150-500+ >100 1-100 1-20
Duration (hours) >6 MN/A =6 >6 1-4 4-6
Round-Trip Efficiency >60% N/A 30-40% 70-85% 85% T0%
Emissions None Emitting Emitting MNone None None
Life cycle (cycles) >20,000 >20,000 >20,000 >20,000 5,000 10,000
$1,500- $1.500-
CAPEX (S/kW
(S/kW) $3.000 $1.000 $2.500+ >$2,500 $3.000+ $5,000
CAPEX ($/kWh) $150-%$300* MN/A $150-$250+ >$250 $300+** $500
. : High High Low- : Low-
0 t Cost -
perating L-osts Soa L (fuel costs) (fuel costs) medium Medium medium
. I _ . Medium Low (salt. Low _ .
Siting Flexibilit —
Hng Fexibiiity Medium-High (emissions) emissions) (topography) High High

* Assumes 10 hour discharge for storage, fully-delivered system with BOP. Additional cost reductions possible where infrastructure can be repurposed.
**|i-ion costs based on Lazard LCOS v4.0 adjusted to 10-hour discharge using CPUC methodology in order to show equivalency with 10-hour A-CAES.



Crane and Block Energy Storage






Another Alternative Energy Storage
Mountain Gravity



Energy 190 (2020) 116419

Contents lists available at ScienceDirect =

Energy

journal homepage: www.elsevier.com/locate/energy s

Mountain Gravity Energy Storage: A new solution for closing the gap = f)
between existing short- and long-term storage technologies =it

Julian David Hunt °, Behnam Zakeri * ®, Giacomo Falchetta €, Andreas Nascimento ?,
Yoshihide Wada ¢, Keywan Riahi ©

4 International Institute of Applied Systems Analysis (1IASA), Austria
b Sustainable Energy Planning Research Group, Aalborg University Copenhagen, Denmark
© FEEM - Fondazione Eni Enrico Mattei, Corso Magenta 63, 20123, Milan, Italy



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




Depy
I.an

Tesla Powerwall

Technology
Wall mounted, rechargeable lithium ion battery with
liquid thermal contraol.

Model
6.4 kKWh
For daily cycle applications

Warranty
Ten years

Efficiency
82 5% round-trip DC efficiency

Power
3.3 kKW

Depth of Discharge
100%

Voltage
350 — 450 volts

Current
9.5 amperes

Compatibility
Single phase and three phase utility grid
compatible.

Operating Temperature
-4°F to 122°F / -20°C to 50°C

Enclosure
Rated for indoor and outdoor installation.

Installation
Requires installation by a trained electrician.
DC-AC inverter not included.

Weight
214 |bs /97 kg

Dimensions
B3 x 34 x72
1302 mm x 862 mm x 183 mm

Certification

UL 9540, UL 1642, UL 1973

AC156 seismic certification

IEEE 693- 2005 seismic certification
FCC Part 15 Class B



Tesla Powerpack




Tesla Powerpack Pricing
1 MW — 4 hour duration

40 Powerpacks

1,000 kW | 4,000 kWh | 4 hour duration
Peak Power: 1,000 kW

40 Powerpacks $1,780,000
4 Bi-Directional 250 kW Inverters $210,000
Cabling & Site Support Hardware $22,600
Total Estimate $2,012,600

Occupies about 66 m? plus clearance

$500/kWh

ORDER



Tesla Gigafactory
Storey County, Nevada




Lithium-lon Battery
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Lithium-lon Battery lon Flow

Carbon
powder

LixCs

LiC, —» Lit+e +C,
c00017 « 00D + _a + .17

Electrolyte

Anode

LiC, + Co0, = LiCo0, + C,

REK'E



Lithium-lon Battery Charge-Discharged

Electron Flow

During Discharge

Lithiated Graphite, LiC,

Megative Electrode
(Anode)

Electron Flow

Positive Electrode
{Cathode)

During Charge

Graphite, C,

Negative Electrode
(Anode)

fqooan

Positive Electrode
(Cathode]

CHARGED

DISCHARGED
s

- =



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




Che New Pork Times
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
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40 MW
1MW

operating (as of October 2017)
planned through 2015 (as reported to EIA)
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Independent Statistics & Analysis

. = i
ei a U.S. Energy Information
Administration

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

U.S. utility-scale battery storage power capacity (March 2019)
megawatts (MW)

3,000 End of 2018
862 MW power

_ annual capac
1,236 MWh capacity

2,500 additions

2,000
1,500
operating
1.000 capacity
500
0 eia

2003 2005 200? 2009 2011 20’13 2015 2017 2019 2021 2023
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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.



Independmi Statistics & Analysis

[, i s
ela Jad. Lnergy iniormanon

Administration

Today in Energy October 30, 2019
Utility Scale Battery Technology

U.S. utilty-scale battery installations (2003-2018) —

. . eia)
power capacity energy capacity
megawatts megawatthours
250 600
200 500
400 lead-acid
150 ;
300 sodium-based
100 200 lithium-ion
30 100
0 0
2003 2008 2013 2018 2003 2008 2013 2018

Annual Electric Generator Report



Independmi Statistics & Analysis
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Today in Energy June 1, 2018
Utility Scale Battery Costs

Capital cost of large-scale battery storage systems (2013-2016)

power capacity cost energy capacity cost
dollars per kilowatt dollars per Kilowatthour
4,500 4 500
4,000 4 000
3,500 3500 oho
percentile
3,000 3,000
2,500 2 500 rnedlarj
capacity-
2,000 2,000 weighted
1,500 1,500 average
1,000 = 1,000 25th
500 500 percentile
0 0
short- medium- long- all short- medium- long- all _
- P
duration duration Cla




The Big Question

How much storage is needed?



Nuclear power



Mostly Economic Issues With Nuclear Power

* Nuclear power plant technology

* Nuclear power emissions

* |s nuclear power a renewable?

e Status of nuclear power industry in the world
e Status of small modular reactors in the world

e Status of nuclear power industry in the U.S.
e Cause of nuclear power decline in the U.S.



Nuclear power plant technology



Timeline of Reactor Developments

Ganaration IV

G=naration 1+ Revalutonary

E —
Ganaration (11 Evalutionsry Designs
Ganaration [ —
Ganaration |
B Acvenosd LWRs l
A ST -

Early Prototypes

- Bafar
- Sustainabl=
- ABWER .
- Economicsl
— - ACR1000 - More
- PVWRS - Svstem 80+ - AP1000 Prolferation
_ Chinn o : - APWR Resistant and
Shippingport .
i - BWWR= - APHO - EPR Physically
- Dresden _ CANDU S acume
- Magnox - ESBEWR
1950 19460 1970 1980 19840 2003 20140 2020 2030

from OECD Nuclear Energy Agency



Light Water Reactor Types

pressurized water reactor

boiling water reactor

Steamline
Containment
Cooling System 4
Steam —F
4 Generator
2 Reactor Control Turbine
T Vessel Rods Generator
Turbine Separators
Generator & Dryers Heater
Feedwater | Condenser (___J
Condensate
Condenser Heater 3 Pumps
Feed
Condensate = p
Pumps umps
Coolant Loop
f Core
Feed 1
Pumps
~— ' Demineralizer
Recirculation Pumps
= j =
Demineralizer Reactor Pressurizer Emergency Water
Coolant Supply Systems
1] Pumps Emergency Water

Supply Systems

from U.S. Nuclear Regulatory Commission



Boiling Water Reactor (BWR)

Containment Structure

Control Rods

Condenser




Pressurized Water Reactor (PWR)

Containment Structure

Pressurizer Steam
Gen

erator
AT =2
Control I
Rods
Reactor
Vessel

[ Condenser




Nuclear Power and
Greenhouse Gas Emissions



U.S. Electricity and CO, Emissions (2011)

U.S. Electricity Generation (2011)
2000
<
2 150
z 19%
S 1000 0
@
2 500
S
0 If nuclear generated
coal natural gas nuclear renewables . .
electricity were generated by
source . . .
fossil fuels, annual emissions
U.S. Electricity Related CO2 Emissions (2011) would Increase by 611 MMT
CO,, a 28% increase.
_. 2000
N
o)
O 1500
€
£ 1000
2
2500
§ o
coal natural gas nuclear renewables
source

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



World Electricity and CO, Emissions (2011)

generation (G kwh)
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World Electricity Related CO2 Emissions (2011)
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 I—
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natural gas

nuclear

source

renewables

liquids

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

data from IEA Key World Energy Statistics 2013, pp 25-26



THE WALL STREET JOURNAL.

April 4, 2019
The Climate Needs Nuclear Power
James Hansen and Michael Shellenberger
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The Diablo Canyon nuclear-power plant in San Luis Obispo, Calif.



s nuclear power renewable?



Nuclear Fission
United States Government Accountability Office




Conversion of Fertile Nuclides to Fissile Nuclides
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Global Uranium Reserves

(' Global Reserves of Uranium ) e

27

Unit: 10,000 tU
*Figures for in-5itu resources in each country have been adjusted for estimated exploration loss and refining loss. (as of

January 2009)
Source : Formulated using data in The graphical flip-chart of nuclear & energy-related topics 2012, The Federation of Electric

Power Companies of Japan



Ressources mondiales en thorium

(milliers de tonnes de Th)

Groenland
54 @
Morvége . ;
Canada Fed. de Russie
44 @ 132 @
i Turguie
Etats-Linis
n.d
400
Egyple
100 Autres
33

Venezuelo

300

Inde

319

Brasil
302

Australie

& Afrique du sud 542

18

Idenfifiées <80 USD/KG Th Total : 2 229

Source © &« Uranium 2011 : ressources, production & demande » OECD 2012
Design : CEA/L.COLOMBEL, 2014




Sustainability: \ M ldaho National Laboratory

How long can we power today’s reactors with
known reserves?

Reasonably Assured Reserves of Uranium,

Worldwide Annual Requirements, shown in metric tons (MT)*

shown in metric tons (MT)** Australia 1,661,000

Kazakhstan 629,000

Russia 487,200

Pre-Fukushima 82 years . 468,700

{54,8?5 MTfyr} Miger 421,000

South Africa 279100

Brazil 276,700

Mamibia 261,000

Projected by 2035 — Assuming 39 years USh 207,400

best case economic growth -

(136,000 MT/yr) China 166,100

Ukraine 119,600

Uzbekistan 96,200

Mongolia 55,700

Projected by 2035 — Assuming 55 years s 23,800
mean case economic grcwth

(96,000 MT/yr) Other 164,000

TOTAL 5,326,500

* Assumes a ‘once-through’ burning of 3-5% enriched U
* Does not include unproven reserves (10.5B MT) and seawater (4.5B MT) — 230 years

"World Nuclear Azzociation, July 2016
= QECD Nuclear Energy Agency




Reusable Fuel Material

Fresh Fuel Spent Fuel

Flzalon Products,
U-235,

3%

Reusable
=  material,

97%

U-238,
97%




Status of the World Nuclear Power industry
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Reactors All Categories Europe
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Reactors All Categories East Asia
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Operating Reactors East Asia
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Offline Reactors East Asia
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Shutdown Reactors East Asia
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Reactors Under Construction East Asia
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World Nuclear Reactor Fleet

Nuclear Reactors and Net Operating Capacity in the World
in Units and GWe, from 1954 to 1 July 2019 e e

Maximum Operating
Capacity: 370 G\We
417 Reactors

1989

310 GWe L

418 Reactors Sl l
: . GWe
I Reactors in Operation -.l...lllllllllilll TTT R
=== (Jperating Capacity
8 WNISR - MYCLE SCHMEIDER COMSULTING
300
200

| el I 0
1954 1965 1970 1975 1980 1985 1 2000 2005 2010 2015 7/2019



World Reactor Startups and Closures

30 Reactor Startups
| China [J Rest of the World
25 u
I Reactor Closures

20 B All Countries (No Chinese in Total)
15 n II I I I 8 WNISR - MYCLE SCHNEIDER CONSULTING
10 | | I I I I I I I
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Country

Construction

Starts

Grid
Connection

Units Behind
Schedule

China

India
Russia

UAE

South Korea
Belarus
Bangladesh
Slovakia
USA
Pakistan
Japan
Argentina
UK

Finland
France
Turkey
Total

8 8o0
4824
3379
5380
5360
2 218
2 160
880
2234
2028
1325
25
1630
1600

1600

114

2012 - 2017
2004 - 2017
2007 - 2019
2012 - 2015
2012 - 2018
2013 - 2014
2017 - 2018
1985
2013
2015 - 2016
2007
2014
2018
2005
2007
208

1985 - 2019

2020 - 2023
2019 - 2023
2019 - 2023
2020 - 2023
2019 - 2024
2019 - 2020
2023 - 2024
2020 - 2021
2021 - 2022
2020 - 2021
¢
201
2025
2020
2022
2024

2019 - 2025
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Reactors Under Construction as of July, 2019



World Nuclear Reactor Fleet to 2065

Projection 2019-2065 of Nuclear Reactor/Capacity in the World

General assumption of 40-year mean lifetime + Authorized Lifetime Extensions
Operating and Under Construction as of 1 July 2019, in GWe and Units

Number of

Capacity in GWe Reactors

15 Yearly Reactor Startups 15
Bal — Capacity Added

10 dlance ] 10
Reactor Closures === (Capacity Closed

2018

-2020 | =— 2021-2030 —— | =— 2031-2040 —— | =—— 2041-2050 2051-2063 ———
+5 Reactor —153 reactors —~97 Reactors —-66 Reactors —101 reactors

+7 GW -125 GW -83 GW -66 GW -985GW

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



World Nuclear Reactor Fleet to 2065

World Nuclear Reactor Fleet

in Units, from July 2019 to 2065
7/2019

l
|
|
l
|
|
|
|

Composition of World Fleet
4 LTo

I Lifetime > 40 Years
I Lifetime < 40 Years

400

(g A
o o
o o

=t
-
o

2020 2025 2030 2035 2040 2045 2050 2055 2060

0

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

2065



Global Investments Nuclear and Renewables

Global Investment Decisions in .
New Renewables and Nuclear Power

in US$ billion, 2004-2018

B Other Renewables
Solar
B Wind

=== Nuclear

p—"
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

& WNISR - MYCLE SCHHNEIDER COMNSULTING



Global Small Modular Reactor Status



Small Modular Reactor Status

e Canada: in design stage

e China: High-Temperature Reactor three years behind
schedule

* India: Advanced Heavy Water Reactor construction
start delayed

e Russia: two floating reactors built, one operational
after long construction period

 S. Korea: System-Integrated Modular Advanced
Reactor abandoned due to cost

e UK: Rolls-Royce design at early stage
e 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 WALL STREET JOURNAL.

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

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

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

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

e “ .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

Timelines of 18 U.S. Reactors Subject to Early-Retirement 2009-2025
as of 1 July 2019

Closed Units

Crystal River-3*

San Onofre-2

San Onofre-3

Kewaunee

Vermont Yankee

Fort Calhoun-1

Oyster Creek

Pilgrim-1

Units Scheduled for Closure

Three Mile Island-1
Davis Besse-1
Indian Point-2
Beaver Valley-1
Beaver Valley-2
Perry-1

Indian Point-3
Palisades

Diablo Canyon-1
Diablo Canyon-2

VMNISR AYCLE SCHNEIDER CO ULTING
Expected
Remaining
Construction Operation Operation  License Renewal Date of Closure — Early Closure Potentially Reversed
L D or Expected Closure <« License Renewal Withdrawn




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
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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
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Scriba, NY
1975 —-2017(?)
Kept open with New York state subsidy




Clinton Power Station
Clinton, IL
1987 —2017(?)
Kept open by lllinois state subsidy




Quad Cities Generating Station
Cordova, IL
1973 —2018(?)
Kept open by lllinois state subsidy




Pilgrim Nuclear Power Station
Plymonth, MA
1972 - 2019
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Oyster Creek Nuclear Generating Station
Lacey Township, NJ
1969 - 2019

e
=




Diablo Canyon Power Plant
1985/1986 — 2024/2025

Avila Beach, CA
POSS|bIe Callormastate su bsid
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Nuclear Power Plant Closures
2012 -2024
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U.S. Recent Reactor Construction

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

e \/. C. Summer Units 2 & 3

e Jenkinsville, SC
e Construction stopped.
e Petition for Approval of Abandonment filed with NRC.

e Plant Vogtle Units 3 & 4

e Waynesboro, GA
e Construction completion in 2021.



New Nuclear Power Plants

2016 - 2020
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Energy Working Group
July 19, 2019

ADOPTED AND PENDING STATE NUCLEAR BAILOUTS

APPROXIMATE ANNUAL

AMOUNT IMPACT ON TIMEFRAME STATUS
RESIDENTIAL BILLS

NEW YORK $7.6 billion $30 2016-2028 V
ILLINOIS $2.4 billion $42 2016-2025 V
NEW JERSEY $2.7 billon $41 2018-2027 V
CONNECTICUT* $1.65 billion Up to $90 2018-2023 V
OHIO $900 million $9.60 6 years pending

TOTAL ADOPTED $14.35 BILLION

* This bailout will be much larger. The state's contract with Dominion Energy, adopted in November 2018,
is for 10 years. It will be renegotiated in 2023.

Source: EWG, compliled from linked news reports



Causes of U.S. Nuclear Power
Industry Decline



Supply and Demand for Electricity

Price

|
Demand
curve; {\
price decline
because of \
efficiency and Supply
renewables curve:

Market 2008

clearing
prices

s ) price decline
= - = _@ N because of
\ low natural
B \‘ gas price
) S . ‘

Generation

2013

Market clearing price (wholesale price) decline since 2008



Margin Squeeze

$/MWH
M Fuel Il Non-fuel O&M & Routine Capex = Cash Margin for Admin & Profit
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Natural Gas Price for Electricity Generation

Average cost of fossil fuels for electricity generation (per Btu) for
natural gas,
monthly

dollars per million Btu

15

10

0 T T T T
2010 2012 2014 2016

— United States : electric power

€13’ Source: U.S. Energy Information Administration



Gregory Jaczko Chair NRC 2009 - 2012

T A ™ A

"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
e Efficiency in transportation

e MPG of EV

e Current production

e Consumer choices

* Fuel of the 215t century



Energy Consumption of Transportation Sector



Solar
0.949

Nuclear
B.d44

Hydro
2.69

Wind
2.53

Petroleum
36.9

Estimated U.S. Energy Consumption in 2018: 101.2 Quads M Lawrence Livermore
National Laboratory

Met Eleciricity 005

.61 Imports




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

Other Rail
4%, — 2%

Water
4% Air
8%

Buses
1%

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



Transportation Emissions by Mode

I

Ships and boats 2%
— Rail 2%

Emissions from

pipelines,
lubricants, and
On-road 75% - non-transportation
Motorcycles <1% |, | mobile sources are
Buses 1% shown CO”ECtively
Medium and heavy-duty trucks 20% as lOther.’

Light-duty trucks 16%

Passenger vehicles 38%



Share of Energy Resource Consumption

U.S. Transportation Fuel Type  £-%
Med/Heavy < =S i:E
Light Vehicles Trucks & Buses ﬁ § 3
100% 58.5% 23.9% 0w T
80%
B60%
40%
20%
0% I
0% 20% 40% 60% 80% 100%

Mode Share of Energy Resource Consumption

Gasoline Diesel Jet Fuel Residual Natural Gas Electricity




Animation Gasoline Engine

INTAKE



Animation Diesel Engine
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Che New lork imes
September 12, 2016
Explaining Volkswagen’s Emissions Scandal

Exhaust system of a Volkswagen Golf
Volkswagen has used two basic types of technology
to reduce emissions of nitrogen oxides from diesel
engines, by either trapping the pollutants or treating
them with urea. The first type is shown here.

Main computer
Engine control module

Jiesel oxidatio
Diesel _:'y' lation Oxygen sensor
catalytic converter -.

H25 catalytic
converter

Diesel particulate filter A
Temperature
SENS0rs

Exhaust valve

Nitrogen oxide trap

This system traps nitrogen oxides, reducing toxic
emissions. But the engine must regularly use more
fuel to allow the trap to work. The car's computer
could save fuel by allowing more pollutants to pass
through the exhaust system. Saving fuel is one
potential reason that Volkswagen's software could
have been altered to make cars pollute more,
according to researchers at the International
Council on Clean Transportation.



Efficiency in Transportation



CAFE Standards and Achieved Fuel
Economy, MYs 19/8-2026

Solid lines: ACHIEVED FUEL ECONOMY
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New Light Vehicles Performance
Model Years 1980-2018 (Updated April 2019)
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Gasoline Vehicle: Where does the energy go?

Energy Requirements for Combined City/Highway Driving
Click on blue text for more information.

Engine Losses: 68% - 7T2%
thermal, such as radiator,
exhaust heat, etc. (58% - 62%)
combustion {3%)

pumping (4%)

friction (3%)

‘l‘.-

Parasitic Losses: 4% - 6%
(e.g., water pump,
alternator, etc.)

Power to Wheels: 18% - 25%
Drivetrain Losses: 5% - 8% Dissipated as

wind resistance: (9% - 12%)
rolling resistance (5% - 7%)
braking (5% - 7%)

ldle Losses: 3%
In this figure, they are accounted for as part of the engine and parasitic losses.



Hybrid Vehicle: Where does the energy go?

Energy Requirements for Combined City/Highway Driving - Hybrid Vehicles
Click on blue text for more information.

Engine Losses: 65% - 69%

tharmal (e.g, radiator, exhaust
heat, etc.), combustion,
pumping losses, and friction

4 Parasitic Losses: 4% - 6%
{e.g., water pump,
alternator, etc.}

Drivetrain Losses: 3% - 5%

Energy Recovered Power to Wheels: 27% - 38%

by Regenerative Dissipated as

Braking: 5% - 9% wind resistance: (11% - 16%)
rolling resistance (7% - 11%)
braking (9% - 13%)

Idle Losses: Near O



Electric Vehicle: Where does the energy go?

Energy Requirements for Combined City/Highway Driving - Electric Vehicles
Click on blue text for more information.

Energy Lost in Charging
Battery: 16%

\ /

Parasitic Losses: 2.5%

Electric Drive System
Losses: 16%

Net Regenerative Braking .
Energy Returned to the 65% + 17% (recovered) = 82%

Battery and Subsequently to Dissipated as

. . wind resistance (36%),
the Road: 17% ldle Losses: Near O rolling resistance (23%),

braking (23%)




MPG for an Electric Vehicle



Nissan Leaf




Nissan Leaf Monroney Sticker

EPA Fuel Economy and
Environmental Comparisons

-~ 7| A Annual Electric Cost
99 106 92| $561

combined cily/hwy city highway

34 kw-hrs per 100 miles
Charge & Range

Full Battery Chargo Tima
E:m T hours  ona lully chaged baticny, veliche can 1rave abaul_.,

al 240V o 7 14 21 28 as 42 S 53 ?aﬂ' ©

How This Vehicle Compares Environment

Amang all vehicles and within midsize car Gmenhouse 987
95 (Easas [Rr—
[ f'?'i."ll e Radlanet Sty

Ciibar Alr |

Polutards ot

Your actual I"|'|-I|('|H]{I and costs will vary with IIHI':-tﬂElT'l' cost, femporature , 'ﬂ”'i'ln'!:l conditions, and how Vo grive and malnialn YORIT WG
Cost estimaies are based on 15,000 miles per year al 12 cents per KW-hr. MPGequivalent: 33.7 kiW-hrs = 1 gallon gasaline energy.

R

%
m i See the FREE Fuel Economy Guide at dealers or www.fueleconomy.gov
R




Electric Vehicle Fuel Economy Calculation, |
e: equivalent

1
battery—to— wheel — [\Nh/ml] gasoline

= 33.7kWh/gal =8.90kWh/|

MPGe

U

gasoline

~ 100miles 33 7 kWh
battery—to—wheel ~— 34 kWh gal

=99 mpg

MPGe




Electric Vehicle Fuel Economy Calculation, |l
e: equivalent
g efficiency

MPGe = MPGe

fuel -to—wheel

— X U :
[\Nh/ml] gasoline

XE&

battery—to—wheel electricity

X gelectricity

& =& X gtransmission

electricity generation

=0.328x0.924 =0.303

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



Conventional Vehicle Fuel Economy Calculation
e: equwalent

g ef |C|ency
I\/II:)(':"efuel—to—wheel = |\/II:)(':"etank—to—wheel X ggasoline
ggasoline = grefining X &Eistribution — 0.830

Fuel-to-wheel = fuel-to-tank x tank-to-wheel,



Compare EV to CV

1
I\/“:)Gefuel —to—wheel — [\Nh/ml] gasoline X gelectricity
~100mi 33.7 «0.303
34 kWh gal
=99mpg x 0.303 =30 mpg v
I\/”:)Gefuel—to—wheel = Iv”:)Getank—to—wheel X ggasoline

=30mpg x 0.830 =25mpg «v



Nissan Leaf Battery and Price

e Li lon 86 MJ (24 kWh)

e Mass 300 kg (0.29 MJ/kg)
e Compare to gasoline 46.4 MJ/kg

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

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

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



Nissan Leaf Range on Worst Day of the Year




Nissan Sentra

I _ " |




Payback Period and Qil Savings, |

e Assume 12,000 miles/year
e Conventional vehicle at 30 mpg — 400 gal
* 400 gal gasoline at $2.50/gal = $1,000/year
e Assume 19/42 bbl to gasoline = 21 bbl/year
e Assume 10 year lifetime — 210 bbl
e Rebate then $7,500/210 bbl = S36/bbl

e (see below for a different calculation of cost
of the rebate)



Payback Period and Oil Savings, Il

e Assume 12,000 miles/year
e EV at 34 kWh/100 miles = 4,080 kWh/year
e Assume Ameren IP 2010 13¢/kWh
* 4,080 kWh — $530/year electricity
 Fuel cost savings 51,000 - S530 = $470/year
e Extra cost of EV Leaf over CV Sentra $12,870

* Pay
e Wit
e Wit

pack in $12,870/(S470/year) = 27 years
n gasoline at $3.50 per gallon, in 15 years

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

40

Trucks and Buses
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Production (Millions)

China

1983 1988 1993 1998 2003 2008 2013 2017



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



Greenhouse gas emissions (lifecycle gCO.eq / mile)

@ Internal Combustion Engine (Gasoline)

@ Internal Combustion Engine (Diesel)

® Hybrid
@ Plug-in Hybrid Chevrolet Suburban LS
— Battery Electric Vehicle
700 - @ Fuel Cell Vehicle ® 9 o O
o
O sales-Weighted Average [ )
® 9 o® .: ° O
600 - ® - .. ' ® .. ® o
® ®on®
o o 00 ® O °
500 - T o e
%o sNee Voo e
o 0% o o
400 F ) ® 000 L X )
oo © Toyota Mirai
__________ ® = _e%e " B e . @
\
300 - "
L
® Tesla Model S
D00 b
0.15 0.20 0.25 0.30 0.35 0.40 0.45

Costs (vehicle, fuel, and maintenance US$ / mile)

http://carboncounter.com/



http://carboncounter.com/

@ Electric Vehicle Outlook 2017
@ Electric Vehicle Outlook 2018
@ Electric Vehicle Outlook 2019
@ Energy Outlook 2017
@ Energy Outlook 2018
Energy Outlook 2019
@ Global EV Outlook 2017
@® Global EV Outlook 2018
@® Global EV Outlook 2019
® Outlook for Energy 2016
@® Outlook for Energy 2017
Outlook for Energy 2018

v

EV Market Forecasts
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The Fuel of the 215t Century?

e Gasoline and diesel

* Natural gas

* Battery

 Hydrogen with fuel cells
e Biofuels



L

: REUTERS

L

February 3, 2020
Electric future: Britain to ban new petrol
and hybrid cars from 2035

Victoria Embankment in London



Che New York Cimes

February 27, 2018

In Germany’s Car Capital, the Unthinkable:
The Right to Ban Cars




Che New York Cimes

July 6, 2017
France Plans to End Sales of Gas and Diesel
Cars by 2040




Batteries



Lithium-lon Battery
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Tesla Lithium-lon Battery Pack
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e




VOLUMETRIC ENERGY DENSITY (Wh/L)
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Beyond Lithium-lon: Li-O,?

Electron Flow k
During Discharge ' I awym '
X 5
> . . . Li*ions
: X 4 Lithium Oxide
; : ! Particles
e |
7 Metal Oxide
-_ _ | Catalyst
X Oxygen
: j § &
Lithium Li* -ion Porous Carbon Cathode
Conducting with Metal Oxide

Electrolyte Catalyst



Hydrogen with Fuel Cell



Proton Exchange Membrane Fuel Cell Basic

Hz 02
gas gas

¢ Pt catalyst

%
e, |4

— AAA—

Resistor

+

H

—

PEM




Proton Exchange Membrane Fuel Cell Chemistry

Anode (oxidation reaction, produces electrons):

+ _
H,,, — 2H" +2e
Cathode (reduction reaction, consumes electrons):
| ;
Net reaction:
1
Hy +Eoz(g} — H,0,



Available for Commercial Sale

* $57,500 MSRP

* 67 mi/gge

* 312 mirange, ~5 min refuel
« 114 kW stack

« US:200 2015, 3000 by 2017

Available for Lease

* 5499/month lease

* 50 mi/gge

* 265 mirange

« 100 kW stack

« US: 70 thru May ‘15 (237 overall)

Just Announced at Auto Shows

* 560,000 MSRP

*  $500/month lease for initial launch
* 4300 mi range*

« 100 kW stack

* Initial launch planned for late 2016

-~ " - .. ... 2" 2} _ 2



Example: California- H, Station Status

Snapshot of Status

ENERGY [0

Fuel Cell Technologies Office | 10

Locations

M Seeking new Site 60

M Finishing Permit
Apps 50

M In Permitting

40
M Planning Approval
B Approved to Build 30
W Under
Construction 20

M Fully Constructed

Open - Non-Retail 10

B Open-Retail
0

Open — Non-Retail:
Burbank, Torrance*,
Emeryville®, Harbor City®,
Newport Beach*, OCSD*#

Open — Retail:

West Sac, Diamond Bar, LA
Santa Monica Blvd?, UCI,
Coalinga, San Juan
Capistrano®, Long Beach,
South SF, San Jose, La
Canada Flintridge, Costa
Mesa, Santa Monica

Total:
52

H, Stations

As of February 25, 2016 |Data from CARB). * Stations in need of extension or upgrade
# Currently Torrance [H70 only), Santa Monica, 3an Juan Capistranc, and OCSD are offline (00,/15/16 CaFCP 5055)

NEVADA

Feno

Hurnbald:-Taiyabs
Sa@nm Naticnal Forest

SN0
o
. Dealh Valle
b -ORNIA MNalicral r"afic

SanLuis
Obispo

San glegn

-
Tijuana

Green icons indicate
Open Retail Stations
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General Motors Hummer H2H
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February 26, 2020

New Flver of America to supply lllinois with




Conceptual H, at Scale Energy System*

Value Added
Applications

Electricity
Grid

Hydrogen/
Natural Gas
Infrastructure

2\ Hydrogen

Vehicle
Power

Generation
Synthetic

Fuel
Hydrogen Hes
Solar PV Storage/
Distribution Upgrading

Qil/
Biomass

Battery

Hydrogen Other Metals
Generation End Use Refining

Concentrated Solar Power

*Illustrative example, not comprehensive

B

w4

NOIL7LY04%




H2@Scale Challenges

 Economic generation of hydrogen
 Distribution of hydrogen

e Storage of hydrogen

e Cost of fuel cells

* End use of hydrogen beyond fuel cells



Biofuels
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Billions of Gallons
o B8 & 0N

o

Volumetric Requirements of
RFS1(2005) and RFS2(2007)

RFS1v.RFS 2
(Applicable Volumes of Renewable Fuel)

36.00
33.00_ *
30.00 *
28.00 4
26.00 o
24.00 o
2225
2050
655 18.15
13.95 15.20 v
12.95 : -
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+ Renewable Fuel - RFS 2 ——Renewable Fuel - RFS 1

2015 U.S. gasoline consumption 140 billion gallons




Miscanthus at University of Illinois Experimental
Plot

From D. MacKay Sustainable Energy without the Hot Air, Figure 6.10



Biofuel Yield: Gallons per Acre (Dwivedi et al., 2015)

1000

800

600

400 -

200

0 - .
Corn ethanol Sugarcane Wheat straw Stover Switchgrass Miscanthus Energy Cane
ethanol ethanol ethanol ethanol

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

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

e 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

e 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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