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OUTLINE

 Nature conservancy Is an outstanding organi:

serious threats from changes in the atmosph&®

%
2

+ Sustainability is associated with a wide range of issues and

appears to have many different meanings.
& e il examine this topic.

* What tradeoffs exist for future development of the energy to
sustain our society and allow various parts of the world to

develop!
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OPENING REMARKS

° For any complex system, there Is considerable uncertainty in our

quantitative and perhaps qualitative understanding
- Sclentists and engineers should always be clear about this.

* My background leads me to specific ways of considering such

Issues as energy technologies and sustainability.

 Regardless of our understanding, Science™ does not provide a
definite path forward for society

» Policies that affect how we live our lives are political decisions

— there are always tradeofts.

mjm@nd.edu 4 chemeprof.com
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HOW CAN WE THINK
ABOUT HARD PROBLEMS!

.. In fact, one of the outstanding characteristics
of great contributors to modern science has been
their ability to distinguish between what is

essential from what is incidental) ..." John M.
Prausnitz

From: Molecular Thermodynamics of Fluid Phase Equilibria

Professor of
Chemical
Engineering UC
Berkeley

L ISR RS

J. M. PRAUSNITZ

P

6.1 The ldeal Solution

The history of modern science has shown repeatedly that a quantitative
description of nature can often be achieved most successfully by first
idealizing natural phenomena, i.e., by setting up a simplified model, either
physical or mathematical, which crudely describes the essential behavior
while neglecting details. [(In fact, one of the outstanding characteristics

jg of great contributors to modern science has been their ability to dis-
tinguish between what is essential and what is incidental.)} The behavior
of nature is then related to the idealized model by various correction terms
which can be interpreted physically and which sometimes can be related
quantitatively to those details in nature which were neglected in the
process of idealization.

University of Notre Dame

An “"academic
uncle of mjm"
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Major Greenhouse Gases from People’s Activities

Dutch farmers!

Nitrous oxide
6.0%

Fluorinated gases
0.8%

The size of each piece of the pie represents the amount of warming that each gas is
currently causing in the atmosphere as a result of emissions from people's activities.
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ONE “WIN"

S eca cola
» Recycling of drink containers
» Specifically producing new PET bottles from recycled material
S Ghvcried T Use of more 'clear contalfersifEicrs ISy
* Business advantage

 Apparently not a significant “cost’ that causes loss of
competrtiveness

mjm@nd.edu 7 chemeprof.com
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EOCA COLA PACKAGINESS

Our Packaging Types

I T

Collect and recycle 61%'
a bottle or can for
each one we sell

by 2030

1 The collection rate represents a weighted average of
national collection rates, collected for recycling rates or
refillable rates by packagng type to TCCS's sales in units
10 express the percert of eguivalnt bottles and cans
ntroduced o the market that were collected and refilled
or collected for recycling for the year

@61%

ALUMINUM & STEEL

@ Material Mix O Collection Rates by Packaging Type'

We work with partners across business,
government and civil society to create or
support closed-loop systems that ensure our
packages are collected and recycled or reused.
Delivering a circular economy will require
significant and urgent improvement in waste
management and recycling systems around the
world. Preserving the inherent economic value
of ocur packaging—and ensuring circularity—
requires robust collection and recycling systems
across packaging types.

Collection challenges vary, as every country has
unique governments, regulatory environments
and consumer behaviors. Though some countries
have high recycling rates across packaging types,

mmM@nd.edu

o-

CARTONS/JUICE BOXES

o-

NON-REFILLABLE GLASS

in many regions the recycling rate for PET bottles
lags that of some other materials. While we
continue to focus on national collection rates, in
2022, with input from key external stakeholders,
we updated our collection tracking guidance to
account for material collected through system-
led efforts. Company and bottler teams in
markets with limited recycling infrastructures
(including parts of Latin America, Africa and Asia)
are financing system-led collection initiatives to
supplement national systems and are lLaunching
our own tracking systems. In 2023, we will start
incorporating Coca-Cola system-led collection
data into our aggregate numbers.

@6%

PET PLASTIC POUCHES

In emerging markets, we advocate for
government regulations permitting the use

of rPET in food and beverage packaging, and

we seek ways to empower the informal waste
collection sector in the circular economy. In
developed markets, we are working with industry
peers to build collection infrastructures—including
our more than 40 years of experience operating
40+ local Deposit Return Systems (DRS)
Countries with a well-designed DRS scheme, like
Germany, can achieve high levels of collection
(approximately 97% collection for non-refillable
packages in Germany).

@93%

REFILLABLE GLASS & PET PLASTIC

chemeprof.com
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MONIQUE =

are needed, but Pk
can be recycled

;/ * A number of steps

PET Plastic bottle recycling to recycled fabric
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DO PLASTIC WATER BOTTLES
really get recycled?

YES NO

i ’;‘

€7 ST~y

\{ 4
vgéﬁ*’ . A e K%,‘ How valuable

30% 70% ¢

get goes to blodegradable
DOWNCYCLED  LANDFILLS & OCEANS | .. )
Most recycled PET plastic gets downcycled The majority of plastic water bottles p ,
into polyester fabrics, carpet, and clothing ultimately end up in our landfills, even after
that typically go to landfills after just one use. they are downcycled into fabrics.
PATHWATER.

#refilinotlandfill

mjm@nd.edu y chemeprof.com
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You have many beautiful lands and properties, can we judge

the threat from climate change?
mjm@nd.edu 2 chemeprof.com
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WHY COWS
LEARN DUTCH

and Other Secrets of Amish Farms

T e R o \ B - - 3
= dniadh s A
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AMISH FARMS

* At least In the region In Maryland that covered in this book,

the Amish use much more labor intensive processes

* And an “interesting” mix of animal and combustion

powered machines

» But they do use some chemical fertilizer

ESRIRE rnodern; farmers In the region ~
corn.

g el natlral” remedies for weed and
used.

mmM@nd.edu 4

to get yields similar

00 bushels/acre for

insect control are

chemeprof.com
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Temperature change (°C)
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UAH Satellite-Based
Temperature of the
Global Lower Atmosphere

Jonga volcano!
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In Bridgeport
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5 AVERAGE TEMISS

Average Temperaturs (°F)




EFFECT OF TEMPERATURE ON
GROWING SEASON
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Tidal data in Bridgeport
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WALL STREET JOURNAL BESTSELLER

Unsettled

WHAT CLIMATE SCIENCE
TELLS US, WHAT IT DOESN'T,

AND WHY IT MATTERS

Steven E. Koonin

FORMER UNDERSECRETARY EOR SCIENCE,
U.S. DEPARTMENT OF ENERGY
UNDER THE OBAMA ADMINISTRATION

22
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JUSTUS VON LIEBIG (1803-1873)

* “Organic’ Chemist, established
“Agricultural” Chemistry

RS EsElcies on the chemistry of
plant growth

» Affirmed the importance of
nitrogen compounds as fertilizer

* Explained the concept of a

“limrting” nutrient.

mjm@nd.edu 25 chemeprof.com
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». Applied Crop
Physmlogy

Understandmg th undamentals
~_of Grain Qrbp nagement

Dennls B. Egll \\\

chemeprof.com



http://chemeprof.com

B RDOES EL EVATED COL AFFECT PLANIEGRE SRS

« (Greenhouses often have a carbon dioxide concentration
2-3 times higher than the outside atmosphere.

Solar radiation

» [he basic photosynthesis reaction Is: L
6C0O, +6H,0—-> C,H,,0, + 60,

» Carbon dioxide enters leafs through stomata (pores).
Water Is lost through the stomata.

» Higher atmospheric CO?2 allows plants to produce fewer

~

stomata or for these to be open for a lower fraction of

time which has the effect of allowing less water to escape.

University of Notre Dame 28 chemeprof.com



http://chemeprof.com

-FFECT OF CO2 ON SOYBEAN GROW TH
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0.0 v . : S— . — :
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Solar radiation (Ly min~")

Fig. 2.2. Photosynthesis of a soybean (a C53 species) com-
munity (variety ‘Harasoy’) in the field as a function of

the CO, concentration and solar radiation levels. Current
atmospheric CO, concentration is approximately 414 ppm.
Maximum solar radiation levels in mid-summer on a clear
day would be approximately 1.2 Ly min—1. Ly, Langley. (Re-
drawn from Egliet al., 1970.)

» Largest benefit is to C3 plants ( wheat, rice soybeans...) not so much for C4 plants (e.g. maize).

* Increases in yield of food crops are partially the result of CO?2 increases as is the expansion of “wild"” vegetation.

University of Notre Dame 29 chemeprof.com
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Sdene than [/2 of

the food supply of
the world 1s made
pDOssIble by

synthetic fertilizer.

University of Notre Dame
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HARER-BOSCH PROCESS (~1913)

» Still used today to
produce ammonia

which Is a

q

Drecursor to

itrogen fertilizer as

well as explosives

d
@

nd many industrial

nemicals

University of Notre Dame

Fritz Haber Carl Bosch

N, +3H, — 2NH, AH° = —91.8kJ/mol

3| chemeprof.com
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YIELD (TONS/HA)

GLOBAL C

RO

----- WHEAT

mmM@nd.edu

2 Y

- LDS (1oa1-2011)
Sustainable!
---Rice —LCLoRrN
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ROUNDUP READY SOYBEANS
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“VERY THING THAT WE KINOW |5
NOT CORRECR

. Some things we thought we knew:

Margarine was considered a health food (oops... 1990’)

Left-handed people die sooner because of the hazards of the right-handed
world. (Obviously wrong from the beginning — debunked after a decade
or so)

. Stomach Ulcers are caused by stress. (H. Pylori, 1982)
Plants absorb CO2 and emit O2 (Yes, but...)
. The adult brain has no capacity to regenerate itself (~2003)

Komodo Dragons bit their prey and waited for them to succumb to
bacterial infections. (Venom! —- May 2009)

. We used to think that there were no other “Goldilocks™ planets that could
support life as we know Iit. (Exoplanet —1992, Kepler | 86g — 2014)

University of Notre Dame 34 chemeprof.com
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PATH FORWARD WITH
ENERGY WILL BE HARD!

University of Notre Dame 35 chemeprof.com
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Sorry, | don't have Rockne’s grave. ..

mjm@nd.edu 3 chemeprof.com
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F | S='\lOgW exp(—i)

s.Zﬂ.d law of thermodynamics * aexp(_k_T) ) iexp(‘%)

Plants grow faster,
crickets chirp faster,

chemical reactions are
faster as temperature Is

iNncreased!

LVDWIG

BOLTZMANN
1844 - 1906 chemeprof.com
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EONSEQUENCES OF [ HE ZINES

LAW OF THERMODYNAMI

&

» [he chemical energy stored in hydrocarbon fuels can

be converted to electricity at less than 50% efficiency

« Any means of energy storage we have (e.g., 'pumped

hydro', batteries) will give us less than ~80% o
stored energy back

» “Waste'" heat Is of Imited usefulness.

- the

mjm@nd.edu 33 chemeprof.com
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ENERGY FOR SOCIETS

U.S. primary energy consumption by energy source, 2022

total = 100.41 quadrillion total = 13.18 quadrillion Btu
British thermal units (Btu)

s 1.6% - geothermal

nuclear 14.2% - solar

electric
power
8% coal

petroleum LA
36%

18% - hydroelectric

renewable

()
energy 13% 29% - wind

3% - biomass waste |

natural 18% - biofuels biomass
gas 37%

33%
- 16% - wood

Data source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1,
/\ April 2023, preliminary data
€la’ Note: Sum of components may not equal 100% because of independent rounding.

mjm@nd.edu 39 chemeprof.com
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NOTRE DAME

At a local level, with sufficient resources, substantial gains can
be made. (In some sense this Is the easy part!)

* As an academic initiative Notre Dame seeks an
 "Equrtable” energy transition

» Path forward must allow continued economic gains by 3rd
world.

* What technologies could allow such countries to not use
fossil fuels?

mjm@nd.edu 41 chemeprof.com
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HOW MUCH WILL NET-ZERO COST?

* McKinsey: An extra $3.5 Iril/year from now until 2050.

Reaching net-zero emissions by 2050 requires a
significant increase in spending on physical assets.

Average annual spending on energy, mobility, industry, buildings,
agriculture, forestry, and other land use, 2021-50,' $ trillion

$9.2

New

spending
$1.0 reallocated to low-emissions assets
$2.0 low-emissions assets
$2.7 high-emissions

Current assets

spending

'Estimates based on Net Zero 2050 scenario from the Network for Greening the Financial System, which
limits warming to 1.5°C, a hypothetical scenario, not a prediction or projection.

27



ENERGY FOR SOCIETS

U.S. primary energy consumption by energy source, 2022

total = 100.41 quadrillion total = 13.18 quadrillion Btu
British thermal units (Btu)

s 1.6% - geothermal

nuclear 14.2% - solar

electric
power
8% coal

petroleum LA
36%

18% - hydroelectric

renewable

()
energy 13% 29% - wind

3% - biomass waste |

natural 18% - biofuels biomass
gas 37%

33%
- 16% - wood

Data source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1,
/\ April 2023, preliminary data
€la’ Note: Sum of components may not equal 100% because of independent rounding.
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CO2 SEQUESTRATION

* We will never remove CO?2 directly from the atmosphere with any sort of
technology process!

O
workpin = AG = -RT ) x; Log[x;]|
i

* I you start with an exhaust stream of a coal or natural gas plant,

technologies exist to absorb the CO2, which can be compressed and
pumped Into some sort of long term storage.

» This could be accomplished with ~20% of the electricity from the
power plant

» Plus a caprtal cost that i1s 30-40% higher.

» Approximate doubling of wholesale electricity price.

44



CHALLENGE WITH WIND AND SOLAR

Past day Past week Past year All time
Time Price Emissions Demand
Past day £140.26/M\Wh 288¢/lk\Wh
ast aay / 8/ A5GW

Demand Generation Transfers 35GW \__ 4

= +
20GW
L | Generation by type igg@
Generation , SGWr—o
.. B Fossil fuels 23.5CW 66.0% oW =7
32.8GW —5GW
92.2% | Renewables 2.6CW  7.4% £ £ £ £
s & & &
B Other 6.7C\W 18.8% P R o o

sources

12/2/23: 18:13 GMT

There are times In the winter when both wind and solar are very low

https://grid.lamkate.com/

mjm@nd.edu 45 chemeprof.com
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BRID SCALE ENERGY S TORAGE

* At the present time this Is infeasible!
* Lithium lon:
* way too expensive, hard to get the needed Lithium
« Multiple other battery systems are being studied:
* Nothing is close to commercialization

* "Pumped-hydro” is doable where you have excess water and a working hydroelectric
plant — that Is not at capacity....

* Proposed solution:
« Convert excess electricity to hydrogen by water electrolysis — store the hydrogen

» Until this can be solved. It will be hard to get the fraction of “renewables "' much higher.

46



ALSO THERE IS A LAND US
PROBLEM

ON AN 100 ACRE SITE

T
W,

M
B
il
\l
~<

e Coal to Electricity: 1000 MW

* Solar to Electricity: 30 MW

* Wind to Electricity: 0.4MW
e Corn to liguid fuel: 0.1 MW

* 10 oll wells (surface footprint): 10 GW

mjm@nd.edu 47 chemeprof.com
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GREAT CHALLENGES REMAIN!

OPINION | REVIEW & OUTLOOK |F0|IOW|

Car Dealers to Biden: EVs Aren’t Selling

Some 3,900 sellers ask for a reprieve from his onerous sales mandate.

CLIMATE SOLUTIONS

Electric vehicles are hitting a road block:
Car dealers

Some customers say auto dealers have steered them away from buying electric cars and trucks

Updated November 9, 2023 at 12:10 p.m. EST | Published November 9, 2023 at 6:30 a.m. EST

HOME > TRANSPORTATION

EVs are running out of customers — and some dealers don't want
them anymore

Alexa St. John and Nora Naughton Aug 23,2023, 2:06 PM EDT (R f &) (e

mjm@nd.edu 48 chemeprof.com
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| RANSPORTATION
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from Wikipedia
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CLOSING THOUGHTS

» Your efforts to preserve history and knowledge of the past do not appear to be
facing any kind of existential threat.

» Even If there Is no uncertainty, Science and Scientists don't tell us what to do.
* The path forward Is a set of governmental policy decisions.

* What is best based on what we know and how different paths will affect
different segments of society!

 Cost over time Is a serious concern.

* Perhaps the way to view the future is to make changes that are actually possible and
will have most significant impact.

* For powering the world, nuclear appears to be the only low CO2 emission
technology

mjm@nd.edu 50 chemeprof.com
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CLOSING THOUGHTS

* |t you got a serious medical diagnosis
» Sclence and Scientists don't tell us what to do.
» [hat I1s what are the "best” policies. ..

» Actions of government or society are political
decisions.

mjm@nd.edu 5| chemeprof.com
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Time Price Emissions Demand

Past week £92.99/MWh 173g/kWh
45CGW
4OG\VAVI

Demand _Generation+ Transfers 356:":":-—-’""‘X/
3L76W T 2890w T 280w Socw I

20CW—
. 156\/\‘,%
Generation by type 10GW < >
S5GW S ﬁA——L—*
B Fossil fuels 12.2CW 38.6%  oGw D

Generation

7

28.9GW

-5GW
91.1% I Renewables 11.1CGW 35.0% e
'RRERRE:
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National Grid: Live

The National Grid is the electric power transmission network for Great Britain

Time & Price € Emissions (2 Demand ¢ Generation ¢ Transfers ¢
= +
7:35pm £125.39/MWh 252g/kWh 38.9CW 36.5CW 2.4CW
B Coal & 1.43CGW  3.7% [] Belgium&  0.73CwW  1.9%
I Gas@ 20.76CW 53.3% | | France @& 1.82CW  4.7%

| Ireland & -0.75CW -1.9%

20.3% renewables Netherlands 0.32CGW  0.8%

@
Solar €& 0.00CW  0.0%
| Norway & -0.01CW -0.0%

Generation

36.5GW
93.8%

7 Wind @ 7.34C\W 18.9%
I Hydroelectric 0.56C\W  1.4%

Note: percentages are relative to
demand, so will exceed 100% if

@
power is being exported 16.4% other sources 0.8% storage

B Nuclear €& 3.44C\W 8.8% [ ] Pumped 0.32CW 0.8%
storage (3
B Biomass () 2.96CW 7.6%
[ ] Battery —CW  —%
storage (3
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HEAT RADIATION EMITTED

EFFECT OF CO,ON THE HEAT
SPECTRUM OF THE EARTH

No ATMOSPHERE O PPM — 400 PPM —

800 PPM

"CoLoRr"
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BASIC "ASSUMP TIONS”

« Not sustainable If we can’t afford

« Chesnuts

* Sclentists like to affirm their previous results

» Sometimes hard to go against prevailing thoughts of the establishment
* Sclentists like to affirm their political views

» Academic scientist need to feed their research groups

 Other things | think are true,
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GEOTHERMAL

* |f you want high grade “heat”

* Drilling 1s expensivel
* From a 6 inch well
» | MW of "heat”’ (really stretching the values..)

» 2000 MWV of chemical energy! (It an oil well)
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HOW MUCH WILL NET-ZERO COST?

* McKinsey: An extra $3.5 Iril/year from now until 2050.

Reaching net-zero emissions by 2050 requires a
significant increase in spending on physical assets.

Average annual spending on energy, mobility, industry, buildings,
agriculture, forestry, and other land use, 2021-50,' $ trillion

$9.2

New

spending
$1.0 reallocated to low-emissions assets
$2.0 low-emissions assets
$2.7 high-emissions

Current assets

spending

'Estimates based on Net Zero 2050 scenario from the Network for Greening the Financial System, which
limits warming to 1.5°C, a hypothetical scenario, not a prediction or projection.
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Downloaded rom https://Www.pnas.org by 1/2.226.09.2/ on June Y, ZUZ3 trom LP address 1/2.220.09.2/.

(a) Land Use (b) Total C (km/m2)

1700

1920
;GD -5
1990

Werim [Jc WP 0 20 40

Fig. 1.  ED tracks patterns of land use and carbon stocks throughout the simulation. Shown here are estimated patterns of land use and average total carbon
stocks (kg C:m~2) at four times in history: 1700, 1850, 1920, and 1990. In the land-use maps, each 1° X 1° grid cell is colored according to the fraction of the grid
cell thatis estimated to be in each of four land-use classes: primary vegetation (green), secondary vegetation (red), crop (yellow), and pasture (blue). In particular,
each grid cell is shown as a stacked bar chart with colors in a fixed order. Spatial patterns of the relative amounts of land use in each of these four classes can
be seen on each map. However, subgrid-scale spatial patterns and the impression of bands spanning a series of adjacent cells are the result of consistently applied
coloring rules and do not illustrate spatial patterns of land use within grid cells or banded patterns of land use between grid cells.
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SUMMARY

* While we have technologies that could allow substantial reductions
in the emission of carbon dioxide into the air from the
transportation and power generation sector, these are not “better”
In the sense that there Is a direct economic payback by using them.

« [hus the costs would be substantial to achieve reductions that
would match the predicted 2C temperature increase.

» [t is hard to see where a complete “game-changer’ would come
from to change this assessment. (“fusion’... still 20 years?)

» Thus an informed discussion of all of the Issues needs to be had by
soclety to decide a path forward.

D)7
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WHATI ARE THE ISSUES RELATED
el EC | RIC VERICLE ADOR HCH.

» (Can the key challenge be overcome!
* Where is the electricity going to come from!?

« Wil this transition be affordable!?



KEY CHALLENGE

» The |2 gallons of gas in my Mazda 3 gives a range of 400 miles.
Refueling takes 3 minutes

* A lithium battery pack of the same weight (32 kg) would have a
range of about 40 miles.

 [hus a lesla or other electric car has a battery pack that

welghs substantially more than the equivalent gasoline.

- Not likely to see battery powered airplanes anytime soon!

 Recharging Is also an Issue.
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KEY CHALLENGE

Model 3 Charging Test

— s FOr a maximum range

SINCE '
1956 150 kW Tesla Supercharger f 3 OO l r ] ‘
68 Minutes ¢ 72.6 kWh O | eS’ YOU

could get to about
6:37 * TIME STAMPS 80%,

30 minutes 250 miles in 30

150

minutes

100

CHARGE RATE, kW

* [he "super-duper”

charger doesn’t

¢ T change this much

20 40 60 80 100
BATTERY STATE OF CHARGE, %
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FerEC | RIC O

» The difference In range, cold weather performance
or charging time will be reduced over time.

* (Unsubsidized) cost differential will be reduced
over time.

» Key materials (avallability, extraction techniques)
will probably remain a concern.
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RECHARGING

* Indiana Toll Road + Ohio Turnpike, 392 miles, about 6 hours to drive

« On a really busy travel day, the | | travel plazas will have backups at the gasoline
PUMPS.

« While there Is some lost time, it takes only about 3 minutes to fill up.

+ One tank will provide enough fuel so on average, each car will stop for gas only |
time.

 What If all cars were electric!

» Today, a Tesla supercharger can give a car <300 miles of range in 20-30 minutes.

* We need to provide about 9 times more charging capacity — meaning each
plaza would need 44 charging ports. (OK, so every space!)

 Total power needed for this: 650MW! (Where from?)
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R RIC CAR: EFFEC T ONE.

== Toyota Corolla (US Mix) == Tesla Model 3 (US Mix) = = Tesla Model 3 (Coal) ** Tesla Model 3 (Hydro)

Electricity from coal, ngefiect!
Other analyses start higher -7

(Graham Conway, SVWRI) i
e’ - L
4OM O' “““““
-““‘
--““ :
30M 7 annt -
a ' '
1 - - -Potential savings
n® - - - -
20M -I““ o -
ans® - .? - ——— ™
lOM ”: - :....::.:................................................................................
0

YearO Yearl Year2 Year3 Year4 Year5 Year6 Year7 Year8 Year9 Year 10 Yearll Year 12 Year 13

Note: Total lifetime CO2 emissions in millions of grams
Data source: Argonne National Laboratory GREET model
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BEEC | RICH Y GENERATICHS

» Almost all of the "hydro™ available in the US has

been tapped.

* Significant environmental pain to get more.
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RENEWABLE POWER SOURCES

* Biofuels (ethanol

S

to natural gas anc

e

Just

ese

parely CO2Z positive compared

needed for farming)

* Wind (intermittent, location dependent, birds?)
Power ~ V3,4

» Solar (Intermittent, location dependent)

» Geothermal (location dependent, expensive)
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FLEC TRICITY GENERATICIRSS
RENEWABLES HAVE MADE GAINS.. ..

U.S. electric power sector electricity generation (2010-2021) —

=~
million megawatthours Cla
renewable sources
2,000 million megawatthours
400
1.800 wind
1,600 350
natural gas
1,400 300
hydro-
1,200 . .
250 electricity
1,000 coal 200
800 nuclear
150
600 |
400 renewables > 100 sonar
200 other sources >0 biomass
other sources
O ————————r—r—1——+—+—r—1 o,  +—7F—F7T—7T—7T—7T—"T—T1 geothermal
2010 2012 2014 2016 2018 2020 2010 2012 2014 2016 2018 2020

Source: U.S. Energy Information Administration, Electric Power Monthly
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FEAS | 1C RECYCLHNSS

» Coca Cola has a very comprehensive effort

* [hinks this Is a business advantage
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CHALLENGES OF RENEWABLES

* |f we work out the numbers, the power density of wind is about

e 0.004 MW/acre

What could we compare this to (Engineers always want to make comparisons!)
 How about solar flux?

 We can capture only part of the solar flux for useful heat, much less for
electricity

 \What are these numbers”?

Solar flux averaged over the earth is ~350 W/mz2

While nothing more energetic than a tree “runs” directly on solar, this gives a value
of about

e 0.3 MW/acre
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