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Energy Sources Overview
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What is Energy Used For?

Residential/Commercial Industrial




Where does our Energy Come From?

World Sources List Sources in Order:
2019 Global Energy Supply Oil ~31%
Coal ~27%
Natural Gas ~23%
Biofuels ~9%
Nuclear ~5%

Hydropower ~2.5%

IEA, Global share of total energy supply by source, 2019, IEA, Paris

https://www.iea.org/data-and-statistics/charts/global-share-of-total-energy-supply-by-source-2019



This changes over time
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IEA, World total energy supply by source, 1971-2019, IEA, Paris

https://www.iea.org/data-and-statistics/charts/world-total-energy-supply-by-source-1971-2019



Used in Many Ways...

U.S. energy consumption by source and sector, 2019
(Quadrillion Btu)

Source® End-use sector®

Percent of sources Percent of sectors

70 o1 Transportation
Petroleum 2 3 28.2

36.7 = (37%)
(37%)

Natural gas
321
(32%)

Residential
11.9 (16%)

Renewable energy Commercial
11.5 (11%) 9.4 (12%)
Total = 75.9
Coal
1.3 (11%) — Electric power sector®
Nuclear 100 - :
8.5 (8%) Electricity retail sales

12.8 (35%)
Total = 100.2

Total = 37.1

https://www.eia.gov/totalenergy/data/monthly/pdf/flow/css_2019 energy.pdf



Used in Many Ways...

Figure 2.1 Energy Consumption by Sector
(Quadrillion Btu)

Total Consumption by End-Use Sector, 1949-2020
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https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf



Primary vs. Secondary Sources

Primary energy sources are sources found in the natural environment

6 o |8 W

Petroleum Natural Gas Coal Propane Uranium

g © ) ¢ &
‘¢

Solar Geothermal Wind Hydropower Biomass

Secondary energy sources are useful transformations of the primary
sources. (typically used to store energy)

Electricity — Batteries, Stored Hydropower




Other Secondary Sources...
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keep the weight stable in the hole



What is the Ultimate Primary Source?

The Sun




Which one is the best?

That’s a hard question and depends on many factors

Some of the big ones are:

* Energy Density

* (Cost

* Availability and Location
* Politics

e Safety

* Environmental




U.S. Electricity Generation

By Major Source, Manthly
1.8

Figure 2.6 Electric Power Sector Energy Consumption
(Quadrillion Btu)
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Renewable vs. Non Renewable

Highlight the primary energy sources that are considered renewable
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Petroleum Geothermal Coal Hydropower Uranium
Solar Natural Gas Wind Propane Biomass

*Note: this doesn’t mean that it cannot ever be replaced, just that it
won’t happen in any sort of useful time frame...




Almost every energy source has the same general path

Turbines

Efficiency

Electricity generator

Superheated
steam

(heat energy)

Kinetic energy
(rotation)
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Condenser
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Sankey Diagram

Sometimes it’s easiest to
represent energy flow in a
picture.

In these diagrams the width
of the arrow represents the
amount of energy




Sankey Diagrams

Which process is more efficient?




U.S. Energy Flow 2018
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https://www.eia.gov/totalenergy/data/monthly/pdf/flow/total_energy.pdf



Cost

Levelized Cost of Energy Comparison—Unsubsidized Analysis

Selected renewable energy generation technologies are cost-competitive with conventional generation technologies under certain circumstances

Solar PV-Rooftop Residential
Solar PV-Rooftop C&l

Solar PV-Community

(1
Solar PV—Crystalline Utility Scale
Renewable ) y

Energy

)
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CO, Emissions

Highlight the primary energy sources that are produce Carbon Dioxide
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Petroleum Geothermal Coal Hydropower Uranium
Solar Natural Gas Wind Propane Biomass

*Note: this is just one of several greenhouse gases. We'll discuss this.




Location Dependency and Politics




Energy Load Requirements

Energy needs to be available when electricity is most needed
but should also be available other times as well.

Peak Demand

Electricity use

MORNING AFTERNOON EVENING NIGHT
6a.m.to 12 p.m. 12p.m. to 6 p.m. 6p.m.to12a.m. 12a.m.to6am.




Energy Density

Specific Energy = Energy per Unit Mass [J kg™]

Energy Density = Energy per Unit Volume [J m3]

SOENCE TiP: LOG SCALES ARE FOR QUITTERS WHO CANT
FIND ENOUGH PAPER TOMAKE THEIR POINT /AR0Pest)”




Energy Density

m Specific Energy / MJ kg! | Energy Density / MJ m*3

Uranium — (Nuclear Fission) 83,000,000 15,000,000,000,000
Natural Gas (Methane) 54 37
Gasoline/Petrol 46 34,000
Crude Qil 42 36,500
Coal 32 23,000
Ethanol 30 21,000
Wood 17 Varies
Average Food 17 Varies

Why are Specific Energy and Energy Density important?

Higher energy density lowers transportation and storage costs




Power and Energy

___Energy _Jl  Power

Joules [J] Watts [W]

How are these quantities related?
S




Energy Density

How much coal must be supplied per day to run a 500 MW power plant at 30%
efficiency? (Specific Energy of coal is 32 MJ kg™!)

30% efficient

Ein X 0.3 = 500 2
Ein = 1,700 2

1,700M) kg e
1s ~32MJ 3"

>3000 cars

~4,600,000 S£
ay

How many train cars per day?




Energy Density

If a nuclear power plant powered by uranium-235 (83,000,000 MJ kg!) has the
same output (500 MW) and the same efficiency (30%) as the coal-fired plant of the
previous example, how many kg of nuclear fuel will it burn per day? Per year?

30% efficient - I

Ein X 0.3 = 500 %)
Ein = 1,700 2

1,700 M] 1 kg .
X = 0.00002 X8
1s 83,000,000 M] 3

N kg - kg
646 Sear - 1.77dle




Nuclear Power

IB PHYSICS | ENERGY PRODUCTION




Remember Binding Energy per Nucleon?

mmm

foele=lzy 126.87544u
m, | 0.000549u
53 x 1.007276 u Mass Defect | e
74 x 1.008665 u l m, | 1.007276u

128.026838u-126.87544u = 1.15140u My, 1.008665u
1u | 931.5 MeV c*?

931.5 MeV ¢ ™2 .
1.15140 u X = 1072.53 MeV ¢

lu \ Convert mass
to MeV ¢

E = mc? = (1072.53 MeV g7%)% = 1072.53 MeV

1072.53 MeV /127 = | 8.45 MeV per Nucleon




inding Energy per Nucleon

Binding Energy per Nucleon (MeV)
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Fission

1 235 236 144
o + “2U = “55U = “c¢

An example of one of the many

reactions in the uranium-235
fission process.
236 o
U 00- - n

c.l
O’f Impact by
slow neutron 144
with energy compound g B
on order of nucleus is ¥
an eV unstable,
oscillates.

MNeutrons can
initiate a chai

SeKr+ 3 in

Fission yields
fragments of
intermediate
mass, an average
of 2.4 neutrons,
and average
energy about

215 MeV.

AN




IB Physics Data Booklet

Quantity Symbol | Approximate value

Speed of light in vacuum c 3.00 x 109ms—!

Planck’s constant h 6.63 X 10-34] s

Elementary charge e 1.60 x 107*°C

Electron rest mass m, 9.110 x 10-*1kg = 0.000549 u = 0.511 MeV c—2
Proton rest mass m, 1.673 x 10-2"kg =1.007276 u = 938 MeV 2
Neutron rest mass my 1.675 x 10-%7kg =1.008665 u = 940 MeV ¢ 2
Unified atomic mass unit u 1.661 x 10-27kg =931.5 MeV ¢ 2

Solar constant h) 136 x 10°Wm~—2

Fermi radius R, 1.20 x 105 m




Fission

on + “53U > J5Rb + 'ZiCs +2(n + Jy

1.675 390.173 154.248 233.927 2x1.675
x 10?7 kg x 1027 kg x 1027 kg x 1027 kg x 1027 kg

391.848 x 10%’ kg >  391.525x 1072/ kg

391.848 x 107 kg - 391.525 x 10%" kg = 0.323 x 10?7 kg

lu

0.323 X 10727 kg % = 0.19446
921661 x 10-27 kg “

0.19446 u X 931.5 = 181.14 MeV

Mass Defect 0.19446 u Energy Released 181.14 MeV




Chain Reaction

235 .
U fission
chain reaction




Fusion

Deuterium

Tritium Neutron




Hydrogen-2 2.0141 u

Helium-3 3.0161 u

Neutron 1.0087 u

‘H+ 4H - ;He + }n

(2.0141 u + 2.0141 u) - (3.0167T u + 1.0087 u) = 0.0034 u
4.0282 u 4.0248 u

0.0034 u x 931.5 = 3.1671 MeV

Mass Defect 0.0034 u Energy Released 3.1671 MeV




Fusion vs. Fission
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Energy Density

Specific Energy = Energy per Unit Mass [J kg™]

Energy Density = Energy per Unit Volume [J m3]

SOENCE TiP: LOG SCALES ARE FOR QUITTERS WHO CANT
FIND ENOUGH PAPER TOMAKE THEIR POINT /AR0Pest)”




Uranium

Uranium found in the earth’s crust is primarily
comprised of two different isotopes of Uranium

238U 235U

Uranium-238 Uranium-235

99.3% 0.7%

37% | Kazakhstan, Russia, and Uzbekistan

Where does the 30% | Canada
uranium used by the 17% | Australia
US come from? 10% | Malawi, Namibia, Niger, and South Africa

6% | United States




Yellowcake Uranium

Uranium ore is milled
into a U;04 powder
known as yellowcake




Uranium Enrichment

The yellowcake is converted into Uranium Hexafluoride gas and enriched to create a

mixture with a higher percentage of U-235 nuclides

GASEOUS DIFFUSION

238y O 235

Enriched
stream

o
o) =
o
=
o
y =)

Depleted
stream

GAS CENTRIFUGE

Enriched
stream

Depleted
:> stream

Mixed-
uranium
feed




Uranium Enrichment

Fuel-Grade
Uranium Ore Weapons-Grade




Uranium Enrichment

A




Uranium Enrichment

4% U-235
e




Uranium Enrichment

90% U-235 n




Uranium Fuel Rods




Nuclear Power Plant

Nuclear power plant

control
rods
pressure

1
; ]. 1
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electric /
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Chain Reaction

For a controlled chain reaction, each reaction should trigger one other reaction

Important Factors

* Only about 4% of the fuel is
actually comprised of
fissionable U-235 atoms

Neutrons have to traveling
relatively slowly to be
captured by a U-235 atom




Chain Reaction

Moderator - water or graphite Control Rods - boron

Slows down neutrons Absorbs neutrons

Ul




Chain Reaction

Too Fast!
/®/ P

‘ *  Moderator ‘
O =01 .-
@ O

~
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Nuclear Waste

After the fuel can no longer be used to efficiently create
electricity, the spent nuclear waste needs to be disposed of.

Strontium-90

Caesium-137

Plutonium-239

Caesium-135

lodine-129

28 years
30 years
24,000 years
2.3 million years

15.7 million years

How long until
it’s safe?

—

Radioactive Isotopes found
in spent nuclear fuel




Nuclear Waste - Disposal

Most of the waste
IS stored onsite

Dry Storage of Spent Fuel




Nuclear Waste - Disposal

e A A A T AT AT AT AT AT AT AT AT AT AT s WAT ALY

mu. ch-LRS
Fﬁm 1M FINUTES

What if I took a swim in a typical spent nuclear fuel pool? Would I need to dive to
actually experience a fatal amount of radiation? How long could I stay safely at the

Spent Fuel Pool

surface?

—Jonathan Bastien-Filiatrault



https://what-if.xkcd.com/29/
https://what-if.xkcd.com/29/
https://what-if.xkcd.com/29/

Nuclear Waste - Disposal

Yucca Mountain -

Crest Line of Yucca Mountain

~1,000 ft (About 300 m)

Level of ) NN
Subsurface Repository

~1,000 ft (About 300 m)

WaterTable

Water table




Nuclear Waste - Disposal

Any better options out there???

Ideas

Examples

Long-term above ground

storage

«Investigated in France, Netherlands, Switzerland, UK, and USA.
*Not currently planned to be implemented anywhere.

Disposal in outer
space (proposed for wastes
that are highly concentrated)

«Investigated by USA.
«Investigations now abandoned due to cost and potential risks of launch failure.

Rock-melting
(proposed for wastes that

are heat-generating)

Investigated by Russia, UK, and USA.
*Not implemented anywhere.
Laboratory studies performed in the UK.

Disposal at subduction

Zones

*Investigated by USA.
*Not implemented anywhere.
*Not permitted by international agreements.

Sea disposal

sImplemented by Belgium, France, Germany, Italy, Japan, Netherlands, Russia,
South Korea, Switzerland, UK, and USA.
*Not permitted by international agreements.

Sub seabed disposal

*Investigated by Sweden and UK (and organisations such as the OECD Nuclear
Energy Agency).

*Not implemented anywhere.

*Not permitted by international agreements.

Disposal in ice
sheets (proposed for wastes

that are heat-generating)

Investigated by USA.
*Rejected by countries that have signed the Antarctic Treaty or committed to
providing solutions within national boundaries.

Deep well injection
(for liquid wastes)

sImplemented in Russia for many years for LLW and ILW.
*Investigations abandoned in the USA in favour of deep geological disposal of
wastes in solid form.



https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#AboveGrdStorage
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#DisposalOutSpace
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Rockmelting
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Disposalsubduction
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Disposalsea
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Disposalsubseabed
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Disposalicesheets
https://www.world-nuclear.org/information-library/nuclear-fuel-cycle/nuclear-waste/storage-and-disposal-of-radioactive-waste.aspx#Disposalinjection

Fusion as a Power Source

Fusion reactions have been successfully controlled using strong
magnetic fields but the energy used to run the magnets exceeds the
energy released in the reaction...

Solonoid
, . Magnets

Polodial ,l

—
-
Magnets 1/ -

&

Torodial
Magnets 3

&3 s

Plasma

—— \facuum
Vessel




Conditions for Fusion

It’s significantly more difficult to
create fusion reactions here on earth

» High Pressure
* High Temperature




The Renewables
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Renewable vs. Non Renewable

Highlight the primary energy sources that are considered renewable

o (%] | W
‘¢

Petroleum Geothermal Coal Hydropower Uranium
Solar Natural Gas Wind Propane Biomass

*Note: this doesn’t mean that it cannot ever be replaced, just that it
won’t happen in any sort of useful time frame...




Energy Load Requirements

Energy needs to be available when electricity is most needed
but should also be available other times as well.

Peak Demand

Electricity use

MORNING AFTERNOON EVENING NIGHT
6a.m.to 12 p.m. 12p.m. to 6 p.m. 6p.m.to12a.m. 12a.m.to6am.




Renewable Energy in the US

Major Sources, 1949-2020
6

Biomass [a]

Hydroelectric Power [b]

Wind [a]

0

1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf



Renewable Energy in the US

Compared With Other Resources, 1949-2020
100

Fossil Fuels

80

60

40

20

Muclear Electric Power
Renewable Energy

0 . . . m—

1950 1855 1960 1965 1870 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

https://www.eia.gov/totalenergy/data/monthly/pdf/mer.pdf



Wind Power

CONVECTION CURRENT & WIND

Pitch
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Wind Speeds
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Calculating the Wind’s Energy

cylinder of ai

d =vt

p — air density

V=AXvt
m=(AXuvt) Xp




IB Physics Data Booklet

Power = - Apve——

1 3 Velocity

2y "
~__Area  "Air Density

AT M kg m)

Sub-topic 8.1 — Energy sources

Sub-topic 8.2 — Thermal energy transfer

energy

Power = —
time

Power = %Ap 173

P = ecAT*

L (metres) < 290X 107
max MEHES) = 70 (eelvin)
_ power
A

total scattered power
albedo =

total incident power




Conceptual Meaning of Equation

1
Power = EA,DU3

If the wind speed is doubled, then the power is multiplied by a factor of 8

If the wind speed is tripled, then the power is multiplied by a factor of 2 7




Try This...

Given a turbine having a blade length of 12 m, and a wind speed of
15 ms find the power output if the density of air is p= 1.2 kg m3,

= 2(nx122)(1.2)(15)% = 916,000 W
= 0.916 MW

What is the actual power output if the efficiency is 45%7?

0.916 MW X 0.45 =|0.412 MW




Try This...

Air of constant density 1.2 kg m=3 is incident at a speed of 9.0 m s* on the blades
of a wind turbine. The turbine blades are each of length 7.5 m. The air passes
through the turbine without any change of direction. Immediately after passing
through the blades, the speed of the airis 5.0 m s1. The density of air immediately
after passing through the blades is 2.2 kg m=.

P
P

~(nx7.52)(1.2)(9)* = 77,300 W

24,300 W

2 (1x7.52)(2:2)(5)3

53,000 W
e




Solar Concentrator

Solar Power

Solar
Energy

=)

Electricity

Solar
Energy

=)

Thermal
Energy

- Electricity

Solar
Energy

=)

Thermal
Energy




Efficiency of PV Cells

Photovo\ta'\c \\s

10%-20%
EfﬁCient




Solar Power

Issues
e Infrastructure to

transport electricity
HOW MUCH LAND  Storage for non-sun
WOULD IT TAKE... times

« High up front cost

P> »l o 003/104

What Would It Take To Power The United States With Solar Energy?



https://www.youtube.com/watch?v=v2IVTM0N2SE

Solar Power Intensity

Same Power
Different Area

Solar intensity depends
on the latitude




This also affects the seasons

Summer Winter

Winter Summer

27. The annual variations of solar power incident per unit area at a particular point on the
Earth’s surface is mainly due to the change in the

A.  distance between the Earth and the Sun.

| B. angle at which the solar rays hit the surface of the Earth.

C. average albedo of the Earth.

D. average cloud cover of the Earth.




Solar Map

kWh/m?/Day o
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Calculating Solar Power

A photovoltaic cell has an area of 1.00 cm? and an
efficiency of 10.5%. If the cell is placed in a
position where the sun's intensity is 1250 W m~?,
what is the power output of the cell?

1m 1m

1 cm? X X
‘2100 em . 100 cm

= 0.0001 m*

1250 W
X 0.00101 m* x 0.105=0.0131 W

Area Efficiency




Solar Heating Panel
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Hydropower

PE of KE of KE of .
Water - Water - CEITe -Electrlqty




Storing Energy in Hydropower

If there is excess electricity, this energy can be stored by pumping
water back up to the reservoir

UPPER RESERVOIR UPPER RESERVOIR |

- s
=8 )
GENERATING MODE PUMPING TO STORAGE MODE

pumped hydro operating principals




Issues of the Renewables

» Storage
» Upfront cost
» Control over timing




Thermal Energy Transfer
& Black Body Radiation

IB PHYSICS | ENERGY PRODUCTION




Heat Transfer

There are 3 primary ways that heat is transferred:

 Conduction
 Convection
 Radiation




Conduction
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Conduction

Why does this frying pan
have a plastic handle?

Plastic has a high
specific heat and
doesn’t conduct

heat very quickly




Convection

Convection occurs when fluids (liquids or gases)
move around due to temperature differences

ot Air TiS€s Ay
. ® C
Cold Air  SINKS 7

Where should |
roast my
marshmallow?




Convection

Why does hot air rise?

High Temperature
High Volume

High Volume
Same Mass
Lower Density

VIWII IWIA




Convection

Oceanic Ridge push
lithosphere

Slab-pull
at trench




Radiation

Radiation is energy that is transferred as
waves such as visible light and infrared

Radiation can travel through d vacuum




Label Me

¥l Convection

o."? T \
[ Concucion
Y _Radiation _




What color car heats up the most in the sun?

Black — Absorbs more light




Black Body Radiator

A black body radiator is an object that is perfectly
opaque and absorbs all energy

Conceptual Black Body




Emissivity

power radiated by a surface

Emissivity e

power radiated from a black body of the same temperature and area

The emissivity is used to adjust for an object that isn’t a e (
perfect black-body radiator )
(4 g’ : ?arﬂal
. . Emiccion %, !" ’. abgoq)ﬁon
This value is always between 0 and 1 .~ -
. (b)

0

Shin reflection
bod

» .
L B -
< 2" 2 o L _{_m,
o @ Nt g ¥ l
W, . o1 ’
£ b WAL 0N E% S
D L Iy
X

Total
abgorpﬁon

pa

Black (0

Emiccion body




Stefan-Boltzmann Law

Absolute

Surface Temp[ngature
Area
2

[m ] Asphere — 4-'-[r2

power radiated by a surface

Emissivity e

power radiated from a black body of the same temperature and area

Stefan-Boltzmann Constant O 5.67 x 108 W m? K+




Try This

A star has a radius of 8.3 x 10’ m and a surface
temperature of 7500°C. Calculate the power it emits.

e=1
o =567 x 108 W m=2 K4
A= 41(8.3 x 107)2 = 8.66 x 107®* m?

T=7500+273=7773K

P = ecAT?
P = (1)(5.67 x 1078)(8.66 x 1016)(7773)*

P=1.79 x 102° W




Proportionality

How much more heat energy is radiated from a _ 4
80°C cup of water than from a 20°C cup of water? P = edAT

*Careful! Temperature must be converted into Kelvin

T, =80+ 273 =353K e, o, and A are all
T, =20+ 273 = 293K the same before

and after...

P, £oAT,* 3534
P,  egAT,* 2934

= 2.1 times more




Radiated Energy

% The "Ultaviolet When a black body radiator is
1 Catastrophe” heated up, it emits a range of
different wavelengths

Radiation

-

Wavelength of radiation in nm




Glowing Hot

If the temperature is high enough the radiation
that is emitted is in the visible spectrum

Radiation

Infrared

-

\ Wavelength of radiation in nm

Visible
Red Light




Wien’s Displacement Law

2.90 x 1073
Decreaseof A pes Amax(Imetres) = T (kelvin)

with increase in
temperature Visible

Intensity

————

500 1000 1500 2000 nm
Wavelength A (hm)

*Note: This assumes perfect blackbody radiation




2.90 x 1073

Try Th IS Amax(metres) = T (kelvin)

At what wavelength is the emitted radiation of the Sun
maximized if it has a surface temperature of 5780 K?

2.90 x 1073 .
A= = 5.02%X107"m =| 502 nm
5780
What is the most prevalent color of sunlight? lw‘. l,o., lo_m__x_,—o—."‘L(;"-,o‘l.._w, ‘1 l,o,
Green

400 500 600 700
Wavelength (nanometers)




Sample IB Question

Two black hodies X and Y are at different ternperatures. The temperature
of body ¥ 15 higher than that of body X, Which of the following shows
the black body spectra for the two bodies?
B.

mtensity

.
e,

wavelength

-

intensity
- ,_’f:
mtensity

wavelength wavelength




Takeaways from Today

Know the difference between: Black Body Radiators

e Conduction Emissivity
* Convection Stefan-Boltzmann Law
e Radiation

P = ecAT*

Decrease of A peak
with increase in
temperature Visible

Wien’s Displacement Law

7000K

6000K

2.90 x 1073
T (kelvin)

Intensity

Amax (metres) =

500 1000 1500 2000 nm
Wavelength A (nm)




Radiation from the Sun

IB PHYSICS | ENERGY PRODUCTION




Intensity

Power

Intensity =

A




Intensity

Calculate the intensity of the

Sun’s radiation arriving to Earth
Sun’s Power = 3.84 x 10%® W
Earth’s Distance from Sun = 150 x 10° km

L _P_ 384X 10°°
A 4m(150 x 109)2

] = 1358 Wm 4




Solar Constant

The average intensity falling on an area above the earth’s atmosphere perpendicular to the
direction traveled by the radiation

S=1360Wm==136x 103 W m-2

Quantity Symbol | Approximate value

Elementary charge e 1.60 x 107°C

Electron rest mass me 9.110 x 1031 kg = 0.000549 u = 0.511 MeV c2
Proton rest mass my 1.673 x 10-7kg =1.007276 u =938 MeV 2
Neutron rest mass my 1.675 x 10-27kg =1.008665 u = 940 MeV ¢ 2
Unified atomic mass unit u 1.661 x 10-2"kg =931.5 MeV ¢ 2

Solar constant S 1.36 x 103Wm~2

Fermi radius R, 1.20 % 10-5m




Average Solar Intensity on Earth

Farth’s Radius =6.37 x 10°m

Area of sun power captured:

mr? = m(6.37 X 10%)? =
1.27 x 10** m?

1360 W m™

Total sun power captured:

1360 W
127 X 10M m* X ——— =
1.7 x 107 W Total Power Received by the Earth
17
Average spread out across Earth’s surface: 1 " 7 X 1 O W
P 17x10W Average Solar Intensity on Earth
Asphere  4m(6.37 x 10)2 _ 2




Albedo vs. Emissivity

Albedo Emissivity e
power scattered by a body power radiated by a surface
incident power power radiated from a black body

% Reflected % Absorbed




Albedo vs. Emissivity

Albedo Emissivity
U _ 0.75 U _ 0.25
80 80




Albedo of Earth




Albedo of Earth

' ?
Summer | Winter
O 66 Mixed farming, tall grass 0.16 0.18
° Tall/medium grassland, evergreen shrubland | 0.20 0.21
S NOW Short, grassland, meadow and shrubland 0.21 0.20
Evergreen forest (needle leaved) 0.12 0.13
Mixed deciduous, evergreen forest 0.16 0.16
P Deciduous forest 0.17 0.18
Lowest Albedo: Tropical evergreen broadleaved forest 0.12 0.15
Medium/tall grassland, woodland 0.15 0.18
0 07 Desert 0.36 | 0.36
° Tundra 0.17 0.17
Snow 0.66 0.66
Ocea n Sea ice 0.62 0.62
- Ocean 0.07 | 0.07
Data taken from Briegleb et al. (1986).




Albedo of Earth

White and gray
areas: No data.

April, 2002, Terra satellite, NASA




Thermal Equilibrium

In order to maintain a constant global
temperature, the Earth must emit the
same amount of energy that it absorbs

e
5 LT N b 3
&
N " n
’I
%
~
:
/ !

340 W m-=

340 W m2




Greenhouse Effect

If there was no atmosphere, the earth would experience a net loss of energy and
reach equilibrium at an average temperature about 30°C colder than it is currently.

THE GREENHOUSE EFFECT

Some solar radiation Some of the infrared radiation
is reflected by / passes through the atmosphere.
Some is absorbed by greenhouse

e" // gases and re-emitted in all directions

Earth and the
atmospher
by the atmosphere. The effect of

this is to warm Earth'’s
7 Ji e - Aﬂmsghere surface and the
N Earth’s Surface e lower atmosphere.

A

is absorbed
by Earth’s S ¢ !
rf i3 9
:;lar;cseitand & nfrared radiation
\ \ is emitted by
~ Earth's surface




Role of the Atmosphere

uw , Vigible |, Infrared
I |

B Methane

® Nitrogen oxidec

m Raylet@h gcaﬁerm@
B Water vapour

m (Carbon dioxide

m Oxy@en and ozone

Fraction of energy abeorbed

o v | 1| Water Vapor

0.2 [
log(wavelength/um)
2 | Carbon Dioxide
Rank the following Greenhouse Gases based on 3 Methane
the amount of infrared energy they absorb _ .
5| Oxygen/Ozone

More on this later...




Climate Change
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Temperature has been Rising

15
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YEAR

Source: climate.nasa.gov




CO, Concentration | 2 years

Latest CO, Reading: 417.88 ppm

Carbon dioxide concentration at Mauna Loa Observatory

430 i | I I I I 1 1 | I I 1 | I I | | I l_
- , e Daily average
] Two years ending March 7, 2022 e Weekly average
425+ O Monthly average —

420 .
| N LN
; ‘fl {.-’ Y
: ' o,

| | | | | | 1 | | | 1 | | | | | | | | 1 | |

Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
2020 2022

https://scripps.ucsd.edu/programs/keelingcurve/

é o

CO, Concentration (ppm)

S SCRIPPS iiri1erisn os
UC San Diego OCEANOGRAPHY

405




CO, Concentration | 63 years

430_Carbon dioxide concentration at Mauna Loa Observatory
l|IIll|lIII|Illll]llllllIIIIIII]ll[[|III[|IIII|IIII|I[II|IIII]I

—~ 420  £3

£ Full record ending March 9, 2022

UC San Diego SCRIPPS

OCEANOGRAPHY
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https://scripps.ucsd.edu/programs/keelingcurve/




CO, Concentration | 300 years

Ice-core data before 1958. Mauna Loa Data after 1958.
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CO, Concentration | 10,000 years

Ice-core data before 1958. Mauna Loa Data after 1958.
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CO, Concentration | 800,000 years

Ice-core data before 1958. Mauna Loa Data after 1958.
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CO, Concentration

CARBON DIOXIDE CONCENTRATION AT MAUNA LOA OBSERVATORY
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The Keeling Curve animation

https://scripps.ucsd.edu/programs/keelingcurve/



https://youtu.be/rEbE5fcnFVs

Why does the level fluctuate yearly?

mmmmmmmmmmmm

Seasons

*There are more land
(plants) in the Northern
Hemisphere that remove
CO, from the atmosphere
during the summer months




The Greenhouse Effect

" GREENHOUSE GASES

Gas molecules absorb and
reemit infrared radiation

*This happens because the
shape of these molecules means
that they have natural vibration

> »l 4 211/308

How Do Greenhouse Gases Actually Work?

g frequency z‘ha_z‘ matches the
W e - frequency of infrared waves
+;: to A Share  eee More i 1875 » 7



https://youtu.be/sTvqIijqvTg

The Top Greenhouse Gases

uw , Vigible |, Infrared
I |

B Methane

® Nitrogen oxidec

m Raylet@h gcaﬁerm@
B Water vapour

m (Carbon dioxide

m Oxy@en and ozone

Fraction of energy abeorbed

0z | 2 “ 11| Water Vapor
log(wavelength/um)
2 | Carbon Dioxide
Rank the following Greenhouse Gases based on 3 Methane
the amount of infrared energy they absorb _ .
5| Oxygen/Ozone
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Sea Level
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Sea Level Rise Viewer

Impacts of Climate Change
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https://coast.noaa.gov/slr/

Impacts of Climate Change
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Sea Levels Rising | Melting Ice
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A melting iceberg does A melting glacier adds water
not cause a direct change to the ocean and causes a
in sea level direct change in sea level

Why?




Sea Levels Rising | Melting Ice

0
2 oo Antarctica ice mass is
;= decreasing at a rate of 1521

< o % billion tons per year
-3000

2004 2008 2(112 2016 2020
0
o Greenland ice mass is
2 o decreasing at a rate of 275
5 I billion tons per year
2004 2008 fllEfR 2016 2020




Sea Levels Rising | Expansion

When most objects are heated they
expand. Water is no different.

Thermal expansion of seawater
(at sea level pressure and 3.5% salt)

0,980

0,979

__ 0978

0,977 +0.000254 o]

L=
X
N

0,976 +0.000213

0,975

+
o
o
=}
=}
—
Iy
©

Volume (litre / kg

0.974 +0.000117 /\ 4

0,973 ,A\

0,972 ——t—t———t—t—t+—+—+—++—+—+—+
2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Temperature °C




Sea Levels Rising

20 T T T L T L T T
Observed Global Mean Sea Level

154 b 1
Thermal Expansion + Ocean Mass

10 .

Black : Altimetry-based Global Mean Sea Level
Red: Sum of Thermal Exp.+ Mass

Ocean Mass
from GRACE/

Sea Level (mm)
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Time (yr) Source: Dieng et al., 2015




Ground Based Sea Level | 1900-Present

100
= %
S
" ; 50
millimeters per year 5
T 25
©
»
0
250 — 1 T . T | T 1995 2000 2005 2010 2015 2020
YEAR
— 200 ™ Source: climate.nasa.gov
E k
E
150- + - - -
é.)j TiDE gauge - Global dam projects
= DATA
S “100— ] \
o + Mountain glaciers
[}
5 50 - +Gmmb¢“m + Greenland & Antarctic Ice Sheets
- + Thermal expansion
8 + Mountain glaciers
@ o
_50 .

1900 1920 1940 1960 1980 2000 2020
YEAR

https://climate.nasa.gov/vital-signs/sea-level/




Sea Levels Rising

TEMPERATURES ARE RISING

Heat-trapping gases from
human activity have increased
gl | average temperatures
by 1.4° F since the 1880s.

ICE IS MELTING

Shrinking glaciers
and ice sheets are
adding water to the
world’s oceans.

g

OCEANS ARE WARMING

Sea water expands as its
temperature rises.

A
Changes in pure water volume
1001_) with temperature
o |
£ 1000_] |
) ice . '
@ = '
L ' '
g 999 | 5
. + Water
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A | :
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-4 0 4 8 12

Temperature (°C)




Thermal Equilibrium

Reflected Solar Incoming Outgoing
Radiation Solar Longwave
107 Wm 2 Radiation Radiation

342 Wm~2 235 Wm ™

Reflected by Clouds,

Aerosol and ’
Atmosphere Emitted by Atmosphenc
Atmosphere 165 Window

Greenhouse
\ Absorbed by
67 Atmosphere ‘ b Gases

24
\
W 324
X 350 Back
, Radiation
390
24 78 ' Surface

Absorbed by Surface  Thermals Evapo- Radiation 324
transpiration Absorbed by Surfate—~_ |

in) 342 Wm=2 =342 Wm=2 (out)
e




Indicators of a Warming World

Humidity

.Glaciers

Temperature Over Land Temperature Over Oceans

‘ Snow Cover Air Temperature Near Surface (troposphere)

, ,,, Tree-lines shifting poleward and upward Sea Surface Temperature

Sea Level

Sea Ice . .

Ocean Heat Content

9
Q g Spring coming earlier
eges ¥

@ i

Species migrating poleward and upward

Ice Sheets

.
-




Feedback Loops

Positive Feedback Loop

Warming of Earth leads to events that further warm the Earth

« Melting ice
« Higher temps decrease ice
cover on the planet
« Decreases albedo

« Melting permafrost
 Releases methane

 Methane on ocean floor
» Higher ocean

temperatures release
frozen methane deposits

Negative Feedback Loop

Warming of Earth leads to events that start to cool the Earth

* More Clouds
* Higher temps evaporate
more water
* Increase Albedo
 Increased Photosynthesis
* More CO, leads to more
plant life that absorbs CO,
* Renewable Investment
* Higher temperatures lead

to a greater urgency for
change




How we know we’re
causing global warming

Shrinking upper atmosphere Less heat escaping to space

Cooling upper atmosphere /# Rising tropopause

Winter warming faster than summer

Less oxygen in the air

Nights warming faster than days W More heat returning to Earth

: _ Pattern of ocean warming
More fossil fuel carbon in trees
) ) More fossil fuel carbon in ocean
More fossil fuel carbon in coral




Why Deny?

* ENERGY INDE PENDENCE
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