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Course QOutline

Building Blocks: Some important concepts
Our Goldilocks Earth: a Radiative Balancing Act
The Role of the Atmosphere: Greenhouse Gases & Clouds

Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere, People, Lithosphere

Natural Variability of the Climate, short and long term. Ice Ages

Carbon Dioxide and other Greenhouse Gases:
Where do they come from, where do they go, how are they regulated?

Impacts and Future Projections for Global Warming -- Uncertainties
Amelioration Strategies. The Climate Debate. Policy Options.
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Climate Wars
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Amelioration: What Can Be Done?

Reducing or 6\0‘03\
Eliminating the GH \ cgtect
Gas Drivers

Learning to Live with | Local

Climate Change e
Regional

Solar Radiation
Management

Active Measures to
Counteract Ongoing tRe&'Onal
Climate Change © Globa
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Routes toward NetZero

Regulation and Mandates

Subsidies and Incentives

Market Based
Mechanisms

Renewable Portfolio
Standards

(for electric power)

— Varies State by State

CAFE Standards

— Corporate Average Fuel
Economy for cars

State Clean Air Standards
— CA + 13 other states

Environmental Reviews for
Project Licences

Renewable Tax Credits

— Production Tax Credit
(Wind)

— Investment Tax Credit
(Wind and Solar)

AcceleratedDepreciation

Rural Energy for America
Program

Carbon Capture Tax Credit

“Price on Carbon”
Carbon (Dioxide) Tax

— Direct tax on emissions
— Unpopular, rare

Cap and Trade System

— Emission Allowances are
auctioned off each year

— Allowances may be
traded (bought & sold)

3/23/21
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Regulation and Mandates
o

Renewable Portfolio
Standards N

(for electric power)
— Varies State by State

CAFE Standards

— Corporate Average Fuel
Economy for cars

State Clean Air Standards
— CA + 13 other states

Environmental Reviews for
Project Licences
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tates and territories

California:
60% by 2030
100% by 2045

NCSL.org 2021

Illinois:
25% by 2025-26




Routes toward NetZero

Regulation and Mandates

Subsidies and Incentives
—

/

Market Based
Mechanisms

Renewable Portfolio
Standards

(for electric power)

— Varies State by State

CAFE Standards

— Corporate Average Fuel
Economy for cars

State Clean Air Standards
— CA + 13 other states

Environmental Reviews for
Project Licences

\

Renewable Tax Credits
— Production Tax Credit

“Price on Carbon”
e Carbon (Dioxide) Tax

(Wind)

— Investment Tax Credit

(Wind and Solar)
AcceleratedDepreciation

Rural Energy for America
Program

Carbon Capture Tax Credit

n emissions

These have jump-
started wind and solar rare

power projects, but System

are now phasing out.
| - n Allowances are

auctioned off each year

— Allowances may be
traded (bought & sold)

3/23/21
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Routes toward NetZero

DAamilatiam Aand AMandarac Ciiheidiac nnAd lncrantiuac MarkEt Based
____Mechanisms
Regional “Price on Carw
Greenhouse Gas
California Air “ // e ¢ Carbon (DIOXIde) TaX
BRoeasr?il'Jsrcceasp A;‘ Transportation and — Direct tax on emissions
- Climate Initiative (TCl)
apr;ggtﬁ?ne ! 1‘? (including all RGGI — Unpopular, rare
.‘ _—  Cap and Trade System
Neighboring states — Emissiog/AIIowances are
poloncly tohed off each year
influenced
— Allowances may be
traded (bought & sold)
Project Licences
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Routes toward NetZero

Market Based
hanisms

1 “Price on Ca rw
Carbon (Dioxide) Tax |

| — Direct tax on emissions

Ly
;”--,’ > /g

— Unpopular, rare

Cap and Trade System
— Emission Allowances are

2019
auctioned off each year
- Carbon Tax } Active or Planned v
| I Cap & Trade — Allowances may be
e Thinking about more traded (bought & sold)
o Ppy Wikimedia 2019
Project Licences
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United Nations Framework Convention on Climate Change (UNFCCC)

Established by Treaty of Rio de Janeiro 1992. 154 nations (now 165)

COP = Conference of the Parties, meets annually. Not

\ Ratified

1995 COP 1 Berlin KV]?tO Protocols: |
1996 COP 2 Geneva Enforceable emission reductions

for some Developed Countries only. |
133; ggii gz:rt]gs Aires * Phase 12008-2012 5% GHG{ 1990
* Phase 2 2012-2020 Flop )

2014 COP 20 Lima

2015 COP 21 Paris
2016 COP 22 Marrakech

fParis Agreement:

Nearly all countries sign on.
Explicit Goal of “well below 2° C warming”
Countries set own plans ....

No real enforcement.
US dropped out briefly in 2020

2019 COP 25 Madrid
2020 [Canceled due to COVID]
2021 COP 26 Glasgow (November)

3/23/21 Climate Change 8



Manufacturing

* Making Things 31%

Electricity
Agriculture
) Transportation

» Keeping Warm Space Heating

Bill Gates: How to Avoid a
3/23/21 .
Climate Catastrophe

19
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* Making Things
* Plugging In

« Growing Things
« Getting Around
« Keeping Warm

3/23/21

Mitigation: Low Hanging Fruit

Climate Change 8
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Mitigation: Low Hanging Fruit

* Making Things 31%

* Plugging Iy
Energy Efficiency Improvements

~

»
° GI"OWing T“ . Immediate economic payback \fv
® -2

« Reduce GHG emissions
. Reduce amount of “dirty” infr

* Getting ArL replaced.
w0 A

* Keeping Warm 7% IR
o

Jstructure to be

7

S
\




Zero/Low Carbon Replacements May Come at a Price
..but not always

A Current Example*

Diesel Fuel (Petroleum) S 2.40 /Gal

BioDiesel Fuel (B100) S 3.33 /Gal

Green Premium: $0.93 /Gal

& https://AFDC.energy.gov/fuels/prices.html
[Oct 1-15 2020]

Bill Gates: How to Avoid a
Climate Catastrophe

Green Premium can be
Positive (costs more)
or Negative (cheaper)

3/23/21


https://afdc.energy.gov/fuels/prices.html

Greenhouse Gas

Emissions Globally

by Sector

Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute

3/23/21

Agriculture,
Fgrestry &  EnergyUse

Land Use in Industry

Transport
16.2%

Energy Use
in Buildings
17.5%




Zooming in on

Sectors

Greenhouse Gas Emissions
Globally

Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute

Energy Use
in Industry
24.2%




Zooming in on Transport
Sectors 16.2%

Greenhouse Gas Emissions

Globally
rgy Use
ildings
Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute




Zooming in on

Sectors

Greenhouse Gas Emissions
Globally

Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute

Other
Energy
15.3%

Climate Change 8

Transport
16.2%

Energy Use
in Buildings
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orestry

“ngrs, o Land Use
W’i'c,f 4, 9q
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Zooming in on

Sectors

Greenhouse Gas Emissions
Globally

Data for 2016
Total 49.4 GigaTons
CO,equiv

in Build

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute
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Zooming in on [

Sectors 7 Cement Production

Greenhouse Gas Emissions )
~30 g sil burn
Globally @ 3% (+2% fos )

Data for 2016
Total 49.4 GigaTons
CO,equiv

in Build

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute



Zooming in on

Sectors

Greenhouse Gas Emissions
Globally

Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute

Agricultural Emissions are a
tough problem. Very hard to
get to zero — may require other
elements to overachieve! @

' Agriculture,
v o, 4 Forestry &
ff”' Land Use

WHEI:L"‘;' " e
NEr (1,34,




Global
Greenhouse Gas Was, Ty
Emissions "'““””flf_f”?.

£

Cement

Data for 2016
Total 49.4 GigaTons
CO,equiv

Modified from
OurWorldInData.org (2020)
Source: Climate Watch, World
Resources Institute

3/23/21
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Mitigation

[ * Making Things

* Plugging In
« Growing Things
« Getting Around

 Keeping Warm




Portland Cement

Cement made on huge scale

mixing these or similar
ingredients in a kiln.
All but Lime can be mined
directly.

Silica

3/23/21
Climate Change 8



The Lime comes from
heating Limestone.

CaCO, + heat — CaO + €O,

Partial solutions exist,
but come at 3 price...

Lime Silica

ANAL

Iron Oxide Magnesia Calcium Sulfate

3/23/21
Climate Change 8



lron and Steel
Iron Ore (FeO),

Coke (Carbon)
Flux

"How to clean this up?
7 %@ 1. Capture the CO,and
of CO, equi, Sequester It

2. Avoid using Carbon to
\ reduce the ore.

Waste

Gases ‘l\

2 FeO +C > 2Fe+cozT

Blast
Furnace

Hot Air * *
(0,) Wﬁ\\\ Each ton of Iron produced
| M&]tén PN generates 1.8 tons of CO,

Iron

3/23/21
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Waste

Gases "\

Hydrogen
Furnace

Green
Hydrogen
(H,)

3/23/21

Iron Ore (FeO),
Flux

Molten

Hydrogen Metallurgy

-

Climate Change 8
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Forestry & EnergyUse

Questions?

Energy

15.39
e Energy Use

in Buildings
17.5%

Established by Treaty of Rio de Janeiro 1992. 154 nations (now 165)
Deniers Soft Deflectors Scientists Doers Activists Soft Doomsayers Phase 1 Only
Deniers  [Inactivists] & Experts Doomsayers f ; 3 ~——

COP = Conference of the Parties, meets annually. Not

‘ Skepticism Belief ‘ . Ratified
1995 COP 1 Berlin Kyoto Protocols:

1996 COP 2 Geneva Enforceable emission reductions

‘ Advocacy (Disinformation/ Cherry Picking) Advocacy (Disinformation/Cherry Picking) ‘

for some Developed Countries only.
FALSE 123; Egiz ';Z::zs o - Phase 12008-2012 5% GHGY 1990 b Ny
ALARM L * Phase 2 2012-2020 Flop Not Ingudeq T F1ase1&2 "; 4
>
“"T"““ BILL GATES Walhee el igig Egg i(l) ,L,I;nr?s Paris Agreement:
QB‘E‘AI(THROUGH— H\%I{DTg % 2016 COP 22 Marrakech Nea.rIY all countries sign on. .
CLIMATE Explicit Goal of “well below 2° C warming”
AROCALYESE DISASTER Countries set own plans ....

BREAKTHROUGHS WE WEED

NEVER
1 ooy No real enforcement.
US dropped out briefly in 2020

2019 COP 25 Madrid
2020 [Canceled due to COVID]
2021 COP 26 Glasgow (November)

M CHAEL
SHELLENBERCER

LY

imate Change 8




Green
VElectrification of Energy is a Promising Approach

Electric sector will
grow to help provide

. Maklng Thmgs (:> 31% m FEEE solutions in other

sectors!

[ * Plugging In Electricity ]

« Growing Things

 Getting Around

« Keeping Warm



* Coal

co,* = * Qil

* Gas

* Nuclear

e Hydroelectric
 Wind

NoGH | * Solar

Gases™ | « Boutique
e Geothermal

* Biomass
L * Tidal/Wave

* During operation

3/23/21

Total: 27,005 TWh

World Electricity Generation 2019

10.4
Nuclear Bio Geo
Solar

Wind 5.3

26.0
Hydro

Renewables
15.6

BP, Statistical Review of World Energy 2020




World Electricity Generation 2019

718114971007 29 548 576 29 283 52 265 166 309 653 86 4177 TotalTWh

Gases™ | « Boutique =
* Geothermal

I m Coal
W
=

Spain [

100
* Coal i
COZ* - ® Oil 80 -
B er
| * Gas 70 Lo
I NUC|ear % ﬁ m MNuclear
* Hydroelectric * *° \ | ™ s
. 40 | A | /4 | |
 Wind | ’ N H | = Oil
NoGH | ¢ Solar B R !
L] Fill
o N =
- (44 A
e £ O
) &)

: — . -

* Biomass T R - = -

L+ Tidal/Wave = = & e S =
= ™ =

— ro w
o o o o
Denmark [N
Germany [N
italy

Wide variety of
generation mixes by
country.

America

BP, Statistical Review of World Energy 2020 40
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All energy, Not
just electricity!

Takeaway:
The Solar Resource 15

v [ 1000x consumption,

FDB COaI totally dominates. Solar 23,000 TW (Land only)
s | Oil -
< = Tide 0.3 TwW

& * Gas World
§ | ® Nuclear 9 Wave 0.2-2 Tw consumption
[+ Hydroelectric 18 TW

K@ y Q@ Geothermal 0327w

FD‘Q ¢ W| nd , ~5_15Y
5 e Solar @ Hydrosatw ranium
& | * Boutique _ 90-300 TWy
< Biomass 2-6 Tw
 Geothermal Q
 Biomass o Wwind ~13y
. * Tidal/Wave 25-75 TW 240 TWy \
215 TWy Very rough estimate of
~12 how long each non-
Sizes of resources Y renewable would last
Rfassbind proportional to Every Year Total Rese| fusforalworld
3/23/21 Wikimedia 2014 areas of circles. Sl




Hurdles to Successful Decarbonization

Resource ' Technical Economic Market
. Potential . Potential Potential , Potential

sour

E Policy implementation
or energy project and impacts

ystem * Regulatory limits
performance * Investor response

Ired revenu

NREL Report: Estimating Renewable Energy Economic Potential...' Brown et al. (2016)




Wind Turbines: Ashore and Offshore

_ Now ~ 700 GigaWatt
S —— Installed Capacity
(5% Offshore)

3/23/21
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Wind Turbines: Capacity Factor Increasing

Capacity factor is the 15 Megawatt Turbines

50% - .

’ average % of full output coming soon
45% - achieved over time, due
to wind variation.

40% -

35% -
30% -

25% -

As turbines get better

Average Capacity Factor in 2018

20% - and taller, Capacity Factor
15% - =@ Highest Wind Resource Quality realized increases, now
=== Higher Wind Resource Quality over 40%.
10% 1 == Medium Wind Resource Quality
5% - =¢= Lower Wind Resource Quality

0% | | | 1 | I I I I 1 I I | | 1 1
1998-2000-2002-2004- 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

99 01 03 05 Commercial Operation Date

3/23/21



Solar Comes in Two Flavors

Concentrated Solar Power — CSP PhotoVoltaic Solar Power PV
(Thermal) (Photons — Electrons)

3/23/21 45
Climate Change 8



Solar Comes in Two Flavors

Concentrated Solar Power — CSP PhotoVoltaic Solar Power PV
(Thermal) (Photons — Electrons)

e
1
=
- j:'
i

46
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l Levelized Cost of Energy Comparison—Unsubsidized Analysis

Levelized Costs of New Generation Facilities 2020

LAZARD

ASSET MANAGEMENT

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

Solar PV-Rooftop Residential
Solar PV-Rooftop Cé&l
Solar PV-Community

(1)

Solar PV-Crystalline Utility Scale

Renewable

{1)

Energy Solar PV=Thin Film Utility Scale

Solar Thermal Tower with Storage

Geothermal

Wind

(3)

Gas Peaking
)

Muclear

Conventional (6)
Coal

3)
Gas Combined CycIFj

30
Lazard.com LCOE 14.0 Oct 2020

3¢/kWh

s63 [N $94
$31 1 $42
s20 [ s38
1
1
1
|
1
1

s26 [N ss+

& 586

=]

|
D

|

|

|

|
$ s2s
._11:5

|

s260 5o [N 75 @ sas0

$25 $50 $75 $100

574 N 5179

$150 | s227

Global Costs

(not just Us)

$126 [ $156 Levelized Cost of Energy is
anticipated cost of energy in
sso I 5101 current dollars over life of

project, all expenses included.

s151 | 195

s129 I ¢ o
¢ so5 [ <15

§1271¢

$150 5175 $200 $225 $250 $275

Levelized Cost (5/MWh)




Levelized Costs of New Generation Facilities 2020
' Levelied Cost of Energy Comparison—Unsubsidized Analysis LAZARD

ASSET MANAGEMENT

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

1
Solar PV-Rooftop Residential s150 [ 5227
3¢/kWh
s74 N s179
s63 I so« Note that Utility scale
B s4 Solar and Wind are

Solar PV-Rooftop Cé&l

Solar PV-Community
()
Solar PV-Crystalline Utility Scale G

1)
Sl Solar PV=Thin Film Utility Scale s20 [l s3s / cheapest
|
Solar Thermal Tower with Storage : $126 [ 5156
I
Geothermal 1 %101
|
Wind $26 _ $54 ¢ 5862
|
(3)
Gas Peaking | st I 1
Nuclear 1» §29™, e $129 $198
Gold diamonds 4:"/' “|$65 N, ;5o It makes sense to keep existing
show LCOE for | ! paid-for Nuclear and Gas
just operating  pas Combined Cycle . “g2a(s Q'$44 _ $73 ¢ $88M & 51270 Combined Cycle plants running,
existing plants. N _s but not Coal in many cases.
30 $25 - $50 $75 $100 $125 $150 5175 $2uo ZZT ZOU TZTO

Lazard.com LCOE 14.0 Oct 2020 Levelized Cost ($/MWh)




Levelized Cost History of Renewables 2009-2020

Global Cost
Historical Renewable Energy LCOE Declines (SS iowzsr)s ( LAZARD

ASSET MANAGEMENT

Unsubsidized Wind LCOE Unsubsidized Solar PV LCOE
Note that these
LCOE LCOE
($/MWh) are Global Costs— ($/MWh)
$250 - US generally lower. -
W|nd 400
(Utility Scale)
200 A 350
$169
T $148 300 |%$323 $270
150 -
250
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@ Purchase Agreen@ces for Wind and Solar as Compared to Gas Costs

$

\ == Levelized 20-year EIA gas price projections
$160 - (converted at 7.5 MMBtu/MWh)
: s

Utility-Scale Solar (252 PPAs totaling 15.7 GW)
O Utility-Scale Wind (310 PPAs totaling 32.4 GW)

$120 -

Power Purchase
Agreements are
contracts by plant
owners to supply
O O power to Utilities at
® fixed price in future.
. Now around 2¢/kWh,
less than gas.

R L
SH ‘il;'ngn

$60 immine il

$40 -

Levelized PPA and Gas Price (2018 $/MWh)
W
Y
o
<)

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Gas Projection Year and PPA Execution Date US DoE
3/23/21
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So What is the Green Premium for Wind and Solar Now?

e Typically, close to zero

e Already Negative in most cases™

» That trend will continue

* Main caveat is intermittency

!

* « _.solar PV is consistently cheaper than new coal- or gas fired power plants in most

countries, and solar projects now offer some of the lowest cost electricity ever seen.”
World Energy Outlook 2020, International Energy Agency (Emp\’\ﬂ-"‘s

odded)

3/23/21 51
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Ay

Major Solar
Power Projects
(mid 2020)

Project Status

PV - Operating
@ PV - Under Development
@ PV - Under Construction

@ CSP - Operating
@ CSP - Under Development
@ CSP - Under Construction

Project Capacity

OOOOQQ

1-100+ MW SEIA.org 2020

3/23/21

Climate Change 8



e
* > 48,000 Modules (310-400 w each)

e ~70 acres
~18 MW DC nominal

Farm 1: Windsor Road

http://icap.sustainability.illinois.edu/project/solar-farm
3/23/21 Climate Change 8

Ul Solar Farms 1 and 2

e —— S

Annual Production (Both Farms)
~ 20 million kWh [predicted]

53
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Sunlight on
Champaign County

Noonish on a nice
June day...

1T

Peoar = 2.7 Terawatts

(photons)
Climate Change 8

Global Electricity
Consumption

~ Two
1 Megaton
H-Bombs
per hour

Pworip = 2.4 Terawatts

(electric, 2019)
54



@ Sunlight on Global Electricity
Champaign County Consumption

Noonish on a nice n

| So could we run the world on
Champaign County Sunlight?

1T

4 : “ L 4
Gtk B R -8 RS e €% £ 8
P R e e Cmg=n (Wl

Peoiar = 2.7 Terawatts Pwortp & 2.4 Terawatts
(photons) (electric, 2019)

3/23/21 Climate Change 8 55




Sunlight on Global Electricity

Champaign County Consumption
R |ssues:
1* Cell Efficiency ~ 20%
* Sun Availability ~ 20%

iI* Long Distance Transmission?
* High Capacity Storage?
e Overall, down ~50x
e i.e., all the lllinois Farmland

V[

: e
Peoiar = 2.7 Terawatts Pworcp & 2.4 Terawatts
(photons) (electric, 2019)
3/23/21 Climate Change 8 56



@ Sunlight on
\ Champaign County

Global Electricity
Consumption

' lissues:

~ | Cell Efficiency

* Sun Availability

iI* Long Distance Transmis

* High Capacity Storage?

V[

e

(photons)
3/23/21 Climate Change 8

Pworip = 2.4 Terawatts
(electric, 2019)
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: Could We Turn Farmland into Solar Farms?
\ Revenue Per Acre for Central lllinois

$648 Annual Gross Revenue per Acre

Net, less operating costs:

$218/acre

Fair Rental

Schnitkey, G. "Continued Downward Pressure on

2017 Cash Rent." farmdoc daily (6):155, \ar fFarm
Department of Agricultural and Consumer U\ SO .

Economics, University of Illinois at Urbana- So if you owned Iand; xa 5 m\\“On /\(\Nh
Champaign, August 16, 2016. who do you think could S‘acres @ G~
pay a higher rent? 1

3/23/21 Climate Change 8
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http://farmdocdaily.illinois.edu/2016/08/continued-downward-pressure-on-2017-cash-rent.html

Could We Turn Farmland into Solar Farms?
Revenue Per Acre for Central lllinois

$648 Annual Gross Revenue per Acre ~$15,000*

Net, less operatin costs:
$218/acre Fair Rental

Schnitkey, G. "Continued Do
2017 Cash Rent." farmdoc dai
Department of Agricultural and
Economics, University of Illinoi¢
Champaign, August 16, 2016.
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Intermittency of Solar and Wind

Thermal Storage

. . ERE———— Short to Medium
Appropriate Mix of | Term Storage

Generation Modes Fl. Pumped Hydro (>90%)

Upper
Reservoir

Lower
Reservoir

Long Distance Long Term
Transmission Grids Storage via . —1,_
Electrofuels JF
Very High Voltage DC
Transmission Lines Green Hydrogen H, Hydrogen (H2)
can be continental in from Water:

scale with very low loss.

C
3/23/21 China: 3,324 km, 1.1MVD

Climate Change 8

2H,0+e—>2H,+0,




Intermittency of Solar and Wind

ThermeStorage

LS
.

Appr| Load Shifting/Load Management: Short to Medium
o Term Storage

Geng ¢ Turning things on/off smartly Pumped H
e EV car charging at best times
* Hot water heating

Home Battery packs

Electricz
Generat -

* Avoid outages il :l; = il % ki
* Store cheap power for use when f ~ Tubing S : R

PR .I" )

A AL % 1 Y
U TR R gy
oA B AT (R

Shines

price spikes |
ALY

Sun

Electrolysis

-_
T

Long Distand Making Hay While th

Transmission G «  \Making Green Hydrogen
Very High Voltage D or other Electro-Fuels

Transmission Lineq Smelting Aluminum Hydrogen (H2)

can be continental § o Dagalinization of ocean water
scale with very low |

Fuel cell

: ZTU T e =TT, 70,

c] |
3/23/21 China: 3,324 km, 1.1MVD
Climate Change 8




High Voltage DC Lines

— < 3% loss per 1000 km

— Much lower than AC

— 2000 mile DC line in
operation in China
(ABB, 12 GW, 1100 kV)

No practical limits to
continental scale
transmission

Long Distance Electric Transmission

| An example: HVDC

P from Hudson Bay hydro

dams in Quebec to
New York city.

/‘\¥VA 775 lb.\

\ I S
~

l } - A 1§ / 13 ‘S
—W Sl ¥ T
Jma! ﬁ AT A'mm j’;g

RS

There are many HVDC power lines in the world already.
Cheaper per mile (fewer wires, etc.), but need expensive end-
terminals AC-DC, so best for long distance.




Australia-ASEAN
Power Link

Proposed 2300 mile
underwater HVDC
transmission line
from Australia to

Singapore

SINGAPORE

AUSTRALIA



3 GW
~ 20% of Power Requirement

Li lon Battery SINGAPORE

Electricity
suppiy and
battery in +
Singapore

Sular array
ractory, electricity
supply and battery

Australia-ASEAN n arwin
Power Link

If Approved, online 2027

14 GW Solar Farm | AUSTRALIA
+ Li lon Battery




Motor/
Generator

Lower
Reservoir

3/23/21



Pumped Storage Installations

{(c ‘. S - T ~mr - ) .
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I operational
Under Construction
I Planned

Announced

Installed capacity (MW)

o <50

O 500

{1,000
{1,500
{22,000

Pumped Storage Installations
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Pumped Storage Installations

L Y - o~ . : -
3 A 2 o ) o
. 1‘:.1‘ v ; e ot J:;'«- -
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Ludington
Oosed-loop
Operational e
United States
Commissioning: 1973
Configuration: Fixed speed
Operational Max Head: 111 m
Under Construg « .| Generating Capacity: 1,872 MW
Planned Pumping Capadty: 1,872 MW
Announced o . ' '._\ Y { ij,{‘.' 5
N 8 C S Energy Stored: 17.20 GWh -
Installed capacity (MW) L% -\ o R ';1
=30 ®» N\, Mexico | P ——g S s
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660,000 Candidate Locations for Pumped Hydro Storage

Claim:
100x more
potential Storage
Sites than
needed for a
100% Renewable
electric system

Australian group
has identified
many potential
sites.

L T
4

./
’* Ll
. !

-
g g SN
Eramies

Matt Stocks et al., RE100 Group, Australian National Univ

=V
-

Global PHES Atlas - RE100 - ANU


http://re100.eng.anu.edu.au/global/

potential

Sites

100% Re
electric

e B -
) 17 Map Settings <« Share/Print [+ Story

[ )

[ About e o

Wudson Bay

e,

Bufﬂ? Unfortunately,
;:;...;ﬂ.»....,' i ;' (0 &0 - 4e8 Midwest is too

flat....

i

SSISSIRPL ..

Global PHES Atlas - RE100 - ANU

on map o i 'P’
on == cig?
S PR

@CESIUM Data atiribution Disclaimer Basemap Lat 41.43281°N Lon 146.89392°W Elev om



http://re100.eng.anu.edu.au/global/

Lead-Acid

3/23/21

Battery Storage

Lithium-lon Redox Flow Batteries
Vanadium Flow Battery, e.g.

Electric Load (AC) ; DCI/AC Inverter ;
v}

Membrane
for lon
Exchange

Growing
Fast

71
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under construction at Moss Landing
in Monterey CA .

Later this year, there will be a total
of 600 MW/2300 MWh of Battery
Storage at two facilities in this area
to supply San Francisco homes.

'Octgber 2020

%A
»




Battery Costs Coming Down Rapidly

Lithium lon now dominant (leveraging EV car development)
— Vanadium flow batteries are an alternative for long term storage

Li-lon now ~ 10 ¢/kWh

Solar power + 4 hour Battery storage combination recently
being offered at 4 ¢/kWh (PPA Power Purchase Agreement)

Cost of fully battery stabilized solar or wind expected to cost
only an extra 0.5 to 0.7 ¢/kWh in a decade.

Tesla plans/hopes to be producing 3 TeraWatt-hours/year of

lon batteries by 2030
ur...



e Nuclear Fission -

— Already 10% of the mix
— Existing plants can be competitive
— New capacity very expensive
* New proposals for lower cost/ intrinsically safe designs

* Nuclear Fusion

— Too late
— Too expensive

Great if it happens:-

* Fossil Fuels with Carbon Sequestration

ITER Tokomak
Started 1988
* Testing to begin 2025
~ $30 billion

2D + 3T — 3He + Jn + 17.59 MeV

) [ £
vy g >) = |
o /
I -y
CO II:> ‘ ‘
%
R
0o )




—————

Retrofitting Fossil Fuel Plants to Capture CO,
Carbon Capture and Storage (CCS)

FutureGen Project ~ 2007

Mattoon lllinois

$1.6 Billion CCS Demonstration
230 MW Coal Fired Power Plant
CO, was to be pumped into
underground saline formations
for permanent storage

lllinois Industrial Carbon Capture and Storage Project
Decatur
ADM + Ul Geological Survey
* Ethanol Plant produces CO, as byproduct
* (O, injection into Mount Simon Sandstone started April 2017
e ~700,000 tons/year projected
* Now seems to have gone silent.....

3/23/21 Climate Change 8
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ADM
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Johnathan Hettinger,

Midwest Center for Investigative Reporting
November 19, 2020

Despite hundreds of millions in tax
dollars, ADM’s carbon capture
program still hasn’t met promised
goals

Climate Chance 8
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Facility Category @ commercial ccs @ Pilot/Demonstration @ CCS Hubs

But there are still o +
many CCS a -

Projects Planned, ¥ A
Operational, or e
Completed.
Moo L @
o oM’ %‘ b‘
4 ) - .) . .
In the US, most L & %
operational CCS
projects sell the °
CO, for Enhanced ®
Oilfield Recovery ° & & é
rather than inject it 3
for permanent @ €
Geologic Storage.

\ J Global CCS Institute (2021)

3/23/21 Climate Change 8 78




Questions on Electrification?

Appropriate Mix of
Generation Modes

Climate Change 8

Short to Medium

Term Storage
Pumped Hydro (>90%)

Upper
Reservoir

Electrical
Generator
BN =
S

Generating

Turbine

Long Distance
Transmission Grids

Very High Voltage DC
Transmission Lines
can be continental in
scale with very low loss.

China: 3,324 km, 1.1 MV DC

Long Term
Storage via
Electrofuels

Green Hydrogen H,
from Water:

2H,0+e—>2H,+0,

3/23/21
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The Hydrogen
Economy:
Using H, as an

Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Electricity
Grid

Wind

T Y Hydrogen
Solar PV T P Storage/
Distribution

Natural Gas/ H
Coal “ 2

iy

Nuclear,
Thermal,
Geothermal, etc.

Battery

Hydrogen
Generation



The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Climate Change 8

Hint:

If you try this at home, add a
little vinegar, citric acid, or salt to
the water to make it conductive.




The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

3/23/21

Hydrogen is Made, not Mined
m ...it takes energy!

0o o0

Black/Brown H, Grey H, Blue H, Green H,
from Coal from Methane Fossil+CCS from Renewable
Electricity
R A '|

C+2HO CH +2HO CCS=
B 2 H,O + electricit
—2 H . —>4H . “Carbon Capture 2 v
q —2H,+0,
“Steam “Steam an L -
Reformation” R A . Sequestration (~ 80% Efficient)

82
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The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

3/23/21

Hydrogen is Made, not Mined

Black/Brown H,
from Coal

Reformation”

Climate Change 8

...it takes energy!

Grey H,
from I\/Iethane

Reformation”

Actually, there are places where H2 is
found underground and might be

drilled for!
Blue H, Green H,
Fossil+CCS from Renewable
Electricity

TS o

[T
. 5= 2 H,0 + electricity
Carbon Capture
—2H,+0,
and
Sequestration” (~ 80% Efficient)
By far the main source now is Grey 83




Storing and Moving Hydrogen

The Hydrogen o
 Pumped through pipelines

Economy: . :
e Special steels required
Using H, as an * Already done on a wide scale .
Energy
Intermediate e Stored under high pressure

* Typically carbon fiber tanks

+ H, from excess electricity * Tanks heavier than contents

H, stored or transported
H, Later used for
* end uses

- making electricity e Stored as a cryogenic liquid
* 20°K (-253°C)

e Lots of energy used to liquify

3/23/21 84
Climate Change 8



The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Power
Generation

Applications

Electricity

Hydrogen/
Natural Gas
Infrastructure

Hydrogen
Vehicle

Hydrogen
Storage/
Distribution

Solar PV

WA \.'»
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Synthetic

Fuels
Natural Gas/ :
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iy

Nuclear,
Thermal, N H3
Geothermal, etc. Ammonia/
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The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Electricity

Wind

Green Hydrogen:
";ydroge/n Major Argument

Solar PV torage “w
o Distribution for a “Hydrogen

Economy”

Grid Industrial Uses for

Natural Gas/
Coal

iy

Battery

Nuclear,
Thermal, NH,
Geothermal, etc. Ammonia/
Fertilizer

Metals
Refining

Hydrogen
Generation Other

End Use




The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Electricity
Grid

Wind

Hydrogen Hydrogen
Solar PV Storage/ Vehicle
Distribution

Synthetic
Fuels

Natural Gas/
Coal

O

€O,
Upgrading
T Oil /
Biomass

Thermal,
Geothermal, etc.

Hydrogen
Generation



H, in Transportation?

i
/

The Hydrogen
Economy:

Using H, as an 1MHO

Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Hydrogen Fuel cell vehicles being
pushed by Toyota, but they are said to
lose S70K on each one.




H, in Transportation?

MTD

The Hydrogen

Economy: s
Using H, as an
Energy
Intermediate

= : ﬁ_.fb- Nel Hydrogen
- = —— -
* H, from excess electricity S —— gggfrapig ===
* H, stored or transported i : o y N7
— - =
* H, Later used for =
« end uses ' 2 Shipping nel
« making electricity Begins Sept 2021 . ‘ |l lll| Containers
l I ’ | l i ' MC400

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &

Economic Potential of Hydrogen I

as an Energy Intermediate Climate Chan®e 8

Ground breaking March 4

90
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The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

H, in Transportation?
O
i \\g

Possible Roles for Hydrogen in:
* Long haul trucks  ~
* Heavy Equipment
* Large ships >
* Trains

* Long range aircraft _

An Indirect way to use H, in transport:
Make Liquid Ammonia

N, +3 H, — 2 NH, —

J




The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Electricity
Grid

Wind

Solar PV

Natural Gas/
Coal

o
Nuclear,

Thermal,
Geothermal, etc.

Battery

Hydrogen
Generation

Distribution

Hydrogen/
Natural Gas
Infrastructure

Hydrogen
Storage/

Substitute for

Methane
* Industrial Heat
* Space Heating
* Cooking

* Experiments in Europe under way

e Major infrastructure changes

e Pushed by owners of existing Natural
Gas networks




The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
=i as an Energy Intermediate

Power
Generation

Solar PV Storage/
Distribution In POWEF
Generation,
Natural Gas/ HZ aCtS daS d

Coal

distribution and
storage medium

Nuclear,

Thermal,
Geothermal, etc.

Round trip efficiency is low
~ 30-50%

Hydrogen
Generation



The Hydrogen
Economy:

Using H, as an
Energy
Intermediate

* H, from excess electricity
* H, stored or transported
* H, Later used for

* end uses

* making electricity

Ruth et al, NREL/PR-6A20-70456
(2017) H2@Scale: Technical &
Economic Potential of Hydrogen

3/23/21
e as an Energy Intermediate

Power
Generation

Applications

Electricity

Hydrogen/
Natural Gas
Infrastructure

Hydrogen
Vehicle

Hydrogen
Storage/
Distribution

Solar PV

WA \.'»
1 CNWL Y Q-

Synthetic

Fuels
Natural Gas/ :
Coal Upgrading | =
Qil / 2

iy

Nuclear,
Thermal, N H3
Geothermal, etc. Ammonia/

Fertilizer

Metals
Refining

Hydrogen
Generation Other

End Use




Mitigation

* Making Things

* Plugging In

« Growing Things

[ « Getting Around

 Keeping Warm




Battery Electric Vehicles
Emerging Rapidly

Rivian Norma\' "

Nearly all Light Duty Vehicles .\/
on track to go
Li-lon Battery Electric

3/23/21 Climate Change 8 96



Battery Electric Vehicles
Emerging Rapidly

Rivian

Nearly all light vehicles on .\/
track to go Battery Electric

Now:
» Initial Cost: Still significant $S
» Cost of Ownership: ~ Zero

In a few years:
» Initial Cost: Zero Premium
» Cost of Ownership: Negative

Underlying reasons:

simplicity, performance,

usyel” cost.
low maintenance, low “fuel |

3/23/21 imate Change 8 97



Delayed by battery
I shortages, now
Sl expected late 2021

Heavy Duty Vehicle Options

Electric Drives
e Battery Electric
* Hydrogen Fuel Cell

Diesel Engines

* Bio-Diesel

* Synthetic e-Fuels
* Ammonia

3/23/21 Climate Change 8



Rail
e Overhead Electrification already common

* All high speed trains \

* 100% in Holland, e.g.
e Almost all locomotives use Electric motors anyway

Acela Next-Gen
Train under test
in Colorado

* Battery-electric for use on Non-electrified routes
* Hydrogen Fuel-Cell Passenger Trains in use

- o 1'..."'{)'1‘

)
Iy i
B g 1
1 ol ||
) iu B |
0 URUOIRIN H )
W H BN

1

BNSF/GE Battery Electric Locomotive
under test (California)

Alstom Hydrogen Fuel-Cell Train (Austria) Weight/space for Batteries or Hydrogen storage not
3/23/21 600km range, 140 km/h speed Climate Change 8 a big issue — add a couple of cars behind loco.




Maritime

Renewable

Electro-Fuel

Solution depends on vessel Electricity Deep-sea shipping
size, speed and range Generation : (e.g. Cruise Ships, Container
requirements. Ships, Bulk Carriers etc.)
: : A require Electro-Fuels

Production

Short-sea or domestic Y
hioping is suitable f eV
shipping is suitable for | =% =

Battery Electrification. Y" \

University Maritime Advisory Services (UMAS)

3/23/21 Climate Change 8 101



Maritime

Renewable | Fuel
Solution depends on vessel Electricity Pec(’;ro-t'ue Deep-sea shipping
. : roduction
size, speed and range Generatlo : (e.g. Cruise Ships, Container
requirements. | Ships, Bulk Carriers etc.)
. . require Electro-Fuels

Short-sea or domestic ’ .
shipping is suitable for | =% LW 3

Battery Electrification. Y" \

Electro-

Fuels examples:

H, (Liquid Hydrogen)
N.H3 (Anhydrous Ammonia)
Dlmethyl Ether

Methano|

University Maritime Advisory Services (UMAS)
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Long Range Aviation

* Round trip ORD-London: 2.2 tons CO,

— 2% of global emissions, 3% by 2050

Some options: o The most recalcitrant
* Drop-in Fuels Tiny a“(‘)°g‘1“l_-fs/s transportation mode
— SAF (Sustainable Aviation Fuels) due to range, weight
* Mostly biofuels from waste, oil crops, algae and space limitations...
(similar to BioDiesel) \ J

* Eventually synthetic e-fuels

e Alternates (carbon free)
* Liquid H,
* Ammonia NH;
* Major redesign!

3/23/21 Climate Change 8 103



Long Range Aviation

* Round trip ORD-London: 2.2 tons CO,

— 2% of global emissions, 3% by 2050
Some options:

* Drop-in Fuels

— SAF (Sustainable Aviation Fuels)

* Mostly biofuels from waste, oil crops, algae
(similar to BioDiesel)

* Eventually synthetic e-fuels

The most recalcitrant

transportation mode

due to range, weight
and space limitations...

- J

e Alternates (carbon free)
* Liquid H,
* Ammonia NH;
* Major redesign!
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Long Range Aviation

* Round trip ORD-London: 2.2 tons CO,

— 2% of global emissions, 3% by 2050
Some options:

* Drop-in Fuels

— SAF (Sustainable Aviation Fuels)
* Mostly biofuels from waste, oil crops, algae

The most recalcitrant

transportation mode

due to range, weight
and space limitations...

(similar to BioDiesel)
* Eventually synthetic e-fuels

Short-Haul Electric Airliners

Battery-electric airplanes may reach
200-300 mile ranges

e Alternates (carbon free)
* Liquid H,
* Ammonia NH;
* Major redesign!

3/23/21 Climate Change 8




Mitigation

* Making Things

* Plugging In

[ « Growing Things

« Getting Around

 Keeping Warm




Agricultural

GHG Emissions
CH, & N,O

Land converted to cropland
Rice cultivation

Manure management
Enteric fermentation

Agricultural soil managément

00

0 200
tons (CO,-e)

~400 2
Million metr,

Souriw Bulleln J25000
intwruxion .l Diary Federsion [ J007
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T : & Feed o

Increase °

disease
resistance

o o'e | Grassland

|’y Management
Animal &

Farm System

Managment

Improving
forage quality

Efficient &
robust animals
Increasing

productive
lifetime of
animals

Y Manure |
deposition &
application

Grazing
practices

Capturing
biogas from
anaerobic

Prevention,

R : Temperature control &
0"‘ Pasture &aeration || eradication of
‘. management of manure diseases

Manure
Management

Collection &
storage facility
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Agricultural

GHG Emissions
CH, & N,O

Land converted to cropland
Rice cultivation

Manure management
Enteric fermentation

Agricultural soil managément

00 -400 B 0 200
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3/23/21

R B B B B R B BB L B L B L B B R L B B R BB B B BE N B B R LB B B B B B BN N N NN N

= " ‘ L B B B L B B BN B B B B B B B B B B B B B B B B N N B N N N
’,‘::_ 'J.‘@Q«. e (<) S f O -
i SO : ummary of Options
T e, =N e Feed &
p e A = —
—— - Nutrition
= Transferring the
== microbiome of low- Finding
15;':"’«, methane producing Il ey vraits for —7
— Q’-E::"’ LNIEROLS GHG emissions \ oevvovcsne®
T - = b
»‘-'-:J“q&‘ 3 Vaccines to reduce ~_ SO S35
o Qmﬁ'&_} met!\ane production Selecting for ‘\ - =L
= N in the rumen low-methane | |moroveq
e N : producing || performance Animals R
<. " \mmmanls on low- umen
= - 20 &Feed
@ - Very tough to reach NetZero

carbon in Agriculture by

Precision

T‘{ feeding
% )
ul Q’ p _: -
os'e | Grassland < =
. B & substitutes
Animal & o v .
Farm System “° -
Cad Efficient& |
Managment robust animal

..........0...............0..............

0oc N Prevention,
- control &
Pasture | eradication of
managemen &
Manure oSy

Management

R

. e o
Soovoo0000o0000O000OORLOOLOOOOOORDORNOOOORDAS . -

~ » S
p _ Collection & e
storage facility |
. — ~g -

Sustainable Agriculture Initiative




Mitigation

* Making Things

* Plugging In
« Growing Things

« Getting Around

[  Keeping Warm




Space Heating/Cooking/Hot Water

2. H, Gas 3. Electric

Heat Pump for
Heating + Cooling

H2 + Hot Water
Furnace MiamiHP.com
BDR
Thermea

Inductive or Resistance
Stovetop

3/23/21
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l— L. /11 _ 3 VA _

Space Heatir

3/23/21

Both of these start with renewable
electricity, but have very different results

\

~5X Efficiency

H2

Furnace
BDR
Thermea

Heat2dmior
Heating + Cooling
+ Hot Water

MiamiHP.com

Inductive or Resistance
Stovetop
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Space Heating: Geothermal Heat Pump

Air Heat \ |y
Pumps also (e _
work, but /@\
less efficient,
HHE ﬂ: il HHE| | |- il
L ! — = —
L= E T e R

e R — oughout the. =
E home — — = = T E home t
| | [ |
i iy
WINTER: GEOTHERMAL HEATING i SUMMER: GEOTHERMAL cooLING | [
i il
i iy
DANDELION 4 f Heat is absorbed I-!eat is dispersed | f
" l T from the ground into the ground l, T
) Wt Heat is moved between ground and Wt
arid gy home. A little juice moves a lot of heat,
oil, propane, or natural L 2 a
gas again y Ak so very efficient.
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Questions about
Mitigation?

u Mitigation
* Making Things 31% I'I!!!Inﬁ Manufacturing

* Plugging In 27% Electricity

* Growing Things 19% Agriculture

L)

=
p -

* Getting Around 16% & ' Transportation

« Keeping Warm 7% i Space Heating




Amelioration: What Can Be Done?

—
Learning to Live with | Local
Climate Change e
Reglonal/
__—

Solar Radiation
Management

Active Measures to
Counteract Ongoing tRe&'Onal
Climate Change © Globa
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' = Adaptation: What Can Be Done?

Responses to:

e Sea Level Rise & Flooding
* Heat & Drought
 Extreme Weather Events

* Migration
— Domestic

— International
— Interplanetary?

e Sea walls and hardening of structures
* |nfrastructure Resilience mmember 72005
* Agricultural Adaptations

e Air Conditioning (especially in tropics)
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Amelioration: What Can Be Done?

Ve
Kok

Local

Regional

Solar Radiation
Management

. g Active Measures to
. y
InTervenTlon w » :, Counteract Ongoing | Regiona
v L G to Glopg)

Climate Change
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golar Radiation
Management

Interventions

Suck CO, out of the
Atmosphere AN

Scripps Institution of Oceanography

400 - NOAA Global Monitoring Laboratory

“Negative Emissions”

320

1960 1970 1980 1990 2000 2010 2020
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Interventions

@ Suck CO, out of the @ Cut down on Solar Heating
Atmosphere

"Geo-Engineering”

"Negative Emissions”

Climate Change 8



Interventions

@ Suck CO, out of the @ Cut down on Solar Heating
Atmosphere

"Geo-Engineering”

"Negative Emissions”

Generally
Non-Controversial

Climate Change 8



Negative Emissions

I
~
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04 Afforestation: Great Green Walls

L
Three-North Shelter Forest Program Sahel Great Green Wall
(66 Billion Trees planted as of 2017) (Started 2007, 15% ?)
& ERCN RN e RN B .

Farmstead in Niger HE GREAT GREE‘N‘
ALL INIVIATIVE

Worldwide, reforestation can provide
some carbon sequestration, but not
nearly enough.

Green Walls have had mixed results,

Chine doing somewhat better. Sahel

Green Wall now recast as a
development project.




Ocean Fertilization

mmr

2. Iron causes growth of
phytoplankton, which capture CO,

'3 Dead plankton sink;

4. Some reach depths
where carbon may stay
for 100 years or more

3/23/21

123



BECCS™ Concept

Huge Industrial . Heat

iohydrogen

Huge Land c°2 Plant Biomethane
U Combustion Synthetic biofuels
Sage Fermentation Fuel upgruding Electricity

Aerobic Digestion gas cleaning

liquidation

Gasification

\F,
¥
e
i : e

products
X ~—TT I -
.........du...;..: CO, I! 1&’;‘;.‘

Energy crops Capture ¢ Located Near Non-energy
High biomass yield compression by-products

Extensive availability transport Geological Sto rage

Biomass residues

Geological WREILERCEI IS
storage Depleted oil and gas fields

Strongly pushed by IPCC as a two-fer:
Remove CO2 from atmosphere AND get
synthetic biofuels for transportation.

* Bio Energy with Carbon Capture & Storage




Remembert

he Weathering Reaction?

by [ [

v

e N S A S S T
1B A
B B e
RN ORI
LTI
SRR
SRR
TR T
SR SN
SRRV
SRR
RN
R
R Y
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Weathering Reaction

pH 5.6 Simple Example:
Wollastonite
Calcium Silicate
CaSiO,

Rivers to T id
Silicic AcCl
Ocean ilic

2CO,+3H,0 +CasSiI0; —>» Ca™ + 2HCO;= + H,SIO,
\§ J \ )
Y . Y / \L Diatoms
Rain Rock lag '
Water What if we Sp

ed this reacti
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* Grind up Basalt Rocks (Gigatons/year) into fine powder
e Sprinkle on Oceans or Land

Yacolt Basalt Quarry
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PERSPECTIVE 2018

https://doi.org/10.1038/541477-018-0108-y

nawure

plants

Corrected: Publisher Correction

Farming with crops and rocks to address global

climate, food and soil security

David J. Beerling©™, Jonathan R. Leake D", Stephen P. Long %34, Julie D. Scholes’, Jurriaan Ton®,
Paul N. Nelson©3, Michael Bird @5, Euripides Kantzas', Lyla L. Taylor©®?, Binoy Sarkar®", Mike Kelland',
Evan DelLucia??, llsa Kantola?, Christoph Miiller®¢, Greg H. Rau’ and James Hansen®

The magnitude of future climate change could be moderated by immediately reducing the amount of CO, entering the atmo-
sphere as a result of energy generation and by adopting strategies that actively remove CO, from it. Biogeochemical improve-
ment of soils by adding crushed, fast-reacting silicate rocks to croplands is one such CO,-removal strategy. This approach
has the potential to improve crop production, increase protection from pests and diseases, and restore soil fertility and struc-
ture. Managed croplands worldwide are already equipped for frequent rock dust additions to soils, making rapid adoption at
scale feasible, and the potential benefits could generate financial incentives for widespread adoption in the agricultural sector.
However, there are still obstacles to be surmounted. Audited field-scale assessments of the efficacy of CO, capture are urgently
required together with detailed environmental monitoring. A cost-effective way to meet the rock requirements for CO, removal
must be found, possibly involving the recycling of silicate waste materials. Finally, issues of public perception, trust and accep-

tance must also be addressed.

house gases (GHGs) emitted by human activities, are already
having substantial adverse climate impacts that threaten
global food security'?. These impacts include more intense heat
waves and droughts, as well as more extreme and variable rain-

Rising concentrations of atmospheric CO,, and other green-

needed for meeting the United Nations targets requires rapid phas-
ing out of fossil fuel emissions and the deployment of scalable
approaches for CO, removal (CDR) from the atmosphere with so-
called negative CO, emissions in the second half of the twenty-first
century’~’. The danger of sea-level rise with the loss of productive

Enhanced Weathering Proposal

Prof. Stephen P. Long

Carl Woese Institute for Genomic
Biology
&
Dept. of Plant Biology

\_

Suggest dusting most croplands
worldwide with ~20 Gton/year of
powdered basalt rock.

This is similar to total raw mineral
mining worldwide.

Very large energy input required to
pulverize and transport the rock.

~

)
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Direct Carbon Capture

This is CGI, not an actual installation...
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Direct Carbon Capture

Chemical
Factory As cheap as

: per Ton C
I
I P
1 | <+ ENERGY w
4 . Nuclear
' : Solar

Very large amounts of natural gas needed
for heat to run process at full scale...
Even so, net CO2 capture is achieved.

Carbon Engineering Ltd.
Bill Gates is an investor in Carbon Squamish, B.C.

Engineering....
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Carbon Capture...

David Keith et al
Joule (June 2018)

https://www.researchgate.net/publication/325639480
A Process for Capturing CO2 from the Atmosphere

Carbon Engineering *

A “Simple Factory” for

Full details published, making process
quite credible.

3/23/21
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https://www.researchgate.net/publication/325639480_A_Process_for_Capturing_CO2_from_the_Atmosphere

Direct Carbon Capture: What’s It Good For?

— CoO, ~$ 350 -S500 per
Ton C

REPRD)

AR — SO CDITY

BORADAD
<]
\THAAN

Natural Gas

- ENERGY{Wind

Nuclear

CO, RICH E :
- SOLzleION s d T EEEE TR

idiculous
ically RidiC
* Justify Keeping Fossil Fuel Power Plants Working? Economic Y

* Massive program to Lower Atmospheric CO,? Maybe, but very expensive

* Extract Carbon to Make Synfuels?  VYes, this is Carbon Engineering's Goal
o Combined with Renewable Hydrogen

Make Drop-In Transportation

Fuels, for Aircraft e.g.
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Geo-Engineering: Sun Control
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J—

‘ “ | Some Geoengineering Proposals

oSpa-:E reflector I

2 | Atmospheric aerosols

3) Albedo

4) Spray sea water to modification

form marine aerosol Desart Urban
il

pppEREERE

%

PIORREREE
WOBIRRRALE]

3/23/21 Climate Change 8 134



Stratospheric Sulfate Aerosols

This is the main proposal —
mimics major volcanic
eruptions

_ o e —

\ _-—-

53 Relatively Cheap
- HEll  One estimate*:

$18B per year for a sustained global

Condensation, . 5 Disclaimer: This photo is
Coagulation a COOIIng average Of 1 deg C & | aregularjet with

| contrails, not a tanker.

Cirrus Cloud ™ & s ™ N - ==

N 3
Troposphere o K

.

-

— {

* Wake Smith, The Cost of Stratospheric Aerosol Injection through 2100,
3/23/21 Climate change ¢ ENvironmental Research Letters (2020) 135 )



Stratospheric Sulfate Aerosols

This is the main proposal —
mimics major volcanic

eruptions _.N_TI,\/I}Hions of tons of Sulphates
per year into the Stratosphere
Stratosphere °'°"‘°“”“°"°" -~ 20km high (60,000 ft)
R
lniocuoo m/‘f \\/ Relatively Cheap
La One estimate*:
"g _.H’so/Controversml because of unintended side effects. pbal -
<N\1: @\ Nucleation| Climate effects not the same as reducing GHG - Eif:;i{:f;tmshph°t° s
\\) emission — will vary in complex ways regionally _._/ | contrails, not a tanker.
N and seasonally --- playing God with the weather. ' 5
A bit analogous to cloud seeding, or rerouting
hurricanes to save Miami at expense of Ft.

Lauderdale, so to speak.
Also the moral hazard of avoiding hard work of
GHG emission reductions in favor of cheap fix

that has to be kept up indefinitely — centuries.

tratospheric Aerosol Injection through 2100,
In any case, would not prevent ocean acidification, e.g.

3/23/21 ‘ntal Research Letters (2020) 136
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Questions?

139
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