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Lecture Overview

Intro questionnaire

Lecture overview (you are here)
Course expectations

About me

Physics 101

What is energy?

What is money?
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Course Expectations

I
learners) | expect from you:

e be curious!

o (ask questions!)

e be respectful!

o (to me and to each other)

e be honest!

o (i promise i will not get mad)
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Course Expectations

Expect from me: (teachers)

bad humor
different outfits
unrelated tangents
my best

emails

belief in you
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Course Expectations

| expect from you:

e proper citations
e clever use of tools
e communication

e collaboration

(ethics)
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Aside: Journal Access for Dummies

Georgetown

Library

B
Unpaywall g

Email the

nature

Commentary | Published: 30 April 1992

The growing inaccessibility of science

Donald P. Hayes

Nature 356, 739-740(1992) | Cite this article

1015 Accesses | 44 Citations | 27 Altmetric \ Metrics

Access options
Rent or Buy Subscribe to
article Journal
Get time limited or full article Get full journal
access on ReadCube. access for 1 year
rom $8.99 $199.00

only $3.83 per issue

authors

/r/scholar | Rontorbwy |

All prices are NET prices. All prices are NET prices.
VAT will be added later in the checkout.
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Course Expectations

Expect from me:

® generous scoring
e reasonable leniency

e please just give me an

excuse to give you all A's,

this really doesn’t have to be difficult,
as long as you show up and make a cursory

effort at participation no one is going to d
question whether you earned a good grade gra I"g
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Jonathan “Jo” Melville
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Jonathan “Jo” Melville

Jomathan-MElvilledgeergetown.edu
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Jonathan “Jo” Melville
i - _‘ s Jomathan-Melville@geergetown.edu
W % " B.S.Chemistry 2016, UC Berkeley
& 7.7 . ° PhD.Chemistry 2021, MIT
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B.S. Chemistry 2016, UC Berkeley
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https://docs.google.com/file/d/1YzxXT8KthGXHby1BhP7qzSedt2dR2jY0/preview

Jonathan “Jo” Melville
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DISCLAIMER OF ENDORSEMENT AND AFFILIATION. The Georgetown
University SFS course STIA 4102 Clean Energy Innovation (hereafter “the Course”)
is in no way endorsed by or affiliated with the United States Department of Energy
(DOE). The participation of the adjunct lecturer Jonathan Melville (hereafter “the
Professor”) in the Course is performed in a strictly extracurricular fashion and in no
way implies DOE'’s endorsement or sponsorship of the Course.

Any views expressed by the Professor throughout the Course are solely those of
the Professor and do not reflect the official policy or position of the Advanced
Research Projects Agency - Energy (ARPA-E), DOE, or the U.S. Government.

Reference to any specific commercial product, process, or service by trade name,
trademark, manufacture, or otherwise does not constitute an endorsement, a
recommendation, or a favoring by ARPA-E, the DOE, or the U.S. government. The
DOE does not endorse or sponsor any commercial product, service, or activity.
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How much methane do we flare?

e 143,000,000,000 m3/y CH,

e $29,800,000,000/yr

e 500 Mtly CO.° (2022)

o c.f. total fossil CO, emissions: 37.9 Gt/y (2021, global)
o about as much CO, as Brazil

e 3.5% of global supply

o enough to heat every home in America

https://www.iea.org/energy-system/fossil-fuels/gas-flaring
Energies 2016, 9, 14.
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Where is Methane Flared?

LNG terminals: 2%
Gas refineries: 8%
Production areas: 90%

Elvidge, C. D. et al Energies 9, 14 (2016).



Locations Flaring Natural Gas in 2012
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Data source: Christopher Elvidge study 'Methods for Global Survey of Natural Gas Flaring from Visible Infrared Imaging Radiometer Suite Data'
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Why do we this?

Natural gas is mostly methane (CH,)
o Methane is a greenhouse gas 30-200x worse than CO,

Natural gas is a gas
o Extracting natural gas to bring to market requires capture, compression,
liguefaction, transport...

Natural gas is cheap
o Gas produced in remote (“stranded”) locations is not profitable to sell

— might as well just burn it to CO,, which is less harmful than CH,
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This class is about two things:

1. Energy
2. Money
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Newton's Three Laws of Motion

e 1st law:inertia

o an object at rest tends to remain at rest

o an object in motion tends to remain in motion
e 2nd law: force

o moving an object with mass requires force

o force = mass x acceleration
e 3rd law: reaction

o every action has an equal and opposite reaction
5a/31



The Three Laws of Thermodynamics
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed
= you can never get more energy out of a system than you put in
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed
= you can never get more energy out of a system than you put in

2. Entropy of the universe always increases
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The Three Laws of Thermodynamics

. Energy cannot be created or destroyed
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2. Entropy of the universe always increases
w real-world systems are always less than 100% efficient
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The Three Laws of Thermodynamics
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The Three Laws of Thermodynamics

Energy cannot be created or destroyed
= you can never get more energy out of a system than you put in

Entropy of the universe always increases
w real-world systems are always less than 100% efficient

3. Absolute zero can’t be reached
w agtomic motion stops at T=-273.15 °C (zero Kelvin)
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed

= you can never get more energy out of a system than you put in
= (you can't win)

2. Entropy of the universe always increases
w real-world systems are always less than 100% efficient

3. Absolute zero can’t be reached
w atomic motion stops at T =-273.15 °C (zero Kelvin)
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed

= you can never get more energy out of a system than you put in
= (you can't win)

2. Entropy of the universe always increases

w real-world systems are always less than 100% efficient
< (you always lose)

3. Absolute zero can’t be reached
w atomic motion stops at T =-273.15 °C (zero Kelvin)
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The Three Laws of Thermodynamics

1. Energy cannot be created or destroyed

= you can never get more energy out of a system than you put in
= (you can't win)

2. Entropy of the universe always increases

w real-world systems are always less than 100% efficient
= (you always lose)

3. Absolute zero can’t be reached

w atomic motion stops at T =-273.15 °C (zero Kelvin)
= (you can't quit)
5b/31



Intro to Sl units (the metric system)

second S time

unit symbol measures

time
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Intro to Sl units (the metric system)

unit symbol measures

second S time

kilogram kg mass
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Intro to Sl units (the metric system)

unit symbol measures

second S time .
|

kilogram kg mass — | ) |
Q)

metre m length
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Intro to Sl units (the metric system)

unit symbol measures

second S time

kilogram kg mass

metre m length

ampere A electric current

current
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Intro to Sl units (the metric system)

unit symbol measures

second

kilogram

metre

ampere

kelvin

S

kg

m

time
mass I —) I
02 2 Al A2 A A
length
time length

electric current

[absolute] -
temperature T ° -
-

current temperature
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Intro to Sl units (the metric system)

unit symbol measures

second S time

kilogram kg mass | ¢ S |
282 hd A M M M
metre m length
time length
ampere A electric current
: [absolute]
kelvin K temperature O -— }‘
-
mol ol ‘amount of 4
o€ O substance”
current temperature quantity
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Intro to Sl units (the metric system)

unit symbol measures

A
second S time .
|
kilogram kg mass — | ——s |
metre m length

time mass length
ampere A electric current
e K o (| R D
e o “amount of 4 d
substance”
luminous current temperature quantity

candela cd -
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Intro to Sl units (the metric system)

unit symbol measures prefix symbol power order decimal
_ atto- a 1078 quintillionth  0.000000000000000001
second S time femto- f oy quadrillionth  0.000000000000001
pico- p 1012 trillionth 0.000000000001
ki|ogram kg mass nano- n 10'9 billionth 0.000000001
micro- u 10 millionth 0.000001
milli- m 1073 thousandth  0.001
metre  m  length centi- c 1072 hundredth  0.01
deci- d 10" tenth 0.1
ampere A electric current 10° - 1
deka- da 10? ten 10
: [absolute] hecto- h 102 hundred 100
kelvin K temperat g 3
perature kilo k 10 thousand 1000
» mega- M 106 million 1000000
amount of i o
mole  mol e giga- G 10° billion 1000000000
tera- T 102 trillion 1000000000000
el cd luminous peta- P 109 quadrillion 1000000000000000
intensity exa- E 10" quintilion  1000000000000000000 5¢/31



Intro to Sl units (the metric system)

unit symbol measures prefix symbol power order decimal
second S time
ki|ogram kg mass nano- n 10'9 billionth 0.000000001
micro- 7] 10° millionth  0.000001
; | " milli- m 103 thousandth 0.001
e i engt centi- c 102 hundredth  0.01
ampere A electric current 10° - 1
. bsolute]
kelvin K 2
temperature kilo- k 10° thousand 1000
» y mega- M 10° million 1000000
mole mol  @mounto I G 10° billion 1000000000
substance” giga- o
tera- T 1072 trillion 1000000000000
luminous
candela cd —
intensity exa- E 10" quintillion  1000000000000000000 5 3



SI Units are all interconnected!

e 1 cubic centimeter (cm?3) =1 milliliter (mL)
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SI Units are all interconnected!

e 1 cubic centimeter (cm?3) =1 milliliter (mL)
o 1 mL of water: 1 gram (qg)
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SI Units are all interconnected!

e 1 cubic centimeter (cm?) = 1 milliliter (mL) ™.

o 1 mL of water: 1 gram (g) !}
e 1000 mL =1 liter (L) BN
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SI Units are all interconnected!

e 1 cubic centimeter (cm?) = 1 milliliter (mL) ™.
o 1 mL of water: 1 gram (g) !}
e 1000 mL =1 liter (L) BN

o 1L ofwater: 1 kilogram (kg)
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SI Units are all interconnected!

e 1 cubic centimeter (cm?) = 1 milliliter (mL) ™.
o 1 mL of water: 1 gram (g) ’

e 1000 mL =1 liter (L) A
o 1L ofwater: 1kilogram (kg)

e 1 newton (N) = force to accelerate 1 kg by 1 m/s?

1N
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SI Units are all interconnected!

e 1 cubic centimeter (cm?) = 1 milliliter (mL) ™.
o 1 mL of water: 1 gram (g) ' "

e 1000 mL =1 liter (L) o
o 1L ofwater: 1 kilogram (kg)

e 1 newton (N) = force to accelerate 1 kg by 1 m/s?

o 1N=1kg-m/s?
1N
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SI Units are all interconnected!

1 cubic centimeter (cm?3) = 1 milliliter (mL)
o 1 mL of water: 1 gram (g)

1000 mL =1 liter (L)
o 1L ofwater: 1kilogram (kg)

1 newton (N) = force to accelerate 1 kg by 1 m/s?

o 1N=1kg-m/s?
1 joule (J) = work done by 1 N over 1 m

1 Iiter\

1N

4
1‘10 cm

mcm\ ‘/m/cr'n
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1 cubic centimeter (cm?3) = 1 milliliter (mL)

©

SI Units are all interconnected!

1 mL of water: 1 gram (g)

1000 mL = 1 liter (L)

(@)

1 newton (N) = force to accelerate 1 kg by 1 m/s?

@)

1 joule (J) = work done by 1 N over 1 m

O

1 L of water: 1 kilogram (kg)

1N =1 kg-m/s?

1J=1N-m

1 Iiter\

1N

4
1‘10 cm

mcm\ ‘/m/cr'n
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SI Units are all interconnected!

1 cubic centimeter (cm?3) = 1 milliliter (mL)
o 1 mL of water: 1 gram (g)

1000 mL =1 liter (L)
o 1L ofwater: 1kilogram (kg)

1 newton (N) = force to accelerate 1 kg by 1 m/s?

o 1N=1kg-m/s?

1 joule (J) =work done by 1 N over 1 m

o 1J=1Nm

1 watt (W) = power of 1 Joule over 1 sec

1 Iiter\

|

11Dcm

mcm\ ‘%

1N
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1 cubic centimeter (cm?3) = 1 milliliter (mL)

©

SI Units are all interconnected!

1 mL of water: 1 gram (g)

1000 mL = 1 liter (L)

(@)

1 newton (N) = force to accelerate 1 kg by 1 m/s?

@)

1 joule (J) =work done by 1 N over 1 m

(@)

1 watt (W) = power of 1 Joule over 1 sec

O

1 L of water: 1 kilogram (kg)

1N =1 kg-m/s?

1J=1N-m

1TW=1J/s

1 Iiter\

1N

,1>1Dcm
mcm\ ‘%
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INTERNATIONAL SYSTEM OF UNITS (SI)

S| Prefixes

Sl Base Units

Base Quantity

Length

Mass

Time

Electric current

Thermodynamic
temperature

Amount of substance

Luminous intensity

S| Derived Units

Derived Quantity
Frequency

Force

Pressure

Energy

Power

Electric charge
Electric potential
Electric resistance

Celsius temperature

Name Symbol
meter m
kilogram kg
second s
ampere A
kelvin K
mole mol
candela cd
Equivalent
Name Symbol Sl Units
hertz Hz s
hewton N mekges2
pascal Pa N/m?
joule J Nem
watt W J/s
coulomb C s-A
volt \' W/A
ohm Q) V/A
degree Celsius  °C K*

*Unit degree Celsius is equal in magnitude to unit kelvin

Factor

1012
10°
10¢
103
102
10!
107
107
19
10
10%
10-12

Adapted from NIST Special Publication 811.

Name
tera
giga
mega
kilo
hecto
deka
deci
centi
milli
micro
nano
pico

Symbol

T

G
M
k
h

T o3 nae

Numerical Value
1000 000 000 000
1000 000 000
1000 000

1000

100

10

0.1

0.01

0.001

0.000001

0.000 000 001
0.000 000 000001

Sl rules and style conventions recommend using spaces rather than commas to separate groups of three digits.

FLINN

www.flinnsci.com
sc I E N T I F I C ©2020 Flinn Scientific. All Rights Reserve

AP6899
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This class is about two things:

1. Energy
2. Money
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energy?



Types of Energy

W = I @

thermal elastic mechanical gravitational
chemical magnetic electrical nuclear
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energy
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energy

Q = mcpAT
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Heat

energy

Q) = mcpAT
W=Ff-d
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energy

Heat Q) = mcpAT
Work pe=f - d
E=hy
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energy

Heat Q) = mcpAT
Work =1 -d
Light 2= h.l/v

9
F== T o
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Heat
Work
Light
Mass

energy

Q) = mcpAT
g [ -d
B—hy

E = mc?
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Heat
Work
Light
Mass

energy

Q) = mcpAT
g [ -d
By
E = mc?

1

By = ~muv?
lin 9
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energy

Heat
Work
Light
Mass

O

Linear

Q) = mcpAT
g [ -d
B—h

9
b= g
L= 5777/02

1

Erot = EI WQ
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energy

Heat
Work
Light
Mass

Motion (kinetic)

O
O

Linear
Rotational

Q) = mcpAT
g [ -d
B—h

9
b= g
L= %va

1

Erot = EI WQ
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energy

Heat
Work
Light
Mass

Motion (kinetic)

&)
@)

Linear
Rotational

Q) = mcpAT
g [ -d
5= hy

9
F=== T ol
L= 5777/02

1

Erot = EI WQ

Ugra\r == nlgh
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energy

Heat

Work

Light

Mass

Motion (kinetic)
o Linear
o Rotational

o  Gravitational

Q) = mcpAT
g [ -d
By

E = mc?

By = —muv?
lin 9

1
Erot = EI WQ

Ugra\r == nlgh
1

5
Uspring = 57“7
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energy

Heat
Work
Light
Mass
Motion (kinetic)

&)
@)

Linear
Rotational

Gravitational

Spring / Elastic

© g8 g
AH XIS § : a; AfH 1)r0(111(-ts_-§ : bj AfH reactants
i J

Q) = mcpAT
g [ -d
By

E = mc?

By = —muv?
lin 9

1
Erot = 5[(&)2

Ugra\r == mgh
S
Uspring 7 51"372
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energy

Heat

Work

Light

Mass

Motion (kinetic)

o Linear

o Rotational
Position (potential)
o Gravitational

; ; e
o Spring /Elastic  Uspring = 5k2
o Chemical AL =N aAm =S HAHS
i J

Q) = mcpAT
g [ -d
By

E = mc?

By = —muv?
lin 9

1
Erot = EI WQ

Ugra\r == nlgh
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energy

Heat

Work

Light

Mass

Motion (kinetic)

o Linear

o Rotational
Position (potential)
o Gravitational
o Spring / Elastic
o Chemical a#

units:

Q) = mcpAT
g [ -d
5= hy

9
F=== T ol
L= 5771’02

1

Erot = EI WQ

Ugra\r == mgh

|
Uspring S 51"372

' J
don't worry about it
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energy

Heat Q) = mcpAT
Work g/ - d
Light i — h.l/'
Mass E = mc?
Motion (kinetic) il
o Linear 4
. Erot = =Iw?

o Rotational i o
Position (potential)

o Gravitational Ugrav :f’lf{h
o Spring /Elastic  Uspring =5k’
o Chemical a% »

don't worry about it

J
J

¥
units: all joules (J)
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energy

Heat Q = mcpAT
Work e f.d
Light E=hv
W ESS E = mc?
Motion (kinetic) il

o Linear 3 9

o Rotational el
Position (potential)

o Gravitational Ugrav =1mgh

o Spring/Elastic  Uswin =5k’

o Chemical a% /

’ )
don't worry about it )

¥
units: all joules (J)

|

NOT energy
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energy

Heat Q = mcpAT
Work W=f-d
Light E=hv
\ESS E = mc?
Motion (kinetic) il

o Linear 21 9

o Rotational Eiot = 51w
Position (potential)

o Gravitational Ugrav =1mgh

o Spring /Elastic Ui =35k

o Chemical 2 ]

' j
don't worry obout it

~
units: all joules (J)

|

NOT energy
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energy

Heat Q = mcpAT
Work e f.d
Light E=hv
W ESS E = mc?
Motion (kinetic) il

o Linear 3 9

o Rotational el
Position (potential)

o Gravitational Ugrav =1mgh

o Spring/Elastic  Uswin =5k’

o Chemical a% /

’ )
don't worry about it )

¥
units: all joules (J)

|

NOT energy

unit:
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energy o NOT energy
Heat Q = mcpAT
Work pe 1.4 e Power: .

: T o rate of energy per time
Light = - o unit: watt (W) =1 J/sec
Mass 7
Motion (kinetic) il

o Linear 3

- Eyot = =Iw?

o Rotational 106 = 5
Position (potential)

o Gravitational e

o Spring /Elastic Ui = 3k

o Chemical 2

’ )
don't worry about it ¥

¥
units: all joules (J) 7/31



energy o NOT energy
Heat Q = mcpAT
Work pe 1.4 e Power: .

: T o rate of energy per time
Light = - o unit: watt (W) =1 J/sec
Mass 7
Motion (kinetic) il

o Linear 3

- Eyot = =Iw?

o Rotational 106 = 5
Position (potential)

o Gravitational e

o Spring /Elastic Ui = 3k

o Chemical 2

’ )
don't worry about it ¥

¥
units: all joules (J) 7/31



energy

Heat Q = mcpAT
Work e f.d
Light E=hv
W ESS E = mc?
Motion (kinetic) il

o Linear 3 9

o Rotational el
Position (potential)

o Gravitational Ugrav =1mgh

o Spring/Elastic  Uswin =5k’

o Chemical a% »

’ )
don't worry about it ¥

¥
units: all joules (J)

|

NOT enerqgy

Power:
o rate of energy per time
o unit: watt (W) =1 J/sec

unit:
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enerqy
Heat Q) = mcpAT
Work e f.d
Light E=hv
Mass E = mc?
Motion (kinetic) il
o Linear o
o Rotational Sl

Position (potential)

©)
O
O

Gravitational Ugav = mgh

[ i Uspri ~=ik‘fc2
Spring / Elastic spring = 7H
Chemical &

’ )
don't worry about it ¥

¥
units: all joules (J)

|

NOT energy

Power:
o rate of energy per time
o unit: watt (W) =1 J/sec
Force:
o rate of energy per distance
o unit: newton (N) =1 J/m
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enerqy
Heat Q) = mcpAT
Work e f.d
Light E=hv
Mass E = mc?
Motion (kinetic) il
o Linear o
o Rotational Sl

Position (potential)

©)
O
O

Gravitational Ugav = mgh

[ i Uspri ~=ik‘fc2
Spring / Elastic spring = 7H
Chemical &

’ )
don't worry about it ¥

¥
units: all joules (J)
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Joules (J)

e .
) Al
1 m/s "'
1 kg ‘-
: N
1m

Image by DALL-E 2
PROMPT: “a high-resolution

photograph of an apple in midair
s

falling from a tr

energy of a
small (~100 g) apple
fFalling ~1 meter
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Joules (J)

e joule (J)

E ALK
typical watch battery
(button cell)
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Joules (J)

e joule (J)
e kilojoule (kJ): 103J

energy
in a fully charged car
battery
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Joules (J)

e joule (J)
e kilojoule (kJ): 103J
e megajoule (MJ): 10°J

7= |
Sl Blue |

total
energy of an average
lightning bolt

-OR-
two propane tanks
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joule (J)
kilojoule (kJ):

Joules (J)

10°J

megajoule (MJ): 10° J

gigajoule (GJ):

10° J

average

annual electricity use of a

American neighborhood
(~25 homes)
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Joules (J)

joule (J)

kilojoule (kJ):  103J
megajoule (MJ): 10° J
gigajoule (GJ): 10°J
tergjoule (TJ): 10'2J

1% of total
annual American energy
usage
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calories and Calories (cal, /kcal)

“thermal calorie” “food calorie”
(cal,,, cal, calorie) (kcal, kilocalorie, Cal, Calorie)
e energy to heat 1 gram of water by 1 °C e energy to heat 1 kilogram of water by 1 °C
e 1cal=4.184J o 1kcal=4.184kJ=4,184

e the one what's on the back of the box

e iam aware this is dumb and confusing

Nutrition Facts

8 servings per container
Serving size 2/3 cup (559)

Amount per serving

Calories 230
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watt-hours (Wh, W-h, W-hr)

power = energy =+ time | Wt %
power x time = energy I1W-h=(1W)x (1 hr)
; kM/VCh=—3§(6)30JkJ (W) x (L) = (1) x (1 hr x 2205
1 MWh = 3600 MJ ... = ({1 i) x (1 ht x 36?12%)
e same logic for watt-days, watt-years  __ a0 |

e (¢lobal annual power use: ~20 TW-y
11/31






Which has more energy?

a 3-ton SUV driving down the
freeway at 60 mph

a reqular-sized Snickers bar
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Which has more energy?

1 convert 60 mph I to meters per secon
KE = gmv*
1
[ 5(3000 kg)(26.8 m/s)?
ke - m?
KE = 1080000 >
S

KE = 1080000 J = 1080 kJ

a 3-ton SUV driving down the
freeway at 60 mph

a reqular-sized Snickers bar
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Which has more energy?

nterpretat

1 2 convert 60 mph I to meters per second
KE = —mv
2 26.82m/s

1
[ 5(3000 kg)(26.8 m/s)?

2o
KE = 1080000 kgS—Qm

KE = 1080000 J = 1080 kJ

a 3-ton SUV driving down the
freeway at 60 mph

.-gw
Nutrition Facts
Serving Size 2.07 oz (58.7g)

Servings Per Container 1 package

Amount Per Serving

Calories 280 Calories from Fat 130
% Daily Value*

SVIGRERSA

Total Fat 14g 22%
Saturated Fat Sg 25%
TransFat 0Og 0%

Cholesterol 5mg 2%

Sodium 140mg 6%

Total Carbohydrate 35g 12%
Fiber 1g 4%
Sugars 30g

Protein 4g

Vitamin A 0% e VitaminC 0%

Calcium 4% e Iron 2%

“Porcont Daity Values are based on a 2,000 calone diet, Your
daity ¥

Snickers Bar

INGREDIENTS: MILKCHOCOLATE (SUGAR, COCOA
BUTTER, CHOCOLATE, LACTOSE, SKIMMILK, MILK FAT,
SOY LECITHIN, ARTIFICIAL FLAVOR), PEANUTS, CORN
SYRUP, SUGAR, SKIMMILK, BUTTER, MILK FAT,
PARTIALLY HYDROGENATED SOYBEAN OIL, LACTOSE,
SALT,EGG WHITES, ARTIFICAL FLAVOR

a reqular-sized Snickers bar
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[ %(3000 kg)(26.8 m/s)?
kg - m?
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KE = 1080000 J = 1080 kJ
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one ton of TNT

typical fridge annual energy use
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Which is more energy?

4.184 GJ x

10° J
1 GJ

X

1 kJ
1000 J

= 4.184 x 10° kJ

one ton of TNT

typical fridge annual energy use
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Which is more energy?

4.184 GJ x

10° J
1 GJ

1 kJ
>< e
1000 J

— 4.184 x 10° kJ

one ton of TNT

XYZ Corporation
Model ABC-L

nnnnnnnnnnnnnn

$67
v T

Cost Range of Similar Models

freezer, and through-he-door
rating cost based on
cents per kWh.

 For more information, visit ww.fic gov/appliances.

typical fridge annual energy use
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Which is more energy?

US fridges use more energy \

than a person in many countries
63 0 kWh -
. o @ Pakistan 8

Estimated Yearly Electricity Use |
K Nepa =
0 o 2
630 kWh ——
v Tonzania 121
- econgo 108
4.184 GJ x

1GJ " 1000 J 630 kW - b L

kJ S
= 4.184 x 10° kJ ? | o0 mxw;

— 2.27 x 10° kJ

one ton of TNT typical fridge annual energy use
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Which is more energy?

4.184 GJ x

10° J
1 GJ

1 kJ
X L —
1000 J

= 4.184 x 10° kJ

one ton of TNT

US fridges use more energy e
SR person I may countries
630 KWh 2 — BB
Estimated Yearly Electricity Use R f;—
B =
o =
630 kWh o
-
630 kW - h .
kJ -
S
630 — - h x 3600 o
S

— 2.27 x 10° kJ

typical fridge annual energy use
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Which is more energy?

Ford F-150 gas tank

melt and boil a 1-tonne iceberg
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Which is more energy?

23 gal x

3.785 L » 34.6 MJ = 1000 kJ
1 gal 1L 1 MJ
= 3.01 x 10° kJ

Ford F-150 gas tank

melt and boil a 1-tonne iceberg

14/31



Which is more energy?

03 gl 378 L 346 MJ 1000 kJ
845 T gal 1L 1 MJ
= 3.01 x 10° kJ

Ford F-150 gas tank

kcal Teeal]
MM =197 = AH o = 533
water s 1 kcal

c g 20 Q = mcAT

.7 kecal 1 kcal kcal
1000 kg x [797 ca +( ca ><100°C)+533 ca}

kg kg-° C kg

1000 kg X [79.7 kecal i 100 kcal £ 533 kcal}
kg kg kg
712.7 kecal

kg

4.184 k
= 7.12 x 10° keal x S ) = 2.98 x 10° kJ
1 kcal

1000 kg x

melt and boil a 1-tonne iceberg
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Which is more energy?

vy oy 3785 L 346 MJ 1000 kJ
84S T gal 1L 1 MJ
= 3.01 x 10° kJ

Ford F-150 gas tank

keal keal
AHYer — 797 ——— AHYter  — 533
fusion k g vaporization k g

water = 1 kC a’l

Y ey Q = mcAT

.7 kecal 1 kecal kcal
1000 kg x [797 ca +( ca ><100°C>—|—533 ca}

kg kg -° C kg

1000 kg X [79.7 kecal i 100 kcal £ 533 kcal]
kg kg kg
712.7 kecal

kg

4.184 k
=7.12 x 10° keal x o I = 2.98 x 10° kJ
1 kcal

1000 kg x

melt and boil a 1-tonne iceberg
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Which is more energy?

total caloric content of food
eaten over an 80-year lifespan

one gram of Fissile uranium
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Which is more energy?

kcal

2000 — x 4.184 X

day

kJ 365 day
kcal Lyr X 80yt
— 2.44 x 10° kJ

total caloric content of food
eaten over an 80-year lifespan

one gram of Fissile uranium
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Which is more energy?

2000 koo, x 4.184
day

kJ

365 day

keal :

Tenrr

x 80 yr

— 244 x 10% kJ

total caloric content of food
eaten over an 80-year lifespan

one gram of fissile uranium

15/31



Which is more energy?

2000 KB s SRIOBEER-I00,day

day kcal Lyr

x 80 yr

— 2.44 x 10 kJ

total caloric content of food
eaten over an 80-year lifespan

235y fission products weigh 0.085%
less than reactants!

E = mc?

1 kg 1 4 5
1 0.085 3 x 10
(1gx To00 g < 0-085% X o578 x 10" m/s)
1 kJ

1000 J
= 7.65 x 10" kJ

= 7.65 x 10*° Jx

one gram of Fissile uranium
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2000 KBl SRIOBEER-I05 day

day kcal Lyr

x 80 yr

— 2.44 x 10 kJ

total caloric content of food
eaten over an 80-year lifespan

235y fission products weigh 0.085%
less than reactants!

E = mc?

1 kg 1 4 5
1 0.085 3 x 10
(1gx To50 g < 0-085% & o578 x 10" m/s)
1 kJ

1000 J
= 7.65 x 10" kJ

= 7.65 x 10*° J.x

one gram of fissile uranium
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Which is more energy?

2000 %2 x 4184 2L 5 S00 day

day kcal : Lyr

x 80 yr

— 244 x 10% kJ

total caloric content of food
eaten over an 80-year lifespan

SCOENCE TiP: LOG SCALES ARE FOR QUITTERS WHO CANT
FIND ENOUGH PAPER TOMAKE THEIR POINT AROPERLY.

.
https://xkcd.com/1162/ 1 5/31



Which is more energy?

global annual energy use
(2022)

1 hour of sunlight
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Which is more energy?

Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel

production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as

fossil fuels

Other
renewables

160,000 TWh Modern biofuels
Wind

140,000 TWh Hydropower
Nuclear
Natural gas

120,000 TWh

100,000 TWh

80,000 TWh Oi

60,000 TWh

40,000 TWh
Coal

20,000 TWh

0 TWh
1800 1850 1900 1950 2022

ical Review o

> BY

Vorld Energy

y Institute Stati Smil (2017)

glenergy «

global annual energy use
(2022)

1 hour of sunlight
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Which is more energy?

Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel
production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as

fossil fuels. 3600 S 1 x 10122 1 EJ

Ot
173500 TWh x TR . X T 1088 3 Oher
160,000 TWh 4% X Modern biofuels
' Solar
ind
140,000 TWh Hydropower
Nuclear
Natural gas
120,000 TWh
100,000 TWh
80,000 TWh Oi
60,000 TWh
40,000 TWh
Coal
20,000 TWh
0 TWh io
1800 1850 1900 1950 2022

ical Review of World Energy (2C
CBY

v Smil (2017)

global annual energy use
(2022)

1 hour of sunlight
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Which is more energy?

Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel
production by converting non-fossil energy into the energy inputs requlred if they had the same conversion losses as

fossil fuels. 1 10
173500 TWh x 20008 , 1 | &)

Other

X
renewables
160,000 TWh 1h 1 TW 1 x 1018 J Hoder bofuels
’ olar
Wind
140,000 TWh Hydropower
Nuclear
6 2 Natural gas
120,000 TWh E— ! I E l
100,000 TWh
80,000 TWh Oil
60,000 TWh
40,000 TWh
Coal
20,000 TWh
Traditional
0 TWh . 3 biomass

1800 1850 1900 1950 2022

Source: Energy Institute Statistical Review of World Energy (2023); Vaclav Smil (2017)
OurWorldinData.orglenergy » CC BY

global annual energy use
(2022)

equatorial radius of Earth =

6 378.1 kilometers

W' x 1.275 x 10"

J
1361 :
1 W

Iiﬁ{I)s>< 1 EJ
1h 1 x 108 ]

= 624 EJ

1 hour of sunlight

x 1h x
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Which is more energy?

Global primary energy consumption by source
Primary energy is calculated based on the 'substitution method' which takes account of the inefficiencies in fossil fuel

Our World
in Data

production by converting non-fossil energy into the energy inputs required if they had the same conversion losses as

tmaxco pun , 008 1 X 10124 1 EJ
1 X X X Other
TG0/000 T 1h 1TW 1 x 1018 ] E‘“b“‘
Wind
140,000 TWh Hylrc;ropower
Nuclear
Natural gas
120,000 TWh ——— 6 24 E I
LY o) E—— A&
80,000 TWh Oil
60,000 TWh
40,000 TWh A
Coal
20,000 TWh
0 TWh

1800 1850 1900 1950 2022

Source: Energy Institute Statistical Review of World Energy (2023); Vaclav Smil (2017)
OurWorldinData.orglenergy » CC BY

global annual energy use
(2022)

Q

equatorial radius of Earth =

6 378.1 kilometers

;}; X IIW x 1.275 x 10" m?

?ﬂ)sx 1 EJ
1h ~ 1x1018]

= 624 EJ

1 hour of sunlight

n |

1361

|

x 1h x
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How much does energy cost?

Depends on how you:

e storeit

How can you

burn Fossil fuels
burn biomass
solar photovoltaics
wind turbines
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Three Gorges Dam

Hubei, China
30°4923"N 111°00'12"E

Location in Hubei Province

Installed capacity:
Capacity factor:
Annual generation:
Construction began:
Opening date:
Construction cost:
Owner(s):

Three Gorges Dam (China)

22500 MW

45%

103.6 TWh (2027)
December 1994

July 2003

¥203 bn (US$31.8 bn)

China Yangtze Power
(subsidiary of China Three Gorges Corp.)
O PERIZ=BEALNT

=" ChinaThree Gorges Corporation



https://geohack.toolforge.org/geohack.php?pagename=Three_Gorges_Dam&params=30_49_23_N_111_00_12_E_dim:3000_region:CN-42_type:landmark

How much does energy cost?

Depends on how you:

e storeit
e shipit

How can you

burn fossil fuels
burn biomass
solar photovoltaics
wind turbines
hydroelectric dam
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Depends on how you:

e storeit
e shipit

How can you

burn Fossil fuels
burn biomass

solar photovoltaics
wind turbines
hydroelectric dam
nuclear reactor
geothermal plant
solar concentrator
tidal energy station
nuclear fusion ouwish)
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Depends on how you: How can you ?
: e Chemical fuel
JINELCHL: o ot
o Biofuels

o Non-fossil hydrocarbons
e Batteries (all sorts)
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How much does energy cost?

Depends on how you: How can you ?
- e Chemical fuels
® MAd ke |t o Folssilful;ls
o Biofuels
o Non-fossil hydrocarbons
- e Batteries (all sorts)
o shlp IC e Pumped hydroelectric storage

e Thermal energy storage

o Sensible (molten-salt)
o Non-sensible (phase-change)

e Flywheels
e Compressed air
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How much does energy cost?

How much does electricity cost?

Average national electricity prices in US cents/kWh (2011)

AN 0]

[
=

A shrinkthatfootprint.com

[ —
-

>

eljeaIsn

rces: |EA, EIA, national
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How much does energy cost?

How much does electricity cost?

Average national electricity prices in US cents/kWh (2011)

IIIIIII Levelized cost of energy:
Cost per ~Gas (peaker)

megawatt-hour Nuclear

@
=
Y
B,

evasin [

3ouelq |
AN
ueder
Ajey
e”ensnv

OANDA  shrinkthatfootprint.com - Coal
.|~ Geothermal
~|-- Natural gas

— Wind
2015 2020
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How much does energy cost?

California Independent System Operator net generation, March 11, 2017

= typically between
: 5~ 50 ¢/kWh

Levelized cost of energy:

Cost per ~Gas (peaker)
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Price isn’t the only factor!

California Independent System Operator net generation, March 11, 2017
gigawatthours
30

25
20 imports
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Q Gicldar
hydroelectric

0 2 4 6 8 8 22 24
dollars per megawatthour

Al real-time
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Price isn’t the only factor!

Also need to consider:
e Reliability / intermittency

o timing is important!
o capacity factor

PROMPT: “an
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1ow bad is |t doc’?
(we do a  little edltorlallzmg)
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Anthropogenic global warming is real

Percentage believing that humans have no impact on climate

o Observed change Human contribution
Change in indicator assessment assessment

Atmosphere human contribution
and water cycde  Warming of global mean surface air temperature since 1850-1900 ) ver

Warming of the troposphere since 1979

Cooling of the lower stratosphere since the mid-20th century
’ Large-scale precipitation and troposphere humidity changes since 1979
)
0 ; i Expansion of the zonal mean Hadley Circulation since the 1980
<

All publishing climate scientists Al publishing earth scientists ~ Engineers and geoscientists ~ Engineers and geophysicistsin ~ Engineers and geophysicists
unaffiliated with oil and gas  the oil and gas industry  that are top oil and gas execs

Relative temperature change (Celsius)

Salinity changes since the mid-20th century

source: Lesfrund and Meyer 2012, Doran 2009

Global mean sea level rise since 1970

ce loss since 1979

a) Change in global surface temperature (decadal average)
as reconstructed (1-2000) and observed (1850-2020)

°C

20 Greenland ice sheet mass loss since 1990s

Warming is unprecedented
in more than 2000 years Antarctic ice sheet mass loss since 1990s Limited evidence & medium agreement

Reduction in Northern Hemisphere springtime snow cover since 1950

15
Warmest multi-century Retreat of glaciers
period in more than

100,000 years Carbon cycle Increased amplitude of the seasonal cycle of

observed ( atmospheric CO; since the early 1960s

Acidification of the global surface ocean Main driver

Main driver

Land climate Mean surface air temperature o d
about 40% larger than global mean warming)

Temperature anomaly (°C)

YL ‘\VMU»/A‘ I’NLNJ‘ J A Synthesis

Warming of the global climate system since preindustrial times
HadCRU global temperature anomaly rel. to 1961-1990 AD

w— arcott et al. 2013 RegEM reconstruction with 1 ¢ uncertainty

reconstructed

1
1500 1850 2020

-8000 -6000 -4000 -2000
Year

Lee, Hoesung, et al. "AR6 Synthesis Report::Climate Change
023." Summary for Policymakers (2023). 20/ 31




Anthropogenic global warming is bad

More frequent extreme weather with global warming
10-year Degrees of global warming:

B

neavy [Hins iy +1.0 °C Ealre_ady exceeded)
10-year +1.5 °C (Paris Agreement)

droughts = W +2.0°C  (cyrrent pledges:

M +3.0 °C 2
10-year B +4.0 °C exceed +2 °C)

heat Waves fmms
jitram e e ]

50-year
heat waves

Ix 6x. 10x 20X 30x 40x
Times more frequent than pre-industrial era

ANNUAL FIRE SUPPRESSION COSTS

Forest Service**

Billion dollars

DOI agencies*

* DEPARTMENT OF INTERIOR AGENCIES INCLUDE THE BUREAU OF INDIAN AFFAIRS, BUREAU OF LAND MANAGEMENT; NATIONAL
PARK SERVICE; AND U.S. FISH AND WILDLIFE SERVICE. **USFS IS UNDER THE USDA AND TRACKS DATA DIFFERENTLY.

Billions of 2012 $

Percent of Earth's surface

Total Federal Fire
Total state spending on fire control, Suppreasion Coets
prevention, protection, and
management in selected years

Total Forest
Service Fire
Suppression

Federal
Trend

2002 2004 2006 2008
2005 2010 2013

Global area reaching record temperatures
(July; 1951—)

10% —
Warm records

1
11 Cold records
1
i
i

B
£

o
£

1950 1960 1970 1980 1990 2000 2010 2020

ildfires on the rise
IContinental United States, 1984-2011

Number of fires
larger than 1,000 acres

’ Trendline

12,000,000

6,000,000 —

|
01C

1985 1990 1995 2000 2005 2

0

Lee, Hoesung, et al. "AR6 Synthesis Report: Climate
Change 2023." Summary for Policymakers (2023).
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Most vulnerable global populations
are broadly least responsible

Per capita emissions for the top 10 total emitters, 2019

tC02e/person

#1- United States World Average (6.5)

#2 - Russia

#3 - South Korea

#5 - Japan

#6 - China

#7 - Indonesia

#8 - European Union (27)

#9 - Brazil

#10 - India

Source: Climate Watch - Values include
emissions from LUCF sector.

WORLD RESOURCES INSTITUTE

Lowest per capita emitters, 2019
1C02e/person

Kiribati World Average (6.5)
Haiti
Yemen
Comoras
Aghanistan
Burundi
Rwanda
Bhutan
Ghana

Fili

Source: Climate Watch - Values include emissions from LUCF sector, WORLD RESOURCES INSTITUTE

Cumulative carbon emissions per capita
from 1850-2021 (tCO2), selected countries

Source: Carbon Brief

Lowest per capita emitters, 2019
tC02e/person

Kiribati

Overshoot emissions
(Lancet Planetary Health)

Multi-dimensional climate
vulnerability
(ND-GAIN)

Q_ «kiribati average elevation

around two meters above

Kiribati's 33 low-lying atoll and reef
islands have an average elevation of
around two meters above sea level.




BDallalasn At

(-2

Land area strip-mined for phosphate on
Banaba, Kiribati (acres)

)«@,

ICushman, G. T. Guano and the Opening of the PaCIfIC World: A Global Ecolog/cal Hlsto Cambridge University Press, 201
(Greenhill, R. G.; Miller, R. M. J. Lat. Am. Stud. 1973, 5, 107-131. ' § ‘ RNt o
ISzpak, P.; Millaire, J.-F.;

Manner, H |.; Thaman, R R.; Hassall D.C. Aust Geogr 1985, 16 185—195

@ iames, J. C. Am. Lit, Hist. 2012, 24, 115-142) , . .
ames, m. A TS et i ® Unmined e Mined


https://www.theguardian.com/world/2021/jun/09/the-island-with-no-water-how-foreign-mining-destroyed-banaba
https://www.banaban.com/destruction-caused-phospahte-mining

Kiritimati, _

Kiribati

November 1951

‘_‘;?M.llll'd.u [.ﬂgml_l

Riribati

May 139/

niritimati,

Kiribati

April 1958



https://www.theguardian.com/world/2021/jun/09/the-island-with-no-water-how-foreign-mining-destroyed-banaba
https://www.banaban.com/destruction-caused-phospahte-mining

Most vulnerable global populations

are broadly least responsible

Use of planetary boundary fair-shares

Cumulative CO2 emissions as percent of planetary boundary fair-share (350ppm)

The USA exceeded its fair share of
the planetary boundary in 1919

Planetary boundary

b) Vulnerability of population & per capita emissions per country in 2019

high 10(

ive average nati

US fridges use more energy per year
than a person in many countries

Annual ¢ onin hours

2 India
Philippines
Pakistan
Fridge (US)
Nepal
Kenya

Nigeria

Tanzania

Democratic
Republic of Congo

Ethiopia

"~ Vulnerability

Vulnerability assessed on national data.
Vulnerability differs between and within countries
and is exacerbated by inequity and marginalisation.

) Net anthropogenic GHG emissions per capita

and for total population, per region (2019)

T
=
a
T
=
=
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o
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O
Lol
=

North America

Australia, Japan and New Zealand

Eastern Europe and West-Central Asia

Net CO, from land use, land use change, forestry
Other GHG emissions

I Fossil fuel and industry (CO,FFI)

Asia I All GHG emissions

Latin America and Caribbean
Europe
South-East Asia and Pacific

Africa

thern Asia

5 Middle East
‘ Easte

|||ll | —
{

4000 6000
Population (millions)

Lee, Hoesung, et al. "AR6 Synthesis Report: Climate
Change 2023." Summary for Policymakers (2023).
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...but everyone will be affected

Every region faces more severe and/or frequent compound With every increment of global warming, regional changes in mean
and cascading climate risks climate and extremes become more widespread and pronounced

a) Increase in the population exposed to sea level rise from 2020 to 2040
The world at  The world at The world at The world at

Exposure to a coastal flooding event that ) +1.5°C +2°C +3°C +4°C
1

currently occurs on average once every 100 years % ; " ; :
Europe 222222, -
0.67 miHi%n T g level (GWL) above 1850-1900 )
North America 4, C illion (57%)
0.34 million ¥4 ¥
+0.24 million (71%) p A Asia

6 JG(SHm :millor: a) Annual hottest-day temperature change
5.36 jon (26 D o ()

Central and Africa 3221
South America , ..., 2.40 million *
0.69 million ¥¥FFEY] +2.29 million (95%)
+0.24 million (35%)

Small Islands g =
0.18 million ¥¥ Population exposed in 2020 -$ I Australasia
0.10 million (57 H ., B illi 2 3 . ¢ " A
+0.10 million (57%) Additional population e 12040 — SSP2-45 o MO'O‘Z million b) Annual mean total column soil moisture change "rojeclons of el mean sol masure lracly oo
w1 e .01 million (52%) brojections in annual mean precipitation but als
‘ S - I chang ¢ e
ie to sea level rise population change

b) Increased frequency of extreme
sea level events by 2040

Frequency of events that currently occur

on:average:once every 100 years ©) Annual wettest-day precipitation change
t -

D> change (

T e T e

| 23/31
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...but everyone will be affected

\ sea Surface Temperature Anomaly (°C)

~Yalletta

1; ‘ ' W! e 1' 2 A e i
"N ' Maui, Hawaii - Washington, DG = g
August 2023 July 2023

June-uctooner ZUzu

San Francisco—=y =
September 2020

24 a A "

"Pakistan: Flood Damages and Economic Losses Over USD 30 billion and Reconstruction Needs Over USD 16 billion New Assessment". World Bank (Press r

elease). 28 Octuer 022.

https://www.worldbank.org/en/news/press-release/2022/10/28/pakistan-flood-damages-and-economic-losses-over-usd-30-billion-and-reconstruction-needs-over-usd-16-billion-new-assessme



https://www.worldbank.org/en/news/press-release/2022/10/28/pakistan-flood-damages-and-economic-losses-over-usd-30-billion-and-reconstruction-needs-over-usd-16-billion-new-assessme

...but everyone will be affected

Marine Service

Sea Surface Temperature Anomaly (°C)
]

<0°C 25°C

4

i .‘> - '. 9 /
c) Example of complex risk, where impacts from climate extreme events have cascading
effects on food, nutrition, livelihoods and well-being of smallholder farmers

> ] ! " MLﬁ\tjple\ (Il;vﬁa‘te change r\s{ks More frequent and more intense
- will increasingly compound
i wm tﬁ and cascade in the near term Extreme heat and drought

i - |
e Mal", Hawal 2y 4 e
August 2023 N ” T
|
Reduced household Reduced soil moisture Food prices g
income and health increase Al VUM VWA WA %o

po13 2015 2017 2019 2021 2023

(ie) &

Food yield
Reduced labour : Reduced
capacity and quality losses food security &=

directional

wiumjmn{\

Decreased Increased malnutrition
quality of life (particularly maternal malnutrition
and child undernutrition)

. Deaths: 1,739
Non-fatal Injuries: 12,867

Damages: USS14.9bn
Estimated Economic Losses: USS15.2bn

San Francisco—=% =

SepTember 2020



https://www.worldbank.org/en/news/press-release/2022/10/28/pakistan-flood-damages-and-economic-losses-over-usd-30-billion-and-reconstruction-needs-over-usd-16-billion-new-assessme
https://www.worldbank.org/en/news/press-release/2022/10/28/pakistan-flood-damages-and-economic-losses-over-usd-30-billion-and-reconstruction-needs-over-usd-16-billion-new-assessme

Technical merit is meaningless
without deployability

Age of world's nuclear power & nuclear generation (2023) Average budget overruns of nuclear projects in the U.S. Close, ButNo Cigar

Small modular reactors may be cheaper than
alternatives, but still not cheap enough
B Construction starts == Budged exceeded by

M Fossil M Nuclear Renewable

B Reactorstart-ups == Nuclear electricity generation (TWh)

2811%

Solar thermal
Biomass

Advanced nuclear, large _

Private SMR

Baseload gas with CCS -

Hydro ‘

pubtic SMR [ First reactor

Baseload gas without CCS

4
=t
=
@
@
o

Construction start date

100%

Production (TWh/a)

Solar PV

Wind

Geothermal

1966-67 1968-69 1970-71 1972-73 1974-75 1976-77
Source: NuScale

Note: “First reactor” illustrates the additional costs that would
be expected at the start-up manufacturing stage.

Startup year

Year

Fickling, D. Small Isn’t Beautiful When It Comes to the Nuclear Renaissance. Bloomberg.com. February 8, 2023.
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https://www.bloomberg.com/opinion/articles/2023-02-08/nuclear-power-small-isn-t-beautiful-conventional-is-better

Many trends are pessimistic

Every tonne of CO, emissions adds to global warming Projected global GHG emissions from NDCs announced prior to
Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO; emissions (GtCO) COP26 would make it likely that warming will exceed 1.5°C and
% also make it harder after 2030 to limit warming to below 2°C

S5P5-8.5

The near linear relationship $5P3-7.0

a) Global GHG emissions b) 2030
for five illustrative
scenarios until year 2050 55P1-2.6 Trend from implemented policies

Limit warming to 2°C (>67%)
or 1.5 (>50%) after high
overshoot with NDCs until 2030

Historical global
warming

® GHG emissions (GtCO;

Future cumulative
€O; emissior
SSP1.26  across scenarios, and
determine how much

experience

missions and

inty 5and 2019
indicates the median)

HISTORICAL PROJECTIONS

[ 2020 and 2050

Remaining carbon budgets to limit warming to 1.5°C could [llFatal extraction
soon be exhausted, and those for 2°C |arge|y depleted Forecast global CO, emissions from fossil fuels, gigatonnes per year

Remaining carbon budgets are similar to emissions from use of existing Implied by countries' fossil- Implied by emissions == Needed to limit global  #= Needed to limit global
and planned fossil fuel infrastructure, without additional abatement fuel production plans reduction pledges warming to 2°C warming to 1.5°C

Carbon budgets oil Gas
a) Carbon budgets and emissions 156 A — -_ 18

& Cumulative CO; emissions (GtCO;) histo since 2020 | i FORECAST FORECAST

15

| emissions 1850-2019

Remaining i iR

Median _I
Range

T T T

T T T
2015 20 25 30 35 40

2020-2030 CO, emissions FORECAST
assuming constant at 2019 level e ———

2015 20 25 30

infrastructure without additional abatement, H Source: “The Production C
if historical operating patterns are maintained =

Lifetime emissions from fossil fuel




Many trends are pessimistic

Higher mitigation investment flows required for Global modelled pathways that limit warming to 1.5°C (>50%) with

all sectors and regions to limit global warming no or limited overshoot reach net zero CO, emissions around 2050
Total greenhouse gases (GHG) reach net zero later

© Actual yearly flows compared to average annual needs
n billions USD (2015) per year Multiplication
factors* ) ) . i . i
Lower | Upper a) While keeping warming to 1.5°CJ b) While keeping warming to below 2°C
By sector range | range (>50%) with no or limited overshoot (>67%)

Energy efficiency x2
Transport X7
Electricity
Agriculture, forestry and other land use |

Policies in place in 2020 Policies in place in 2020
By type of economy
Developing countries

Developed countries

By region
Eastem Asia Historical * S Historical
North America

Europe

Southern Asia

Latin America and Caribbean
Australia, Japan and New Zealand
Eastern Europe and West-Central Asia
Africa

South-East Asia and Pacific

Middle East

® Gigatons of CO, equivalent pe

¢) Timing for net zero

Yearly mitigation investment .
Wl I £A data mean *Multiplication factors indicate the x-fold Increase between yearly
flows (USD 2015/yr) in 20172020 yearly GHG
mitigation flows to average yearly mitigation investment needs.
Average flows Globally, cu mitigation financial flows are a factor of three
[l 9 Y g CcOo,

Annual mitigation investment to six below the average levels up to 2030

needs (averaged until 2030)

Lee, Hoesung, et al. "AR6 Synthesis Report: Climate Change 2023." Summary for Policymakers (2023).




Cheap renewables are a rare bright spot

Clean tech trends put EU on course to surpass its 40%
renewable energy target for 2030

Cumulative capacity (GW) or stock (million)

[ Current market outlook [l Optimistic market outlook [l REPowerEU [l Fit-for-55

Wind & solar (GW) Heat pumps (mn)

80

Electric vehicles (mn)

1500 Projections Projections %0 Projections

o o
2015 2020 2025 2030 2015 2020 2025 2030

2020 2025 2030

EMB=R

Renewables price at a discount

Wind and solar power have never been more economic against coal and gas power

Wind compared coal/gas
$125 premium per megawatt-hour

$100
|||I|I 1

.'I. -
e T TTTTT iy

-$50
-$7

5
2014 15 16 17 18 19 20 21 22 2014 15 16 17 18 19 20 21 22

The IEA has raised its renewable growth forecast by 28% since 2021 and by 76% since 2020

Total global renewable: ts (GW)

— Acwal 2020 = 2021 = 2022

Projections

Wind and solar drive capacity growth
More solar and wind are built than any other generation capacity today, or ever
400 gigawatts

350

22 2006

80% of net total

China dominates deployment of renewables
[ Electricveniciefleet )|

w—China

Solar and wind generation (TWh) Electricity share of final consumption (%)

—US wEU
1,200 Twh

India we=China ~Europe we=US —US £U-27 wmmChina

2000 2005 2010 2015 2020

AMI - Energy. Transformed.

Exponential Energy Change Is All around Us

Annual solar & wind generation | Annuatevsales | Annual battery storage sales

12 | Million © | Gwh

70%

0 - ___llIIII

2000
I CAGR

arsuusso AMI - Energy. Transtormed.

200
54%

Lee, Hoesung, et al. "AR6 Synthesis Report: Climate Change 2023." Summary for Policymakers (2023). 26/31




Cheap renewables are a rare bright spot

Renewable electricity generation

Cheap Renewables Create an Entirely New Paradigm is increasingly price-competitive
and some sectors are electrifying

The faster change happens, the cheaper renewables become

=7 R < ¥ = e
EV batter \ N
solar [ wind £V batiaries A T s C
Photovoltaics Onshore Offshore Passenger
(PV) wind wind electric vehicle

e ttery packs
5 Fossil fuel range
| before Putin’s War a) Market Cost

ce AF

Fossil fuel cost (2(

B
Standardized Mass-customized Customized

Complex

2021 2030 2050 2021 2030 2050 021

Adoption (mil

Platform-based complex = Complex-customized
ucts Design

p prodi -
e.q. Wind turbines, e.g. Blomass power plants, | intensive
concentrating solar power geothermal power

If we continue on existing learning and growth rates, then by

products
solar, $25 per MWh wind, $50 per kWh Li-ion batteries, and § e.g. Electric vehicles

Degree of design
complexity

Source; R

RMI = Energy. Transformed.

Mass-produced p M I Small-batch products
.g. Solar PV moduk prodi e.g.. Building envelope
e.9. Rooftop solar PV retrofits

Need for customization

Malhotra, A., & Schmidt, T. S. (2020). Accelerating low-carbon innovation. Joule, 4(11), 2259-2267.
Lee, Hoesung, et al. "AR6 Synthesis Report: Climate Change 2023." Summary for Policymakers (2023). 26/31




there is no silver bullet solution: realism is not nihilism:

e not nuclear power e things will never get so bad

- hat they can’t get worse
e not mass solar + wind that they getw

e every thousandth of a degree
of warming prevented means
e not fusion energy millions of lives saved

e not carbon capture

e notgeoengineering e itisourresponsibility to fight!

Policy is necessary! DOOMERS GET OUT

27131
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Course Outline

e Planned class structure:

o 1 hr lecture
o 1% hr break
o 1 hr discussion
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Unit 1: Energy Fundamentals
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2. Hydrogen
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2. Hydrogen
3. Renewable Energy
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O U R W

Unit 1: Energy Fundamentals

Hydrogen
Renewable Energy
~ossil Energy

. Bioenergy

. Nuclear Energy
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Unit 2: Energy Challenges
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Unit 2: Energy Challenges

/. Transportation
8. Critical Minerals
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Unit 2: Energy Challenges

/. Transportation
8. Critical Minerals
9. Carbon Capture
10. Energy Storage
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Unit 3: Energy Innovation
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Unit 3: Energy Innovation

12. Cleantech 1.0
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QIQ-COU!“)‘Q INtro SUNVEY,
(MANDATORY)

Crescent Dunes Solar Energy Project

Nevada, United States of America
38°14'00"N 117°22'01"W

Nameplate capacity: 110 MW
Capacity factor: 51.9% (planned)
20.3% (2018)
Annual generation: 196 GWh (2018)
Construction began: September 2011
Opening date: September 2015
Construction cost: US$975 million
Owner(s): Tonopah Solar Energy, LLC



The More You Know:
my favorite word etymology

Minium
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The color was used in particular for the paragraph signs, versals, capitals, and headings which were
colored red in medieval manuscripts./?l The Latin verb for this kind of work was miniare, to apply minium,

and a person who did this was known as a miniator. These medieval artists also made small illustrations

and decorative drawings in the manuscripts, which became known as miniatures, the source of the English

word for small works of art.[]
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