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Abstract

Easy energy refers to the current oilgcoal, and natural gas enagy sources

that provide about 88% of the U.S6 &nd thex T Ol A § OAnAnkcrdasigU 8

averageworld per capita demand for easy energy combined with a growing

U.S. andworld population will exhaust recoverable resources of easy energy

OEEO AAT OO6OUKh POT AAAT U xEOEET chedt 1 EZLZAOQEIT A
sustainable nuclear and renewable energy sources provide only abal®o lof

OEA x1 01 A0 Al A A& GED.EO weethliecA Oligikdeal A

3X increase irenergy neds by 2100 £ 11 0 AAAAAAO AAOI EAOh OF 7
energy production must expand by a factor of over 2X. 4EEO DADPAOBGO
assessment of theenergy production potential of conventional nuclear,

geothermal, wind, ground solar electric, and land biomasinds that these

wil ZAT 1 OECT EZAZEAAT O1 U OET OO 1T &£ AT OE OEA 583
energy needs. To fill thesubstantial sustainable energy shortfall that will

emerge by 210@s the era ofeasy energyends space solar power and algae

biodieseb absent the extensive use of advanced nuclear energyand/or

undersea methane hydrates will need to be substantially developed Sace

solar power will be neededOT OOPPI U 1 00 Al MEAEA T D828 DO
dispatchable eleatical power generation capacity while hydrogen produced

with off-peak gace solar poweelectricity and algae biodieseWill be needed

to fill the fuels shortfall.
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Introduction

Food, shelter, water, security, and energy are fundamental human needs. The primary
benefit of human civilization, and a principle purpose of government, is to organize
human efforts to reliably supply these fundamental needs.

On-demand energy in the form of electricity and modern fuels is the lifeblood of
modern civilization. It amplifies human efforts enabling humans to produce more, travel
farther, communicate more broadly and quickly, and live at a higher standard of living
than is possiblethrough human efforts alone. Temporarily disrupt the supply of energy
and the technological clockwork of modern civilization quickly grinds to a halt. Put forth
the prospect of the long-term disruption of energy suppliesand the consequences are
deemed so undesirable that nations will go to war to secure their energy supplies.

Today, & the beginning of the 2% century, the world is beginning the fifth , and likely
final, century of easy nonOAT Ax AAT A AT Aocus " ACEITEIC EI
growth of civilization 2 in particular, the concentration of population in ur ban areasin
cold climates? outstripped the affordable renewable energy supplyof wood. Coal,
recognized from the beginning as a norrrenewable resource, began to be mined to fill the
gap between consumer demand and affordable renewable energy supplies. Technology
advancement in mining, especiallythe introduction of the first steam engines to pump
water from deep mines, provided coal producers with a production cost advantage over
wood harvesting. Asaresult, EA A OA 61 Ark@efvdbld Bnergy beganexpanding to
include oil and natural gas inthe mid-YB 1 T 6 O8

The benefits of easy energy are aliround us. Easy energy has literally powered the
rise of modern civilization by increasing human productivity and, especially, freeing a
large percentage of the population from the toil of pre-modern agriculture and primitive
biomass energy recovery (e.gchopping wood and gathering fallen dead wood) Those
T ACETITO OEAO EAOA DPOAOGAEI AA ET OEA OOA T E
Developing nations, containing billions of people still living in energy impoverishment,
clearly recognizethe linkage between modern energy availabilityand economic
development. Quite understandably, they are increasing their supplies of easy energy to
stimulate economic development, raise ther standard of living, and increase the social
and political stability of their nations.
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The readily apparent consequence of this ongoing expansion of modern civilization is
thatthe worldx EAA AAI AT A &£ O AAOU AT AOgU EO 1 OOOOOED
of ail, coal, and natural gas just as happened with wood four centuries earlier.
Consequently, these non-renewable energyresources will likely be exhaustedthis
century? perhapswithEi OEA 1 EZAZAQOEI A 1T £ O1I AAU8O Ui 0T ¢ AA
I £ Ol AAutEidenUT OT C
Having foreknowledge of this coming end of easy energy, what path should theUnited
States and theworld prepare to follow? Should a primary reliance on nonrenewable easy
energy be blindly followed without any substantial and determined investment in
developing replacement sources of sustainable eergy?We have comparable suskinable
objectives for food, water, housing, and security. Why notfor energy?

4EEO DPADA 0OBJ Ooulskapet dnédgy Mikirk i basedron the presumption that
the United States and mostother nations desire assured, sustainable energy supplies
with, if possible, substantial energy independence Delving into the specifics necessary to
understand the implications of what it will take to achieve this desired energy future, this
paper aims to identify what sustanable energy production resources will be needed. For
OEA 51T EOAA 30A0AOh OEEO PAPAOGO TAEAAOEOA EO
energy infrastructure needed toprovide OT OCEIl U Oi AAU8 O PAO AAPEOA A
2100. For the worldthe corresponding objective is to estimate the scale of the sustainable
energy infrastructure required to provide, by 2100, thex T O1 A8 O &l 1D Klliod OE T 1
with a0l EA AT Ker Babith €énérgy use comparable to that ofJapan, South Korea, and
Western Europe.

In the words of futurist Joel Arthur Barker, this paper is a scouting expedition to
explore the terrain of the U.S5 &ahdthe x T O1 A 6 Gsuphly fdtude@. The report coming
back isthat O E A x foidhtoAidgitransformation to a sustainable energy future is, for
the United States, an opportunity comparable tothe opening of the American west in the
YBT T &6 of thé scale of investment, new business formation, jobs creation,
technology advancement, and intellectual property development transitioning to
sustainable energy will be the massivéechnological and economic powerhouse of the 2%
century. Wisely understanding and acting on this opportunity without hesitation should
be the strongly-held expectation of all Americans and the clar objective of the energy
policy and programs of the next presidential administration. Failing to understand and
AAO xEI 1 AOAAOA A AEOAOOAO xEAOA OEA 5838 1EO
supply of energy needed to sustain a reasonable stalard of living and its role as a great
nation.
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Organization of This Paper

e Preface

s o~ oA s~

e Executive summaryTEEO DPAPAOSO EAU AAAOOh £AET AEIT C¢cOh
e Main paper addresses

0 The United StateSandthe x T O1 A6 0 Z£O0OOOA AT Aocu 1T AAAO
the 2 century;

o0 The exhaustion of affordable and sufficient oil, coal, and natural gas
supplies this century;

o The importance and limitations of energy conservationimprovements on
OEA x1 Ol A0 A£OOOOA AT AoOcu 1T AAAON

o0 The potential of nuclear and conventional terrestrial renewable energy
sources to satisfy the United StateGandthe x | O1 A6 O ET AOAAOGET ¢ A
once oil, coal, and natural gas are no longer available later this centuryand,

0 The potential of space solar power and algae biodiesel to fill the gap in
needed energy supplies not able to be practically met with nuclear and
conventional terrestrial renewable energy sources.

e Appendix 1: Develops the estimates, used in the main paper, of the potential of
nuclear and conventional terrestrial renewables to meetthe United Statesdand the
x | Ol A éeflunpeNergy needs with sustainable energy.

¢ Appendix 2: Provides an introduction to space solar power, describing how it may
become the predominate United States and world source of baseload electrical
power aswell as providing a substantial portion of the United Statesiand the
x Ol A6O0 T AAAAA OOOOAET AAI A EOAI O8

e Author information

e Endnotes: Provides references, additional comments, and supporting calculations
of the key numerical values used in this paper.
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Preface

This paper focuses on assessing the energy supply situation for the United States and the

world in 2100,the end of this century. This has beendone to establish a longterm

planning horizon where the reader may be comforteble with accepting the argument that

significantly different than they are today. However, the reader is cautioned that, from

OEA PAOODPAAOGEOA 1T £ OOAT OE OE indnidnevabfE®il, doal, 0T AAUG O
and natural gas to a future substantial use of sustainable energy sources, the necessity

and timeline for this transition will be driven by consumer demand and the rate of

depletion of the identified and developed reserves of oil,coal, and natural gas. Hence, by

2100 the United States and the world may have already been decades into theew era of

substantial sustainable energyuse? not by choice as muchas by necessity.

The proper reader perspective therefore, is to not become mmfortable with the
notion that we have over 90 years to solve the immense challenges inherent in the
transition to sustainable energy sourcesTherefore, WE AT AOAO OaVYi 16 EO [ AT O
respect to projecting the U.S6 &hdthe x T O1 A8 O 1 AA A Red, thdrealled houldO O D b
AAA OEA AAOAAO O1I O PAOEADPO I OAE O1TT1T1A0Co6 O 1A
One wayto appreciate the challenges aheads in terms of harvesting energy where the
planting -harvesting cycle for significant new sustainable energy sotces is 2030 years
long (e.g., building 500 new nuclear power plants). The United States and the world may
only have three energy harvest cycles perhapsfewer? to make the successfultransition
to sustainable energy Time is precious and is not to be wastd.
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Executive Summary

Key findings

1. By 2100, the number of people actually using electricity and moder n fuels will
morethandouble ./ £ OEA x1 O6.6\li6n pAdpl€ 2.ALillidOn do not have
access to modern fuelsand 1.6 billiondo not have access toeledricity. As a result, a
OOAOOAT OEAT DAOAAT OA C Aveding staredhenerdy Odprivation BT B OI1 A
that substantially impacts health, individual economic opportunity, social and
political stability, and world security. By 2100, EA x1 01 A6 0 b1 DOI AOEIT T E
climb another 3.4 billion to roughly 10 billion. This means that by 2100an additional
5-6 billion people, not using modern fuels and electricity today, must be provided
with assured, affordable, and sufficient energysuppliesifOE A x T O Aedety AOOOAT C
insecurity is to be substantially eliminated.

2. By 2100,to meet reasonable energy needs, the total world & €hergy production
of electricity and modern fuels must increase by a factor of about 3.4 X while
that of the Un ited States must increase by a factor of 1.6X . The annual per capita
total energy consumption of Japan, South Korea, and Europe averages about 30 barrels
of oil equivalent or BOE. Further energy conservation may reduce this to about 27
BOE per year This value is usedin this paper asa level of energy consumptionneeded
for a modern standard of living and a stable political and economic envionment
outside the United States By 2100, should the norJ.S. world population achieve this
i TAAOT OI E #ahdak offiving, d&world will require an annual energy
supply of around 280 billion BOE. In 2006h OE A eledtridity &nd @odern fuels
energy supply wa about 81 billion BOE .Hence, by 2100, the world will needon the
order of 3.4X more energy than was being produced in 2006 In the United States, a
near doubling of the population by 2100, even with a 20% reduction in per capita
energy use, will require a 1.6X increase in U.S. energy needs.

3. If ail, coal, and natural gas remain the predominant sour ce of energy, both
known and expected newly discovered reserves will be exhausted by 2100 , if
not far earlier . Of the 81 billion BOE produced each yeafrom all energy sources
86% or 70 billion BOE comes from nonrenewable oil, coal, and natural gasAt this
percentage, by 210ahe world would need about 240 billion BOE from oil, coal, and
natural gas. With an annual average of about 155billion BOE through the end of the
century, the world would need about 14,100 billion BOE of oil, coal, and natural gasto
reach the end of the century. Current proved recoverable reserves ofilp coal, and
natural gas total only about 6,000 billion BOE. Expert estimates of additional
recoverable reservesoptimistically add another 6,000 billion BOE? for example,



The End of Easy Energy and What to Do About It

including nearly 3,000 billion BOE from all oil from oil shale? for a combined total of

around 12,000 billion BOE." With increasing world energy consumption and if oil,

AT Al h AT A 1TAOOOAT CAO AT 1 OET OAknGinam@ewOEAA |1
reserves of oi, coal, and natural gas will beexhausted by the end of the century if not

much earlier.

4. To transform the world to primarily ( World sustainable energy A
sustainable energy by 2100 to replace oll, production today and what
coal, and natural gas, current sustainable additionalis needed by 2100
energy sources must be scaled up from <«———— 1 Today
today by a factor of 24 . By the end of the ’
century? perhaps decades earlier the world
will need to obtain almost all of its energy from — 'gﬂdudséf Ey
sustainable energy sources: nuclear and 2100
renewables. Today, the equivalent of about 11 L )

billion BOE comes from sustainableenergy
sources. By 2100, the world must increase the production capacity of sustainable

energysources by a factor of about 240 provide the equivalent of 280 billion BOE.

The two primary sources of sustainable energy today are nuclear and hydroelectric.

Today, the world has thesustainable energyequivalent of about 350 1GW, (gigawatt-

electric) nuclear power plants and 37®2-GW.Hoover Dams.4 1 | AAO OEA x1 Ol A
need for 280 billion BOE of energy production,everyfour yearsthrough the end of the

century, the world must add this amount of sustainable energy production in the form

of nuclear, hydroelectric, geothermal, wind, solar, and biomass.

5. Terrestrial sources of sustainable é _ . h
Projected world conventional,

dispatchable electrical power generation . : i

) . terrestrial, sustainable, dispatchable
needs by 2100and, even, current U.S. needs . and deficiency in 2100
Energy is supplied in two primary forms: 10.00%

0.80% @O Nuclear

»-

20.60%

dispatchable electrical power to meet
consumer needs for electricity and modern
fuels to power transportation and other
systems operating off the electical power grid.
By 2100, the world will need about 8,000 GW, 52 80%
of dispatchable electrical power generation 9 5.80%
capacity, compared with about 4,000 GW,

m Geothermal

Hydroelectric
B Wind
m Deficiency

J

" Methane hydrates are not included in this estimatefor reasons discussed in the paper

7
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today, with almost all generatedby
sustainable sources.To assess the potential of
nuclear fission and terrestrial renewables for
meeting this world need, the addition of 1400
1+GW, conventional nuclear fission reactors’,
the construction of the equivalent of 1 400 2-
GW, Hoover Damsfor added hydroelectric
power generation, the addition of 1 900 GW, of
geothermal electric power generation, andthe
expansion of wind-generated electricalpower to
11 million commercial wind turbines covering
174 million sq. mi., would only be able to
supplyabout 471 1T £ OEA

-
Projected U.S. conventional,
terrestrial, sustainable, dispatchable
electrical power generation capacity
and deficiency in 2100

10.00% 6.20%
@ Nuclear
B Geothermal
Hydroelectric
m Wind
| Deficiency
69.60%

xI Ol Ad

5.80%

dispatchableelectrical power generation capacity’ For the United States, only about
30% of the needed 2100 dispatchable electrical power generation capacity could be
provided by these sustainable sourcesBy 2100, the U.S. and the world would be left
with a dispatchable eledrical power generation shortfall of 70% and 5%, respectively,
with respect to this paperd @ojection of the 2100 needsFurther, for the United
States, theprojected 2100sustainable generation capacity wouldonly provide about
one-half of the current installed generation capacity that relies substantially on non

renewable coal and natural gas.

6. Expanded conventional renewable sources
of sustainable fuels 2 hydro gen, alcohol,
bio -methane , and bio -solids ? will not be
able to meetthe U.S. 6 @ the x T O1 24@0
needs for sustainable fuels. To assess the
potential for conventional renewable sources of
sustainable fuel for the entire world in 210Q
hydrogen production from the electricity
generated by rearly 600,000 sq. mi.of ground

62.70%
-

Projected world conventional,
terrestrial, sustainable fuels

production and deficiency in 2100
8.90%

OWind
13.40%
B Ground solar

—

15.10% Land biomass

| Deficiency

" Stable electrical power grid operations require sufficient dispatchable power generatiorcapacity to meet,
at any time, peak consumer demand plus a modest reserve margin. Only generation systems that have a
high assurance of being available to deliver poweon demand (e.g., nuclear, hydroelectric, geothermal, and

carbon-fired generators) are onsidered dispatchable.

® The addition of 1,400conventional nuclear fission reactors is consistent with projections of available land
resources of uranium fuel, without using breeder reactors, lasting upwards of 150 years. The significant use

of uranium extracted from seawater is not assumed.

¥ As discussed later in this paperthe variability of wind -generated electrical power is assumed to severely
limit its ability to provide dispatchable electrical power. Most wind -generated electrical power is assumed

to be used to produce hydrogen fuel.
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solar photovoltaic systemns, hydrogen production from over 80% of the electrical

power generated by11 million wind turbines, andbiofuels produced from 13,®0

fETTEIT OI1TO0 T #2# 1 ATA AET I AOO &EOI T OEA xi Ol A&
would only be able to supply about3®1 £ OEA x1 Ol A0 avYi 1 1TAARAA £
For the United States by 2100the situation is about the same with only about 39% of

the 21® needed fuels production capable of being provided fromthese conventional

sustainable energy sourcesAs with sustainable electrical power generation,

conventional sustainable U.S. fuels production at projected 2100 leveisould fall well

short of meeting current U.S. needs for fuel.

. Closingthe U.S.8 &nd the world 8 © OE C1 E £E Ak tispatchable O O £A T |

electrical power will require substantial additional generation capa city that

can only be addressed through the use of space solar power.  Because othe

substantial shortfall in needed 2100 fuels production, producingeven more

sustainable fuels toburn as a replacement foroil, coal, and natural gasto generatethe

needed additional electrical poweris not practical. As a result, alditional baseload

electrical power generation capacity must be developed. The remaining potential

sources of dispatchable electrical power generation are advanced nuclear energy and

space solar power. While advanced nuclear energy certainljrolds the promise to help

fill this gap, fulfilling its promise has significant challenges to first overcome.

Demonstrated safety; waste disposal; nuclear proliferation; fuel availabilityand, for

fusion and some fission approachesiequired
further technology development limit the
ability to project significant growth in
advancednuclear electrical power generation
Space solar powe(SSP» involving the use of
extremely large space platformg20,000 or
more tons each)in geostationary orbit (GEO)
to convert sunlight into e lectrical power and
transmit this power to large ground

receivers provides the remaining large-scale
baseloadalternative. Relyingon SSP would

_ A SSP platforms in GEO transmit power to |
require 1854 5-GW, SSP systems to eliminate  ground receiving antenrsa covering about 7

the x 1T O IsHodfal in needed 2100 sg. mi.each, where the transmitteghower i

dispatchable electrical power generation collected andhen fed to utility power grids.

capacity. Of these, 244SSP systems would be used to eliminate the U.S. shortfall in
needed 2100 dispatchable electrical power generation capacitf¥he following two

~ N s N oA oz

AEAOOO OOi i AOEUA OEEO PAPAOBO DPOITEAAOGEIT 1T &
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4 ) 4
Projected U.S. sustainable, Projected world sustainable,
dispatchable electrical power dispatchable electrical power
generation sources meeting 2100 generation sources meeting 2100
needs needs
30.40% 0
H Terrestrial 41.20% H Terrestrial
sustainable sustainable
244 SSP 1,854 SSP
platforms platforms
69.60% 52.80%
\_ . /

vy
i AAOET ¢ OEA 5838860 AT A OEA xi Ol AGO AEODPA
2100.

In addition to eliminating the dispatchab le electrical power generation

shortfall , SSPcould , with algae biodiesel, eliminate the sustainable fuels
production shortfall . Excess SSP electrical powexan be used when demand is less
than the SSPgeneration capacity,to electrolyze water to produce hydrogen. Closed
environment algae biodiesel prodiction, done on the land under eachSSP receiving
antenna, combined with SSP hydrogen productioncan provide 24% and D% of the
United StatesBAT A OE A  x heededfu®I® praditiioh, respectively. The
remaining fuels gap would be closed ky warm-climate, open-pond algae biodiesel
production. These twoforms of sustainable fuels productiomr SSPhydrogen and algae
biodieselr would provide slightly more that 6 0% of this paper® projection of the
U.S6 &nd the worldd 100 need for sustainablefuel production, as seen in the two
charts below.

4 ) 4
Projected U.S. sustainable fuel Projected world sustainable fuel
production meeting 2100 needs production meeting 2100 needs
37.30%
37.10% 38.609% o Conventional 44.20% 0 0 Conventional
sustainables sustainables
SSP & SSP &
biodiesel + biodiesel +
hydrogen hydrogen
penpc_md_ Openpond
algae biodiesel algae biodiesel
24.30% 18.50%
\ ° AN y,

10
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9. Recognizing that the dedicated land area required in the United States to
install the needed renewa ble energy production systems will be  substantial,
SSP provides one of the hi ghest efficiencies in terms of renewable energy
production capacity per sq. mi.  of all the renewable alternatives. In the United
States, 375000 sg. mi? about 2% of the continental United States? would be
directly placed into use for renewable energygenerationto meetthis®D ADA 08 O
projection of 2100 energy needgFor comparison, the U.S. arable and permanent
cropland totals 680,000 sg. mi.) This land would be 100% covered with wind farms,
ground solar photovoltaic systems, SSP receiving antennas, arapen-pond algae
biodiesel ponds. Of these four renewable energy optionsSSP ione of the most land
useefficient. The 244 SSP receiving antennas would require only about 20,000 sqg. mi.
or about 0.6% of the continental U.S., while providing nearly 70% of the dispatchable
electrical power generation capacity and about 246 of the sustainable fuels
production capacity by 2100.

Key conclusions

1. "AOAA 11 OEEO AOOAOOI A1 660 £EET AET ¢cOh A
strategy should emphasize:
¢ Finding and producing more oil, coal, and natural gas to meet growing demand in

order to minimize energy scarcity and price escalation during the generationslong
transition to sustainable energy supplies

e Adopting prudent energy conservation improvements to reduce the per capita
energy needs of the United States, as well as the rest of the world, without
involuntarily redu cing the standard of living;

e Aggressively transitioning to conventional nuclear and terrestrial renewable
energy sources to supplement and thenreplace oil, coal, and natural gas esources
to avoid dramatic reductions in available per capita energy as nosrenewable
energy souces are exhausted this centuryand,

e Aggressively developing advanced nuclear energy, space solar power energy, and
open-pond/ closed-environment algae biodiesel production to fill the substantial
projected shortfalls in sustainable electrical power generation and fuels production
that will develop even with optimistic levels of conventional nuclear and terrestrial
renewable energy use.

2. While it is certainly easy to be disillusioned by these findings, this need not and
should not be the case, especially in the United States. The world and the United
States have successfully undergone a comparable transition in energy sourceden

11
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wood was no longer sufficient to meet the growing needs of a rapidly industrializing
world. When the transition to coal started in earnest in the 17" century, steam power,
electrical power, internal combustion, and nuclear energy where yetto-be-invented
new forms of energy conversion that now power the world. For about four centuries,
technological development, economic invegment, and industrial expansion?
undertakentorealizeOEA D1 OAT OE A1 » have beed Afdubdatioldf theO C U 6
x T Ol AWing stgh@ard of living and the emergence of the United States as a great
power. Now, recognizing that the end of easy energy is at hand, the United States
needs to aggressively move to expand existing sources of sustainable energy and
develop and implement new sourcesto foster continued technological development,
economic investment, and industrial expansion in the United States during the
remainder of this century. It is critical that the United States take a leadership
position in the development of space solar power as this may become the dominant
electrical power generation capability for the world.

12
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1 - Understanding t he Wi O FBufur® Energy Needs

Section focus

e |dentify current and future United States and world per capita and total energy
needs.

e Assess kmwn and expected future resourcesf oil, coal, and natural gas and
evaluate how long these will last given the expected increase in world energ
demands.

e Summarizethe energy supply challenges that must be faced this century.

Current per capita energy use

An assurad and affordable energy supply isone of the foundation blocks of modern
civilization. William J. Bernstein, in The Birth of Plenty: How the Prosperity of the Modern
World was Creategdescribes hav the nexus ofproperty rights; rising public confidence
in capital markets; the emergenceof the scientific method leading to increased
technological innovation; and, improved industrial production, transportation, and
communication brought about by coal-fired steam powerfundamentally changed the
nature of western civilization. This transformation started in England in the lateY a 1,1 6 O
then spread to the United Statesand Europeil OE A A Aand td)Japaih thedate

Y B 1. Td@ay,it is most noticeably spreadingin China and India. The coming decadeswill
likely see the completionof the global transformation of national economies, especially in
Africa, provided that the world has sufficient and affordable energy

Per capita energy use ismportant because it representsa fundamental measure of
national economic successlt reflects the average energy directly used by individuals
such as buying gasolineand heating homes combined with the energy the nation
consumes per person in producing its goods and providing its services. Airee measuresof
per capita energyuseful for U.S. and worldenergy planning are:

e Each Americanand Canadianconsumes the energyof about 59 barrels of oll
equivalent (BOE) per year from all sources: oil,coal, natural gas, nuclear,
hydroelectric, biomass, and other renewable€.While several small countries have
a higher per capita energy use, the United States and Canada, with about 340
million people, have the highest per capita energy useamong large countries

¢ In Japan South Korea,and much of Western Europe, each person useabout 30
BOE per year? This provides a standardof living generally comparable to the
United Statesand Canada in terms of products, services, transportation, and
communications, while using only about half as muchenergy asdoesthe average
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American and Canadian Smaller homes
increased urban living, reduced travel
distances increased car fuel efficiency,
and the expanded use of mass transit
account for much of this difference.

e Forthe non-U.S. world population of 6.2
billion 2 including Canada,South Korea,
Japan, Western Europe? the averageper
capita energy use ighe equivalent of only
10BOE per year” Largely, this is because,
according to the United Nations, 2.4

4 70 N\
58.5
60 L— B U.S. & Canad:
50
40 Japan, South
30 29.7 Korea &
Western Europe
20 1 _~ [0 World excluding
10.3 US

10 7 . .

S Current per capita energy use (BOE/yr) )

billion people lack modern fuels and1 6 billion have no access to electricity’ As a
consequence, A E 1 A& O gofulatioh §ill lided i® a condition of energy
poverty that human desire and effort areearnestly seeling to change this century,

as seen in China and India

4 _ N\ 4
World 2008 population
(billion)
24 O With access to
' modern fuels
m Without
access to

4.1 modern fuels

(g J .

1.6

N
World 2008 population
(billion)
O With
electricity
m No electricity
4.9

41 A Adue&rgy use

Currently, the entire world consumes thethermal
energy equivalent of burning about 223million
BOE each day or81billion BOE each year®
About 86%, for a combined total of about 70
billion BOE per yea, is provided by oil, coal, and
natural gas.’

For the United States, with about4 .6% of
OEA x1 Ol A8 @QmditaBsQdecAOE | 1
21%1 £ OE A amnia@hefgppédduction .
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In 2006, this wasabout 17 billion BOE.? In terms of type of energy, about &% of
I | A O BeAefg§rOw comesfrom oil, coal, and natural gas™®

Setting a target per capita energy standard for developing nations

The energyused per capita inJapan South Korea,and Western Europe? about 30BOE

per year canbeviewedaDEA OCIT 1 A6 OOAT AAOATh&E develob AT T DET
nations understand that this level of per capita energysupply provides sufficient energy

for sustained economic development andthe accompanying social progressand political

stability related to achieving an acceptablemiddle classstandard of living. Hence, for

planning future world energy needsand supplies it is reasonable to assume that the

x1 Ol Ad O mahdpditicll Bdtiérdhip will desire to achieve thisenergyO CT 1 A6

standard as soon as is practicablef-or the purpose of this paper, it is assumed that

AAEEAOGET ¢ OEEO OCii Ad OOAT AAOA EO AAAIT I Bl EOEA

End ofthe century world energy needs

Toward the end of the 21* century, thewi O1 A 6 Ozg 300 N
total population is projected to reach 10 billion. 300 +—— —
250 —— —, Today

With a little simple calculation, t en billon people 500

Ai 1001 ET ¢ OEA ODBOER&E OJAlAAOAL
capita per yearwill require 300 billion BOE per 100
year. "'Recalling that the current world energy 58 ]
production is about 81billion BOE per year, Current and future world energy needs
toward the end of this century the world could (billion BOE/T)

need 3.7 times (3.7X) the energybeing produced \ A

today.*?

World at
"gold" std.

As discussed in greater detailater, by the end of the century if not sooner, all of the
reserves of oil, coal, anchatural gaswill be economically exhausted.Focusing just on
sustainable energy production,.ET a1 T 6 OEA x1 Ol A6 0O

nuclear and renewable energy production totaled ( World sustainable energy production h
a little over 11 billion BOEBy 2100if not earlier, today and what additional is needed
the world wil | need a sustainable enegy by 2100

production capacity 26 times larger(26X) than ——— mToday
existed in 2006*In simple terms, during each

American presidential administration ( every four

years through out the remainder of this century, «— TMustbe

the world must add the equivalent ofthe ;iggd >y
sustainable energy production capacityprovided

by O1 A Auti@ad, geothermal, hydroelectric, N\ <
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wind, ground solar, and biomass? roughly the equivalent of adding nearly 800 :GW,
nuclear reactorsevery four years->

While the 3.7X increasein needed energy production capacityby the end of the
century is very large the annual percentage increasan world energy consumption, due to
both an increasing population and increasing standard of living,is a modest1.26.*°This
is not an unreasonableenergy growth rate that would be consideredconsistent with long-
term moderate economic growth.

(Note: It is important to recognize that th is 1.4% world energy growth rate is the
calculatedvaluenecessaryO1 OAAAE OEA OCIT IThe éurredt@/iSI BRkg9 A AU  a ¥
Inform ation Administration (EIA) projection of world energy growth through 2030 shows
a 17% annual growth rate X This projection, done prior to the global economic problems
of 2008, is probably attributable to the recent rapid economic growth in China and India.

Hence, it is quite possible that, once worldwide economic stability is reestablished,the
neededtransformation to nearly 100% sustainable energy sources could come earlier than
the year 2100 baselined in this papeiThis is a pdnt to keep in mind when the required
build rates of new sustainable energy infrastructure are discussed later in the paper.)

End of the century United States energy needs

Due to immigration and the expanded family size of new immigrants, the population of
the United States is projected to grow to approximately 561 million by the end of the
century, representing an 8% population increase from today®To maintain the current
U.S. per capita energy consumption of 59 BOE per year, the United States will regw 33
billon BOE per year by 2100, up from 17 billion BOE per year toddy.

Depletion of oil, coal, and natural gas resources

More than a century of generally ample suppliesof oil, coal, and natural gas haveled the
American public to expect, until recently, that these resources wouldcontinue to meet
the majority of the United Statesdand the x T O ledefg¢needs far into the future.
Conventional wisdom had long held that as more energy was needed;ommercial olil,
coal, and natural gasproduction could easilyexpandto meet the increaseddemands, as
had happened for more than a century.

The rapid rise of world oil prices in 20072008, in part reflecting shortfalls in the
ability of global oil production to meet increased demands, has helped to clariy the
AmericanD OAT EA3 O A B GshsAnfekeDtHnithie lorig A&rm continued reliance
on non-renewableand non-U.S.energy sourcesThe urgency with which the United
States andthe world must undertake the transition to sustainable energy sourceswill be
largely driven by how long sufficient quantities of oil, coal, and natural gas can be
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affordably produced to meet the x | O Ig@d\Wir@ energy appetite. Using publicly available
estimates of the known and potential additional recoverable reserves obil, coal, and
natural gas, a ballpark estimatecan be madeof when the world would effectively exhaust
these nonrenewable energy sources.

(Note: In this paper, natural gas refers to natural gas from alcurrent sources,
including syngas from underground coal gasification, but excludes natural gas found as
frozen methane hydrates under the ocean and methane recovered from coal mines.
Frozen methane hydrates, while apparently widespread, have not yet been shown to be
economically producible or environmentally acceptable?® Methane recovery from coal
mines has also not yet been shown to be commercially practicat)

U  World oil, coal, and natural gas reserves

The World Energy Council (WEC), comprised of formal representation by most nations,
was formed inthe 1998 O O A Onwkd wardohviide Graiability of oil, coal, and
natural gas resourcesEvery three yearsit updates its Survey of World Energy Resources
to provide a widely used source of global energy statistics on virtually all forms of current
and emerging industrial energy production.??

For oil, coal, and natural gas, the survey includegroved recoverable reserveas well as
estimatedadditional reservegecoverable For the following estimates of the exhaustion of
OEA x1 Ol A6 O aiurkl bds regoirdes, thesdWEBurvey definitions are used:

e Proved amount in placas the resourceremaining in known natural reservoirs that

hasbeen carefully measured and assessed agploitable under present and
expected localeconomic conditions with existing availabletechnology.

e Proved recoverable reservese the quantity within the proved amount in place
that can be recovered in the future under present and expected local economic
conditions with existing available technology.

e Estimated additionalamount in placeis the resource additional to the proved
amount in place that is of foreseeable economic interest.

e Estimated additional reserves recoverablre the quantity within the estimated
additional amount in place that geological and engineering nformation indicates
with reasonable certainty might be recovered in the future.

(Note: It is important to recognize that cumulative estimates of oil, coal, and natural
gas resources must be taken as representative numbers. Some coumtsi such as the
Unit ed States, aike special efforts to make public their reserve estimates so that public
policy formulation can be effectively undertaken. Somecountries, especially where the
energy enterprises are government owned, onlyeleasepartially resource estimates.
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Other less developed countries may not have the resources to develop estimates of the
guality comparable to those in the United States. It is also recognized that the above

definitions may not be uniformly applied in all countries reflecting, for example, different
levels of technology and local economic conditions. The implication ofthis uncertainty is
discussed atthe conclusion of this analysis of the depletion of these energy resources.)

U Depletion of affordable oil reserves

Using WEC 2005 datafor oil, including oil shale,

- N
proved recoverable reserves and estimated Cl_Jrrent and po_te_:ntlal future
" oil reserves (billion barrels)
additional reserves recoverabldrom all global m Proved
sourcestotal 4,972 billion barrels.**The recoverable
. - reserves
breakdown is 1 521billion parrels of proved N 1521 m Additional
recoverable reservegwhat is known today);”" 625 reserves
billion barrels of additional reserves recoverable recoverable
(what experts believe can be found and All oil shale
25 N 2,826 (very
recovered)“> and, very optimistically, 2,826 625 optimistic)
billion barrels of oil shale.? Of this total, about ~ {_ )

31% s in proved recoverable reservegnown
today; the balanceof 69% is projected future resourcesyet to be discovered andespecially
for oil shale,commercially producedwith acceptable environmental impact’

In 2006, al production of about 30 billion barrels per year? about 82 million barrels
per day? provided 37% o OEA x1i Ol A.8 Borthid balpdrk edimmale®@Ttien
oil could be exhausted if current usage patterns remain unchanged, a sufficient supply of
ITEl EO AOOOI AA O1 Ai1T OET OA OI bDOiI OGEAA OEEO

Applying this percentage to thex | O Ipijécted 755 o oo )
total 2100 energy need 0800 billion BOE per year 100 | 20 ]

translates into a 2100 demand for 110 billion barrel$ g0 | 30 ___ = Average of
of oil per year or about 302 million barrels per — | 20062100
day” The 2006-2100averageis 70 billion barrels 0 2100

per year a 192million barrels per day. 30 \ World oil demand(billion barrels/yr) )

Recognizing that the estimate of4,972billion barrels of oil represents anoptimistic
upper boundof what is likely to be recovered at the average demand of 70 bilbn barrels
per yearthrough 210Q all accessiblereservesof oil would be depleted in about 71years
With 2005 as the baseline, by 207@onventional oil will no longer be a major world
energy source.And, to be clear this includes the nearly 3trillion barrels that somevery
optimistically estimate could be recovered from oil shale.

4,972billion barrels(oil) + 70 billion barrels peryear (20062100avg.)=71yearsof supply
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What would happen if significant additional oil resources were not developedor made
available? for example,if oil shale was not exploited,if additional offshore oil recovery
was not permitted, or if totalitarian governments in control of large reserves significantly
constrained production? What would happen if oil demand stopped increasingdue to
escalating pricesand held constant atd | T 80®ilflon barrels per year? The proved
reservesof 1 521billion barrels of oil would last only about 51years from 200% until

about 205657 at current usage rates

1,521billion barrels(oil) + 30 billion barrels per year 2006 usagg =51 yearsof supply

U Depletion of affordable coal and natural gas reserves

Using the same ballpark methodology, the year of depletion of coal and natural gas
resourcescan beestimated. The starting point is to note that coal and natural gas provide

about 491
Again, assuming sufficient supplies, his demand is
assumed togrow to 148billion BOE per yearby
2100**The 2006-2100averageis about 94 billion
BOE per year*

The estimate for total worldwi de potentially
recoverable coaland natural ga® expressed in
terms of barrels of oil equivalent? is equal to 7,049

i £ OE Anergyi*'@dddyahi is&quivalent to 40 billion BOE per year.*?

(200 148 h
150 2006
94
100 - — Average of
50 - 40 ] 20062100
World coaland natural gaglemand
\ (billion BOE/yr) )

billion BOE.**The breakdown is 3,307billion BOE of proved recoverable reservesf all
types of coal® 1 105hillion BOE of proved recoverable reserves of natural ga¥, 716billion
BOE of additional reservesrecoverableof coal,*® 1 007 billion BOE of additional
technically recoverable reserves of natural ga& and 914 billion BOE ofsyngas produced

by underground coal gasification.*° Of the total,
about 63% is in proved recoverable reserves known
today; the balance of37% is projected future
undiscoveredresources®

At an average rate ofdesiredconsumption of
94 billion BOE per year, assuming adequate and
affordable supplies andall of the additional coal
and natural gas is recoveregthe woO 1 A 6 @oal |
and natural gasreserveswould last only about 75
yearsfrom 20052 until about 2080.

-

914
N ® Proved gas
1,007 ‘ Additional
coal
@18\ i m Additional
gas
3,307 UCG gas
1,105
g WV

Coal and natural gas proved and A
additional reserves

(billion BOE)
I Proved coal

7,049billion BOKcoal & gasy 94 billion BOEper year (20062100avg.)= 7 yearsof supply
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U Depletion of combined oil, coal, and natual gas reserves

Oll, coal, and natural gas resources total 12 trillion - N
BOE*? Of this total , about 5.9 trillion BOE or 49% Oil, coal, and natural gas proved
is in proved recoverablereserves® The balance of reserves and additional resources
6.1 trillion BOE, or 51%, is in yetto-be discovered 49% 0 Proved

or commercially-exploited reserves. (Note: The reserves

additional 6.1 trillion BOE should be viewed as an
optimistic upper boundfor additional reserves

= Additional
recoverable> not necessarily an stimate suitable resources
for energy policy planning purposes.) 510 E)L:)%F:%r)
If oil, coal, and natural gasare assumed to N /

continue to provide 86 | £ OEA x1 01 A0 AT AOcU-2i08d&érsye OEOT O
usage would be 164 billion BOE per yea¥ Recognizingthat the increasingsubstitution of

these fuelsfor oil will increase their rate of use, the optimistic upper bound estimateis

that the total oil, coal, and natural gas resources would last about 73 yearsuntil about

2078.

12,021billion BOE + 164 billion BOE per yea0062100avg.) = 73 yearsf supply

The 6.1 trillion BOE of expected additionaloil, coal, and natural gasreserves is noted
to represent an optimistic upper bound. The Arctic National Wildlife Reserve (ANWR) is
edimated to hold upwards of 11 billion barrels of recoverable oif> To put the level of
optimism contained in the preceding depletion estimate into perspective, additional
proved reservesof oil, coal, and natural gas,comparablein size to ANWR, would need to
be announcedeach monthfor 46 years to reach the 6.1 trillion BOE of additional reserves
included in the preceding depletion estimate.

U Depletion estimate sensitivity

As noted earlier, there is uncertainty in the accuracy of theestimates of theadditi onal
reserves recoverableHence, it is useful to perform a limited sensitivity analysis of the
depletion estimate made above.

The 12 trillion BOE total of proved reserves and additional resources includes 6.1
trillion BOE of yet -to-be discovered resourcesnd oil from oil shale. Assume a further
+50% or 3 trillion BOE, increasedue to, for example, highly inaccurate current estimates
of reserves in developing countries. Thisvould only add about 20 additional years.Thus,
it appears that even under themost optimistic circumstances, by the end of the century
the world will still need to have transitioned to sustainable energy sources.

+50% case: 15,@0billion BOE + 164 billion BOE per yead(62100avg.) = 92 yearsf supply
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U Concluding comments on the depletion of oil, coal, and natural gas

A reasonable criticism of this simple depletion analysis is that significant amounts of oil,
coal, and natural gas will almays remainunderground. For example, everenhanced oil
and natural gas recovery methals leave about onethird of the oil and natural gas in the
ground. Underground coal gasification, already included in thesedepletion estimates, is
an example of how improved technologies canopen currently inaccessibleenergy
resources tocommercial production .

While such criticism has merit, the value of the simple depletion analysis, when based
on clearly optimistic estimates of the recoverable resources, is that it helps talissuadea
casualdismissal of the clear need to address the United Statés AHe A T O Indeds(o
transition rapidly to sustainable energy sources. Estimating the year when oil, coal, and
natural gas will no longer be affordable, at least to the average energy consumef) O A A
£l ACOo OEA 1T AOCGETI 6O NOAOOEIT T &£ xEAO OEAT e )O
run out of electricity and modern fuels? (Remember, today 2.4 billion people cannot
afford modern fuels and 1.6 billion do not have access to electricity.for the next
American president, the key policy question becomes wat
needs to be donenow ? in terms of energy policy,
spending priorities, and implementation strategy and
plans? to avoid this catastrophe?Addressingthese
important questions starts with th e recognition that oil,
coal, and natural gas are exhaustible andth& T EOAA 3
andthex T Ol A60O OADEAI Hfore€nergywtli C
likely exhaust these gifts of nature in the coming ?
decades POT AAAT U xEOEET OEA | EZEROE hecame 60 U
children. Copyright © Nova Development

(Used with permissiop.

21st century energy challengesin a nutshell

From this assessment of future world energy needs and the limitations of norrenewable
energy sources, the following conclusions are reached:

e Recognizing that good e@nomic conditions will accelerate theincreasein per
capita energy consumption and poor economic conditions will retard the rate of
increase the world will need, without energy conservation, up to 3.7X todA U 6 O
energy production by 21000 meet the standard of living expectations of both the
developed and developing nations;
e 4EA x1 01 AGO ET AOAAOET ¢ Arbvdddegdverdold rdskres x ET1 1 A
oil, coal, and natural gas about midcentury;
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e Expanding the proved recoverable reserves of oil, coal, and natural gas through
increased &ploration and the use of new recovery technologies will help to
smooth the transition to sustainable energy sources by the end of the century; and,

e By the end of the century, the world will need to have expanded its sustainable

energy production by a facor of about 26 (26X)? requiring the addition of OT AAUGS O
nuclear and renewableenergy production capacity every4 years.

A A~ N N =

effective U.S. energy policy and its implementation =~ must address :

¢ Find and produce more oil, coal, and nat ural gas to meet growing demand
in order to minimize  energy scarcity and price escalation during the
decades-long transition to sustainable energy supplies;

e Adopt prudent energy conservation improvements to reduce the per capita
energy needs of the United States , as well as the rest of the world , without
involuntarily reducing the standard of living; and,

e Aggressively t ransition to sustainable energy sources to  supplement and
then fully repla ce oil, coal, and natural gas resources as soon as is practical.

Providing adequate and affordable energy, while transitioning from-r
NBYySglofS G2 adzadl Ayl of S cByiy iRy
challenge that must be solved to, literally, keep the lights on.
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2 7 Role of Energy Conservation

Section focus

e Understand the importance of energy conservation in reducingfuture U.S.and
world per capita energy use.

e Assess the likely impact of energy conversation on the total United States and
world energy needs in the future.

e 51T AAOOCOCAT A OEA ET &I OATAA 1T £ OEA 5838860 COI
and needed investmants in future energy resources and sustainable energy
production infrastructure.

Achieving reduced per capita energy use

To paraphraseBenjamin Franklind O AA [ 1 O G pérkysved]s alpdiny earnetia

BTU per yearof energy never neededs a BTUper yearof energy production

infrastructure that does notneedO1 AA AOQOEI 08 )1 A AAT OOOU xEAO/
must be at least tripled and provided by an almost entirely new sustainableenergy

infrastructure, & OAT E1 E1 Gddastak édérg conservation, is the important first

stepin any sound plan for transitioning to sustainable energy supplies.

The United States has experienced two periods of dramatic reductions in per capita
energy use each following the imported oil supply crises of B72 and 1978. From 1979 to
1983, U.S. per capita energy use declined% from an historic peak of 63 BOE per year to
54 BOE per yeaf'® However, from 1984 to the present, per capita energy use climlgkto
OAAAE Ol AAUG GIRCEDPDYedEI AOAT U

Meaningful energy conservation results in thesignificant and permanent reduction of
per capita energy use. While it is possible to achievelramatic reductions through
mandated lifestyle changes 6uch as gasoline rationing, reduced speed limitsand
changed thermostat settings) or through market-driven dramatic price increases,
meaningful permanent reductions are unlikely to be achieved in this manner.Human
behavior seeks to return to a standard of living thatis comfortable and without
undesirable restrictions.

The better approach is toproactively engineer a life style that reduces per capita
energy use while providing the desired comfort without significant restrictions. This is
accomplished primarily through technology improvementsincorporated into new and
replacement products and servicege.g., better home insulation, improved car fuel
mileage, LED lights, telecommuting, and improved and expanded mass transitand
macro energy conservation undertaken through for example, building code changes,
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energy-efficient urban and suburban planning, large scale transportation energy source
substitution, industrial process re-engineering, and general enegy use efficiency
improvements.

Effectively implementing these energyreducing lifestyle changesis best accomplishel
through directed technology research anddevelopment; professional engineeringled
standards revisionto enable industry to make use ofmaturing technologies; forward-
looking energy conservationdemonstration programs O1  GtheABIAAAO6 ET AAT POE
technologies and establishing new industral capabilities; and, finally, mass marketing
AAI DPAECTI O O OOAI 16 OEA TAx POI AGAOO AT A OAOO
less energy. The ongoing mass car market emergence of hybrid and electric carsian
example of this approach.

Projecting future United States and world energy savings through conservation

In its Annual Energy Outlook 2008, the U.S. Energy Information Administration projects

an increase intotal U.S. erergy useof 8% from 2004-2030% However, the U.S.

population is projected to grow by 24% by 203Q* resulting in an anticipated per capita

energy reduction by 20300f about 4%.*® Continuing this r ate of reduction to 2100would

result in a % reduction in per capita energy use from 2004° U.S. per capita energy

needswould then be about 50 BOE per yeara 21% reduction from the historic 1978

peak’'The United States would then needabout 28 billion BOE per yearin 2100°* The

annual U.S. energy saving U a VYT T h AT I PAOAA xwoQlEbe@dokBAUBS O AT 4
billion BOE.>®To place this annual 2100 energy savings in perspective, this is equal to

AAT 6O ¢ir1r 1T &£ O AAUsO Al RBvenimo® énargyisavingdad 51 EOAA
possible and should be &pected.

Japan and WestersOO1T BAS O DAO AAAPEOCA AT %GCU A
: ——— 300555

use> the @i 1 A6 OOAT A Aléping £l O] GwA AAD = Without
world= is today about half that of the United ggg conservation
States @ about 30BOE per year It is not 150 _
unreasonable toexpectthat improved overall 128 33 28 'X\é';zewation
energy use efficienciecoming into use in the o | [MMwes |

United States would alsofurther reduce Japan U.S. World

and Western Européd fOture per capita energy Impact of energy conservation and

use. Assuming al0% reduction, the per capita improved energy use efficiency in 21(
energy use would fallto 27 BOE per yearin \_ (billion BOE/yr) y

2100°°Adopting this A0 OEA OAOEOAA OCI I A6
standard, 252 billion BOE per year will be needed by2100to supply the energy needs of
the 9.43billion people outside the United States®® Combining the U.S. andnon-U.S.
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world estimates yields a total world need for 280 billion BOE per yearby 210@ an
ET AOAAOGA &£O0iI T O1 AAUBO YIAAA0 helU.EwWdOBeuding A EAAOI
about 10% of thex T O itofabv®. about 21% in 2008°
28 billion BOKU.S.) + 252 billion BOE (n@hS.) = 280 billion BOE needed in 2100
28 billion BOE (U.S.) + 280 billion BOE (world total) = d®%sorld energy use in 2100

280 billion BOE (world 2100 total) + 81 billion BOE (2606) o ®n - (2RI €Q&4 Sy SN

U Influence of U.S. population growth on future U.S. energy needs

The total U.S. and world energyneedsin 2100are simply a product of the respective per

capita energy use and the population size. In 2008, the U.S. population is about 303

million while the total world popul ation is about 6.67 billion. By 2100, thepopulation

projections used in this paperhave the U.S. population growing to 561 million (85%

ET AOAAOAQ xEEI A OEA xi OI A6O O1T OA1T bDHi pOI AGET 1

For the United States, such significant -
population growth this century will have a major United States population (millions)
impact on the depletion rate of domestic energy 600 561
reserves; the market demanddriven cost of energy 500
in the U.S.; the national security implications for 400 303
securing sufficient energy supplies; and, the 300 -
magnitude of the investment in sustainable energy 200 -
sources needed in the U.S. to replace qikoal, and 100 -
natural gas. In conjunction with energy policy 0 -
initiatives that emphasize technology innovation to 2008 Projected 2100

(& /

reduce per capita energy use, appropriate policy
initiatives to limit U.S. population growth should be viewed as a key element of a
balanced national strategy to extend nonrenewable energy supplies, minimize energy
related environmental impact, and minimize the cost of transition to sustainable energy
supplies.Hence, in the following sections where projections of the total U.S. 2100 energy
needsand the potential of sustainable energy sources to satisfy these needse made, it
should be understood that the ability of the United States to meet its 2100 needs with
sustainable energy is directly influenced bythe growing size of the U.S. population.
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3 - Sustainable Energy Supply Targets for 2100

Section focus
e Define the energy units used in this assessmenof sustainable energy potential.
e Identify the typesof sustainable electrical paver and fuels production needed.

e Estimate the United Stateband the world Z100 sustainable energy needs in terms
of dispatchable electrical power generation and fuels production capacities.

Energy units

While it is customary outside the United States to use the metric unit of joule for thermal
energy, the British Thermal Unit (BTU) is still used by the United States government to
report fuel statistics. One BTU is approximately the quantity of heat needed to raise 1 cup
of water 2°F. One barrel of oil, containing 42 gallons,produces about5.8 million BTU
when burned. As noted earlier, the current U.S. per capitaenergy useof 58.5 barrels of oll
equivalent (BOE) per yearis about 340 million BTU per year>® In comparison, the future
per capita @oldéenergy standard for the world of about 27 BOE per year is about 155
million BTU per year.®°

U Fuel units

Fuel production capacity is usually expressed using the common unit of gadrillion BTU
per year or QBTU per year One Q-BTU equals1000,000,000,000,000 BTU orone
billion million BTU. This is the thermal energy

contained in 1722.4 million barrels of oil. In rough b
terms, it the equivalent of the oil carried in about
100 super tankersof the type shown in the
accompanying photograph.®*In 2006, 40,000
super tanker shipments would have been
required to transport the 81 billion BOE used in
the world.

Modern oil super tanker riding high
U Electricity units because it is empty.

)yl AAAEOGETT O1 EOAT O AOOT AA OI DHOI ACAA OEAOI A
in the form of electricity. Returning to the basic definition of energy:

1 BTU = 1,055.056 joules

1 x 16°BTU orl QBTU = 1,055.056 x foules
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EnergyusedDAO OT EO 1 £ OEi Ah As8c¢c8h DPAO OAAI T AR EO
AAO6O AT GCET A EO A 1 AAOOOA 1T &£ Eil x |1 OAE AT AOcCU
The unit of electrical poweris the watt and is defined as one joule per secondNote:

In most other countries, internal combustion engine power is expressed in watts.By
introducing time, the familiar electricity term of watts can be derived:

1 BTU per second = 1,055.056 joules per second = 1,055.056 watts

From this conversion, a 106watt light bulb is using about 0.1 BTU of electrical energy

per second. Now, rote that:
365 days/year x 24 hours/day ® éinutes/hour x 60 seconds/minute 31,536,000 seconds per year
Using this conversionAT A T 1T OET ¢ OEAO OEA OOAOGAOEDO O0OAb
1 QBTWyear = 1,055.056 x 0joules/year + 31,536,000 seconds/year

= 33,455,606,291 joules/second or wattscontinuous electrical power
= 33,455,606,291 watts 1000watts/kW = 33,455,606 kilowatts (kyWcontinuous
= 33,455,60&W, + 1000kW/MW = 33,455.6 megaatts (MWL) continuous

=33,455.6MW, + 1000MW/GW = 33.456 gigawatts (Gy\ontinuous

A typical nuclear or coakfired power plant produces 1 GW. From these conversions,
33.5 of these power plants operating continuously for 1 year would produce 1-BTU of
electrical energy.

A nuclear or coatfired power plant uses thermal energy toproduce steam todrive the
generators to produce electricity. The efficiency with which the thermal energy is
transformed into electricity is about 33%. Hence, to produce 1 €BTU of electricity, about
3 Q-BTUs of fuel must be burned. The 10@vatt light bulb, used in the example above,
requires about 0.3 BTU of fuel to be burned each second. (Note: When nuclear power is
expressed in terms of QBTU by the U.S. Energy Information Administration, the output
electrical power is converted toinput thermal energy and this thermal energy is reported.
This enables an applego-apples comparison with oil, coal, and natural gas.)

Just as oilconsumption is measured usingd E A Bdrrél,&elecirical power
consumption is measured by the hourof continuous use? hence, OEA O1 EGatt1 £ OEEI |
hour.o

Start with a power plant producing 1 GW.
1 GW. x 1000 MW/GW, x 1000 kWMW, = 1,000,000 k\W/
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1,000,000 kw(continuous)x 365 days/year x 24 hours/day = 8,760,000,0068Hc8Vof powefyear

Expressed in terms of GW, the normal unit for large-scale power generation:

1 GW (continuous)x 365 days/year x 24 hours/day = 8,760 Bk

Recall that 33.456 GW of continuous power generation yields 1 QBT Ue:
1 QBTUW = 33.456 x 8,760 G\Ws = 293,074.56 G\\W's

Many forms of sustainable electricalenergy generation, such as wind, do not operate
continuously. However, their energy production is usually expressed in terms of kwhrs
or GW-hrs of annual production.

Forms of needed energy

Energy for modern societies is needed in two forms: electricity ad fuels. Producing and

delivering these two forms of energy requires different energy generation infrastructures

with different production and distribution capabilities . To assess the potential for new

sustainableAT AocuUu O7 OOAAO Oi 1T AAO OEA x1 01 A0 A£OOOO
requirements for electrical power generation and fuels productionmust be defined.

U Electrical power generation and distribution

The modern world runs on electricity. More specifically, the modern world runs on high
quality electrical power where the frequency and voltage are carefully controlledo
prevent damage to electronic equipment and electric motors. Further, to avoidinjuring
humans due to the loss of poweror causinga disruption of vital services andeconomic
activity, the electrical power generation and distribution infrastructure must be highly
reliable and reasonably fault tolerant.

Electrical power grids are designed to be able to generate and distribute all of the
eAAOOEAAT DI xAO OAAI Al A A AfEenedethis Ocndnd ddyfris&E OUS O A (
Becauseexcess generateelectricity cannot yet be practically storedby a utility 8 O &OE A
electricity for later use, O E A  @Qehé&ratifgGapacity must be in excess othe expected
peak needsto ensurea stable electrical powersupply that meets all customer demand.lf
the instantaneously available supply is less than the demand, brownouts or blackouts will
occur. Even small disruptions can grow to major blackouts affeting millions of people.

417 POl PAOI U AAI AT AA OEA CAT AOAOAA DI xAO xEOE
controllers turn on or turn off dispatchable generation capacity. A dispatchable generator
must, generally,be ready to operateat least 9% of the time. By using an integrated
transmission and distribution network to connect the dis patchable generators to the
customers, the utility is able to meet its customerO @eak demand, regardless of when this
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happens,with near 100% confidence Sustaining a high level of public confidence in the
stability, power quality, and adequad U | A& gkne@tiddgcAmacityis one of the primary
reasonsfor public regulation of electric power utilities .

Electrical power generating capacity, as discussed earlier,
is stated in terms of watts. A typical large power plant will
generateabout a billion watts or a gigawatt (GWe), while a
wind turbine will generate around a million watts or a
megawatt (MWy). A typical home or small busines has a peak
demand for several thousandwatts or kilowatt s (kW ). Hence,
a large GW. power plant could simultaneously provide the
peak electricity needs ofhundreds of thousands of homes and
small businesses.

Large commercial posv plant.

A typical U.S.utility grid today has 3-10 GW of total generation capacity. This is
provided by multiple generating plants with individual generator capacitiesranging from
hundreds of MW, to around 1 GW.. Larger plants(such as nuclearand coatfired plants)
run almost continuously providing baseload capacity, while smaller plants (typically
fueled by natural gas or oil)and hydroelectric plants are used to meet peak demands,
such assummer air conditioning loads.

U Storable fuels production and distribution

While the use of electricity is expanding, such as with the introduction of plug -in electric

hybrid cars,i OAE T £ OEA x1 Ol A6O0 AT AOGCU x Ehhtican®OET 1T 1T A
burned to generate heatfor transportatio n; industrial use; and, should it be needed,

normal and emergency electrical power generation Therefore, in addition to sustainable

dispatchable eledrical power generation capabilities, substartial new sustainable sources

of liquid and gaseous fuels will be neededo replace non-renewable hydrocarbon fuds.

U.S. and worldsustainable electrical power and fuel needs for 2100

The 2006 world total energy use, as noted earlier, was about 81 billion BOE per year or

472 QBTU of thermal energyperyear.) £ DOl OEAAA ET OEA & O 1T &£ 1
consumption of energy would fill approximately 40,000 super tankers.The projected

total world future need in 2100, also estimated earlierpf about 280 billion BOE per year

equates to aboutl 624 Q-BTU of thermal energy per year®? The total U.S. 2100 need for

about 28 billion BOE per year equates to 162 ®BTU peryear,or0Ff | £ OEA x*7 01 A8 O
Again, in the form of oil, th e world would need about 14,000 super tankers each year by

2100 while the U.S. would neecbout 4,000 super tankers each year.
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As mentioned, these2100valuesrepresent the equivalent thermal energy that would
be needed in 2100 to provide both electricityand fuels. The division of theseU.S. and
world totalsinto the needed dispatchable electrical power generation capacity and the
separate fuels production capacity is shown in the following table.®*

(Note: As discussed in Endnoteb4, the estimated U.S. values for electrical power
generation and fuels production for 2100 are multiplied by 1q10X)O1T A OOEI AOA OEA
total needs in 2100. This reflects the proportion dthe projected total energy needed by
the United States in 2100 to that of the total world in 2100as discussed earlier in this

paper.)
Tablel ¢ United States and World Energy Use in 2006 and Energy Needs in 2100

Dispatchable
Electrical Power | Fuels Production Capacit
GenerationCapacity (Q-BTUlyr)
(2006/2100)

Entire Annual
UseNeed

(QBTU/yr)
(GW)
(2006/2100) (2006/2100)

United State ‘ 100 /162 1,076/ 1,754 62 /100
EntireWorld 472 11,624 4,000 /17543 292* / 1,003

* Estimatedvalues as discussed in Endnéte

(Note: The growth in U.S. energy needs from 2006 to 2100, as discussed in the
previous section, is entirely due toU.S. population growth.)

- AAOGET ¢ O Endrgynéedsl fok 10D
JoelArthur Barker describes a paradigmshif O OA AEAT CA O1 A 1T Ax CAI /

O 61 AH2gdes on to note that the potential significance of a paradigm shiftcomes from
the factthat Ox EAT OEA O0O0I AO AEAT CAh ®OEA xEIT 1 A xi Ol A

‘We fare at t[\g beglnnlrjg E)f‘a Pa_raglgm SAhI-ft ) / __ World.popylation in 2100

xEAOA OEA xT1 Ol Abelhgrdviridke®@CU OO A0 ( ig,if S Those with

to reflect the end of easy energy thientury. The modern
desirable new paradigm will be satisfying the 3.3 W energy today
x7 0l ABO ET AOAAOETtgoughAi A] A A&LQ W A § [joce wihout
sustainable energy sources. If tk world is \ energy today
suceoessful in this undertaking, then by the end of Population
the century, if not earlier, T AAOT U EAIT £ [GEA, Ad O f’r:fovﬁh 2100

/

population today? plus an anticipated additional .
3 billion due to population growth this century? will have moved from a state of energy
poverty to one of energy prosperityaccompanied bya middle class standard of living.
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While some may believe that successfully accomplishing this shift from oil, coal, and
natural gas tosustainable energy sources will be relatively easgnd quick, the magnitude
of the projected energy needs by the end of this centurywould indicate otherwise. In fact,
itisnotyetcleariftne5 8388 O xAIOA AOBA AT A oeGhtisfieddhfodgd A AT
sustainable energy sourcesThe remainder of this white paper focuses on answering this
key question? what types andscaleof sustainable energyoperations will be required to
meetOEEO DADAOS6 Ghe Ditté¢dShtdstardithe ©1 OKEAG O a VYl ? AT AOCGU
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4 z Conventional , Terrestrial , Sustainable Energy Potential for 2100

Section focus

e Summarizethe dispatchable electrical power generation and fuels production
potential for the sustainable energy sources of nuclear, geothermal, hydroelectric,
wind, ground solar, and land biomass discussed in detail in Appendix 1.

e Compare these estimates against the identified United States and world 2100 ads
and identify the 2100 gap betweerdispatchable electrical power generation and
fuels production needs and sustainable production capacities usingonventional
nuclear andterrestrial renewable energy sources

Family of current technology sustainable energy sources

This section summarizes theestimates, contained in Appendix lof this paper, of the
energy production capacity of sustainable energy sourcethat use current technologies
suitable for wide-scale commercial use The conventional sustainable energy technologies
addressed are: fission nuclear energy, geothermal, hydroelectric, wind, ground solar
electric, and land biomass.

For each of these, an estimate has been preped of the likely supply potential of
dispatchable electrical power generation and fuels production capacity in the United
States and the entire world. At the end of the section, these estimates are summarized
and compared with the previously prepared estimate of the U.S6 &hd the world 6 100
needs for dispatchable electrical power generation and fuels production.

Nuclear fission-generated electricity

Nuclear fission is assumed tocontinue to provide a primary source of disptchable

electrical power. However, constraints on fuel production, fuel reprocessing, waste

disposal,and plant siting will limit the expansion of nuclear energy From the current 352

GW, of installed capacity, it is assumedthat nuclear fission will expand worldwide by a

factor of about 5to 1754 GWe,, such that nuclear energy would provide o T £ OEA x1 Ol .
2100dispatchable generation capacity. In the United States,
nuclear energyis assumed to expand from the current 101
GW, to 175GW, so that it will also provide 10% of the U.S.
2100dispatchable electrical power generation capacity.

World land resources of uranium, based on World
Energy Council estimates,could sustain this level of
nuclear power for about 116/ears without significant fuel
reprocessing This would provide sufficient time for follow -

Commecial nuclear power plant.
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on improved nuclear reactor designs fuel cycles fuel reprocessing;waste disposaj and,
even, nuclear fusionto be developed fully demonstrated, and safely implemented

Even this modest commitment to the expansion of nuclearenergy will entail
significant nuclear power plant construction. From 20212080, an average o83new tGW,
reactors would need to be made operational worldwideeach year With a 7-year build
cycle, about 23 nuclear plants would be under construction each year through 2080
when the initial round of expansion and replacement of current reactorswould be
completed. Starting in 2081, when the expected 60year life of these new plants would
end, a comparable number of replacement units would then be needed each year through
2140

Hot-rock geothermal -generated electricity

While the potential of geothermal energy is enormous? considering the truly massive

NOAT OEOEAO T £ EAAO O Odo@ bohbinedith thefhdat reted@®ES O 1 1 1
through the decay of subsurface radioisotopes such as uranium and thorium tapping

this enormous source of sustainable energy is not easy.hE practical extraction of usable

geothermal energyrequires: sufficient subsurface temperaturesto drive the turbines,

subsurface rockporosity enabling water to circulate to extract heat, sufficient subsurface

or surface waterto be usedas the heat transfer fluid, and proximity of the generation site

to consumer markets to enable te affordable transmission of the generated dectricity .

The current total U.S. geothermal electrical power
generation capacityis about 3GW,. The U.S. Department
of Energy has set a goal ofleveloping 150 GW of
geothermal electrical power generation capacty in the
western United State® an increase in total capacity by a
factor of 50 (50X). This 150 GW goal is used in this
assessment as thestimate of the sustainable geothermal,
dispatchable electricalpower generation capacity for the
United Statescapable of being developeddy 2100 This
level of installed generation capacity would provide about Large geothermal power plant.
9% of the U.S6 Z100 needed dispatchable electrical power generation capacify.

The currentx T O1 A3 O hérinddldctricgl Adwér generation capacityis about 10
GW.. Using estimates reported by the International Geothermal Association this paper®
optimistic projection, developed in Appendix 1of the world 8 tOtal geothermal electrical
power generation capacity is1889GW..4 EEO x1 Ol A AT OAEI AT ET AOAA<
geothermal generation capacity by a factor of approximately1l90(190X) This level of
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installed generation capacity would provide about1% of OEA x1 O1 A6 O avYi 1

dispatchable electrical power generation capacity.

Due to the diffuse nature of geothermal energy, theaverage geothermal power plant
would only produce about 8 MW.. Using this value, the 1 889 GW, of installed capacity
would involve the construction of approximately 240,000 geothermal generation plants
from 20222100with an average of3,000 plants being completed eachyear®®

Hydroelectricity

Hydroelectric power generation is well established in the United States with the current
installed capacity of 77.6 GW.. Further growth is believed to
be possible, but primarily through the use of small-to-
medium sized plants. For this assessment, lte U.S. total
capacity is assumed to grow to 10&W,, providing 6% of
the needed 2100 wpatchable electrical power generation
capacity. The additional capacityis roughly the equivalent
of adding B Hoover Dams.

4EA 771 01 A %l AWECY2007IS@eddE 1 & O

T AA;

%l AOCU 2A01 OOAAO AOOEI AGAO OEAoHog/eEréamgémgleo o)

exploitable hydroelectric production is 16.494 million GW -hrs

per year. Worldwide installed hydroelectric capacity, as of 2005, was B/038 G\,
producing 2.837 million GW-hrs per year. Using the technically exploitable production
value, the potential total world hydroelectric generation capacity, using current
technologies, is about4,500 GW.. The WEC estimates that about 8% of the technically
exploitable potential could be realized. The potential additional capacity is, therefore,
about 2,843 GWe,.. The total world hydroelectric generation capacity would then be 3,621
GWe.. Developing this additional hydroelectric power would add the equivalent of

building about 1,400 Hoover Dams. From 202100, the hydroelectric generation
capacity of approximately 17 Hooer Dams would need to be added worldwide each year.
Hydroelectricity would then provide 21 | £ OEA x1 Ol A0 1T AAAAA
generation capacity in 2100(Note: This assumes no reduction in worldwide rainfall and
winter snow accumulation that enables this additional capacity.)

Wind-generated electricity and fuel

Wind farms are an increasingly popular method to generate sustainableelectricity . The
United States has substantial wind power potential that, if suitably harnessedcan help to
meet both dispatchable electrical power generation and sustainable fuels production
capacity.
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UNITED STATES ANNUAL AVERAGE WIND POWER

Using the assumptions and methodology described in Appendix bdf this paper, the
combined U.S. onshore and offshore wind farms would cover about #7000 sqg. mi. This
is anarea equal to about &% of the state of Texas with 10% land use® The 18,000 sq.
mi. of land wind farms would contain approximately 876,000 of the 15 MW,, 265ton
wind turbines. The nearly 24,000 sg. mi. of offshore wind farms would contain
approximately 19,000 of the larger3.6 MW wind turbines.

A total of 1072000 wind turbines would be needed.

As noted, this land use estimate assumes that 006 of
the land is dedicated to wind farms. Terrain conditions,
rivers, lakes, existingland use, proximity to homes and
businessesgnvironmentally -sensitive areasmines, etc.,
would prevent 100% land useAssuming that only 25% of
the suitable land for wind farms could actually be used for
this purpose, the impacted area by land wind farmswould
total approximately 600,000 sq. mi. This is roughly 20% of
the continental United States. Virtually all of the black,
dark blue, and medium blue areas in the wind power map
above would be used foror be in close proximity to land
wind farms. Small wind farm.
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lllustration of an offshore wind farshowing wind turbines on the horizon

For offshore wind farms, if these are located in a 5mile wide belt parallel to the shore,
and assumingthat 50% of the shoreline is suitable for installation of wind turbines, the
offshore wind farms would stretch along 9,500 miles of coastline of the Great Lakes and
the eastern and westernU.S. coastline Much of the coastline would appear as shown in
the above illustration.

The installed nameplate generation capacity the amount of power that would be
generatedif all wind turbines were generating their maximum electricity
simultaneouslyd would be 2,024 GW.. This exceeds the 1,75&W, of dispatchable
electrical power generation capacityneeded in the U.S. in 2100However, as discussed in
Appendix 1,due to the variability in the availability and quality of the wind -generated
electricity, only 1012 GW, or about 5.8% of the U.S6 #100need for dispatchable
generation capacitycould be provided by the nearly 174,000 sq. m of wind farms.

The annual electrical power generated would total about5.6 million GW -hrs. Of this
total wind power produced, about 16% would be used by theutility power grids as
dispatchable electrical power. The balance using electrolysis,would produce about 8.9
Q-BTU per year of compressed hydrogenThis would provide a little less than 9% of the
U.S8 100 neededsustainablefuel supply of 100 QBTU per year.

Approximately 23,000 sq. mi. ofland wind farms are required to produce 1 @QBTU per
year of hydrogen fuel’® Meeting the current U.S. demandfor 62 Q-BTU would require
about 1 4 million sg. mi. of land wind farms with 100% land use while meeting the 2100
need for 100 @QBTU would require about 2.3 million sq. mi. with 100% land use, assunmg
suitable wind power conditions. "*

40



The End of Easy Energy and What to Do About It

Assuming that the economic life of the wind turbines is 30 yearsand the construction
of the wind farms would be completed by 2050, theannual scale of construction
operations for building these wind farms can beestimated. From 20232050, an average of
about 36,000 wind turbines and associated electrical power transmission infrastructure
would need to be installed in the United Stateseach year®Once this initial construction
is completed, a like number of wind turbines and associated power infrastructurewould
need to be rebuilt or replaced each yearstarting in 2051

Estimates for the worldwide potential of wind-generated electricity are extrapolated
from these estimates for the United States This extrapolation assumes that the world
potential is 10Xthat of the United States. Hence, the optimistic projection of the
worldwide, dispatchable, wind-generated electrical power generation capacity would be
1,012 GW, providing about 6% of the needed world 2100 totalThe annual hydrogen fuel
production from wind -generated electricity would be about 89 Q-BTU or about 9% of the
annual need in 2100. The total area 100% covered would be abdu¥4 million sg. mi. and
involve the installation of about 11,000,000 wind turbires. The impacted land areavould
total about 7 million sq. mi., while offshore wind farms would stretch along nearly
100,0000 E1 AO T £ OEA ¥hie anhulldunbeddt Wirtdl Eurbine 8eeded to be
installed from 2020-2050 would be approximately 3®,000 per year, with a comparable
number replaced each year starting in 2051.

Ground solar-generated fuel

While ground solar thermal and solar photovoltaic systems for the largescalegeneration
of electricity are proven technologies the limited availabili ty of useful sunlight? about 6
hours per day on averageof nameplate power generatiore and the variability of the
generated power due to cloud cover make ground solar unsuitable for providing large
scale dispatchable electrical power generation capacity. For this reason, in this
assessment of the potential of ground solar, all of the
ground solar-generated electricity is assumed to be used to
produce hydrogen fuel, just as was done with most of the _
electrical power coming from the wind farms. 'a'-:. b i U

o S
Arizona and New Mexico have a combined area of @ g e "
23,000 sqg. mi. If this entire area was 10% covered with v"yi'-'- i
ground solar photovoltaic farms? reflecting a ballpark '3:7 # .
estimate of the total land area in California, Nevada, Utah, L L il

Colorado, Arizona, New Mexico, and Texasuitable for Ground solar photovoltaiarm.
commercial ground solar installations? the nameplate
electrical power geneiation capacity would be roughly B,400 GW,. (However, this would
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This140 acre solar photovoltaic farm at Nellis Air Force Base, NV, illust
how roughly 60,000 sq. mof the American southwest would appear wii
ground solar systemsovering 25% of the open flat landand used by
ground solar farms, unlike wind farms, cannot be used for other purpose

only be produced, on average, abou®6 hours per day and, then, only on sunny days.) On
an annual basis, this large area of sar arrays would produce about 29million GW -hrs of
electricity. W hen convertedto compressed hydrogen, about 53 @BTU per year of fuel or
53% of the needed U.S. 2100 total of 100-8TU per year would be produced.

While covering all the relatively flat land in these seven states with solaphotovoltaic
systems is theoretically possible, it is unlikely to be acceptable as such usanlike wind
farms, would curtail most other economic use of this land. If, however, 5% of the total
suitable land was permitted to be used, the resulting ®,000 sqg. mi. of ground solar arrays
would produce 134 Q-BTU of hydrogen per year alittle over 13% of the U.S6 &nual
need in 2100Contrasted with the approximately 23000 sq. mi. of wind farms required ©
produce 1 QBTU of hydrogen fuel, ground solar photovoltaicwould produce 1 @BTU on
about 4,400 sq. mi."?

As with wind farms, an estimate of the scale of construction operations of ground
solar farms can be made. The 59,000 sq. mi. of ground solar photoltaic would require
the installation of 1.6 billion of the pedestals shown in the accompanying photographs.
Assuming the intent is to complete installation of the solar farms by 2050, from 2020
2050 about 2,000 sq. mi. of the ground solar systems wouldeed to be built each year*
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This would involve the installation of about 52 million pedestals and associated
infrastructure each yearrequiring an installation workforce of over 500,000. With a 30-
year economic life, a like number of pedestals and associated infrastructure would need
to be repaired or replaced each year starting in 2051.

Estimates for the worldwide use of ground solargenerated electricity can be
extrapolated from these estimates forthe United States using the 0X U.S.rule of thumb.
The annual hydrogen fuel production would be 134Q-BTU or about B3% of the annual
world need in 2100. The total area T covered worldwide would be about 6®,000 sq.
mi. This would likely be spread over an area the size of the continental United StateS.he
total world ground solar photovoltaic construction efforts woul d involve the installation
of 530 million pedestals and associated infrastructure each year.

Land biomass-generated fuel

In 2005, the U.S. Departments of Energy and Agriculture released a report summarizing

the sustainable biomasspotential of the United States from both cropland and forestland.
UsingOEEO 5838 Ci OAOT I AT O OOOAUBO AT 1 Amae®ET T h
to provide 5.4 Q-BTU or 5.4% of the sustainable fuel needed by 2100. (Note: These
sustainable fuels come in a variety of forms, includng alcohol, biodiesel, methane,

combustible solids, and chemical process precursor3

The United States has about™ 1 £ OEA x1 Ol A&
permanent cropland and aboutslr 1T £ OEA x1 Ol A6 O
the projected U.S. biomass fuel production, 2.0 Q-BTU was from
agricultural resources and4.4 Q-BTU was from forest resourcs.
Assuming comparable production efficienciesand land use
constraints throughout the world , by 21000 EA x 1 Ol Ad O
sustainable fuel production from biomass is estimated to be 105
Q-BTU from agricultural resources and 57Q-BTU from forest 2
resources fo a total of 162Q-BTU. This would provide about 5% R—
i £ OEA xi 01 AB0 Of OAl A&OGAI O 1 AAAARSEIMHSPING g

collected.

The area of the U.S. cropland totals about 680,000 sqg. mi. The
cropland area required to produce 1 QBTU of fuel is about 57,@0 sq. mi.”” This compares
with the estimated 23,000sq. mi. for wind and 4,400 sqg. mi. for ground solar
photovoltaic.

(Note that these land biomass estimates did not address algae biodiesel or halophyte
based biomass production, discussed later in this paper.)
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Summary of conventional, terrestrial, sustainable energy supplies

The tables and figures of the following pages summarize the results of this assessment of
the future potential of conventional terrestrial sustainable energysources

Table2 ¢ Potential for Conventional, Terrestrial, Sustainable,
Dispatchable Electrical Power Generation Capacity in 2100

United States

GWe

Nuclear

Percentage of
2100 Need

World

Percentage of
2100 Need

Geothermal

Hydroelectric

Wind

Ground solar

Land biomass

Total

2100 Need

2100Deficiency

-
Projected U.S. conventional,
terestrial, sustainable, dispatchable
electrical power generation capacity
and deficiency in 2100
10.00%
8.60% m Nuclear
B Geothermal
6.20%
‘ Hydroelectric
0,
5-80%, Wind
m Deficiency
69.60%
. /
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Projected world conventional,
terrestrial, sustainable, dispatchable
electrical power generation capacity

and deficiency in 2100
10.00%
10.80%m Nuclear
)— m Geothermal
Hydroelectric

20.60%
= Wind
@ Deficiency

52.80%
5.80%
. /




Hydroelectric

2100 Deficiency
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Table3 ¢ Potential for Conventional, Terrestrial, Sustainable Fuel Production in 2100*

United States

Q-BTUlyr

Nuclear

Percentage of
2100 Need

World

Percentage of

Q-BTUAT 2100 Need

Geothermal

Wind

Ground solar

Land biomass

Total

2100 Need

* These estimates do not include space solar pogtectricity-generated hydrogen or algae
biodiesel

-~

\
Projected U.S. conventional,

terrestrial, sustainable fuels
production and deficiency in 2100

8.90%

13.40%
OWind
m Ground solar

16.30% Land biomass

m Deficiency
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\
Projected world conventional,

terrestrial sustainable fuels
production and deficiency in 2100

8.90%

13.40%
OWind
m Ground solar

15.10% 1 Land biomass

m Deficiency

62.70%




The End of Easy Energy and What to Do About It

From these summariesof the energy potential of conventional, terrestrial, sustainable
energy sources the following key points are evident:

e Of the projected U.S. 2100 need fot ;754 GW; of sustanable, dispatchable
electrical power generation capacity, nuclear, geothermal, hydroelectric, and wind
would be able to supplyonly 533GW; or 31% of the need.Hence, by 2100, the U.S.
would have close to a70% deficiency in dispatchable electrical powergeneration
capacity. The situation is a little better with respect to the total world . Of the
xT Ol Ad O AwindedfdrdB4BGW,, nuclear, geothermal, hydroelectric,
and wind would be able to provide 47%. (Note: The estimate of thex I O1 A8 O
hydroelectric potential may be particularly optimistic.)

e Of the projected U.S. 2100 need for 100-BTU of sustainable fuels, wind, ground
solar, andland biomass would be able to provide 3 Q-BTU or 39%, leaving a 61%
sustainable fuels deficiency.Of the projected world 2100 need forl 003 Q-BTU of
sustainable fuels, wind, ground solar, and biomass could only meet&% of the
need, leaving a 62% deficiency(Note: Recall that most of the world fuels
production estimates are made by scaling up the US. estimate by a factor of 10
(20X), corresponding to the ratio of the world total need to the U.S. need. Hence,
the similar values for the two estimates of the percentage of sustainable fuels
DOl AGAGETT AOA A1 T OAIT U 1 ET EAAU.SHiandtnEEO AOOA
total world 6 £100 energy needs.)

This assessment of the potential of conventionalterrestrial, sustainable energy
sources indicates that, in most casesgvenoptimistic projections of energy production
from these sustainable energysources fall significantly short of the projectedU.S. and
world 2100 need for both dispatchable electrical power generation and fuels production

Perhaps even more surprising and troubling 2 is that the projected future U.S.
sustainable energy productionalso falls short of current U.S. consumption. Specifically,
the current U.S. installed electrical power generation capacity isL 076 GW.. The
projected future sustainable dispatchable U.S. geneation capacity is only 534GW,, or
aboutE A1 £ 1T £ Oity.Ahe$dn® is kuk Bi¥uelsD OT AOAOET T 8-BFU AAUGO O
per yearof primarily non -renewable hydrocatbons will be replaced by only 39Q-BTU per
year of hydrogen and biofuels? again, not much more than half of the current U.S.
consumption.

These resultspoint to the need for more options on providing future sustainable
energy sources to take the place of oil, coaland natural gas as these fuedources become
uneconomical or unavailable.How to close this critical gap in future U.S. and world
sustainableenergy sources is discussed in thaext section.
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5 - Closing the Gap in Sustainable Energy

Section focus

« Identify advanced sustainable energy sources that may, within the Zcentury,
close the remaining gap between U.S. and world energy needs and sustainable
energy resources.

e Focusing on space solar power and algae biodiesel fuel production, estimate how
these advanced solutions could be used to close the gap.

Key starting pe rspectives
This paper hasargued thesethree important points:
e TEA x1 O1 Ad O oilDdbah bnd aafudal@as iwilEbe practicably exhausted this
century meaning that, by the end of the century, the world will be living on
sustainable energy sourcessiOE OEA x1T Ol AGO OOAT AAOA 1T £ 1 E¢
much sustainable energy is available

¢ Conventional, terrestrial, sustainable energy sources are unlikely to meet current,
let alone, future United States and world needs.

e |If the United States is tosustain its standard of living and if the world is to achieve
a reasonable andincreasingly-expected improved standard of living, then
substantially additional sustainable energy sources are needednd needed soon!

The opportunity at hand

While it is certainly easy to be disillusioned by these conclusions, this need not and
should not be the case, especially in the United States. The world and the United States
have successfully undergone a compardbé transition in energy sourceswhen wood was

no longer aufficient to meet the growing needs of a rapidly industrializing world. When

the transition to coal started in earnestin the 17" century, steam power, electrical power,
internal combustion, and nuclear energywhere yet-to-be-invented new forms of energy
conversion that now power the world. For about four centuries, technological

development, economic investment, and industrial expansion undertaken to realize the
potentialof OAAOU GhavdAORCAO A &1 61 AAGET T 1T £ OEA x1 Ol A8
living and the emergence of the United States as a great power. Now, recognizing that the
end of easy energy is at handthe United Statesneeds to aggressively move toexpand
existing sourcesof sustainable energyand develop and implement new sources.
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The new golden age ofenergy industrial development

Innovation, intellectual property development, capital investment, and industrial
expansion (much of it focused on developing and exploiting easy energyhave beena
consistent source of economic prospetty for several centuries. The competition among
great powers this century for improved and new forms of sustainable energvill start in
the laboratories; move to the engineering design centers andinancial institutions; and,
be brought to fruition throug h the expansion, retooling, and start of new industries and
the building of needed new energy infrastructure. That this process works and works well
with new and demanding technologies was most recently seen with the Internet, personal
computing, and wireless communications that have, quite literally, transformed the world
in just two generations.

7TEAO EO Al AAO &£0OiIi OEEO PAPAOBO £E£ET AET CO EO
will need to be rebuilt and expanded by a factor of at least three thereby creating
significant economic opportunities across a spectrum of industries and professionsFor
example, this paper projects a world need for 11 million wind turbines. At a averageunit
installed cost of $2 million, this is a market for $22 trillion of wind products through
2050 with around $2 trillion of this in the United States. Recognizing that each of these
turbines will probably need to be replaced at least every @ years, this presents a
sustained world market need for over $D0 billion per year of wind turbine products with
$70 billion per year in the United States (The comparable value for world ground solar
installation is $3 trillion per year with 10% of this in the United States’®) Noting that wind
is estimated in this paper toprovide about7r | £ OEA x1 Ol A6O AT Aocu 1A
projection of the total value of the new investment in sustainable energy productseach
yearis over $L0trillion! Overall, by 2100 wherthe world could be consuming 280 billion
BOEn energy per year at acost of $1@ per BOE, the world will spend upwards of $28
trillion on energy each year» with virtually none of this energy supply comingfrom oil
and gas wells or coal mines.

(Note: While these cost numbers sound amazingly high, a world of 10 Hibn people

with a per capita income of $30,000? about that of Japan today would have a gross

world product of the orderof $3l T OOEI T ETI 1T ET OT AAUBO AiTil1A0OOS8
With history as a clear guide, the nations that make the critical early investments in

researchand development, leading to intellectual property ownership and industrial

development, will have the greatest opportunity to achieve substantial economic benefits

from this new era of sustainable energy# | 1T ZEAAT AA AT A 1T DBOEI EOI ET !

compete very well in areas of high technology should be the foundation of U.S. energy

policies and plans to address the end of easy energy and the beginning of the era of

sustainable energy.
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Four potential sources of neededadditional sustainable energy

The austainable energy sources discussepreviously represent generally mature
technologies that arein or nearing production today. Hence, reasonableengineering
estimates of their potential contribution to meeting the U.S.8 &dthe x T O leAefgp
needs can @ made. Additional technologies, at various stages of technology development
which have the potential to provide the world with substantial sustainable energy and fill
the supply gap left by the current sustainablesolutions, are described below. These are
areas where prudent investment in research and development caset the stage for future
successn supplying the world with sufficient energy .

1. Advanced nuclear power

Significant research and development ino new forms of nuclear energy ranging from
new fuel cycles toimproved fission reactors to fusion reactors, is underway.’’” An ideal
solution will be a family of advanced nuclear power generatorsscalable from a few kW,
to GW,, with acceptablesafety,environmental impact, security, non-proliferatio n, and
long-term affordable fuel supplies. Thesecould provide distributed electricity and
thermal energy for homes, transportation, businessesand industries. In this regard, two
specific nearerterm approacheswarrant discussion.

Small, mass-produced fi ssion reactors

Mass production substantially reduces the unit cost and increases the quality of even
complex technological products? laptop computers, for example. Recent efforts to gain
this benefit for nuclear reactors have focused on the development of maller reactors in
the 1025 MW ¢ power output range that would be capable of being fabricated on
production lines and shipped by standard transportation modes to the customer. Like
conventional nuclear reactors, the fissile material in these small reactors provides a heat
source that would be used directly for industrial processes such as heating oil shale to
drive out the oil or thermally -powering the chemical reactions needed to convert biomass
into fuel? or to produce steam todrive turbines to generate electricity.

The potential advantages of thesesmall reactorscould include:

e Baseload thermal and/or electrical power scalable (by adding additional modules)
to meet the energy needs of government, commercial, and residential customers
located away from conventional electrical powergrids;

e Continuous standalone operation for several years with little-to-no direct
maintenance action;
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Burial of the reactor to provide earth isolation of the unit to absorb secondary
thermal energy lossesand radiation, to prevent casual vandalism of the eactor,
and to make theft of the reactor more difficult ; and,

In some designs, ncreased fissile material burn rates enabling more efficient
enriched U-235 fuel useresulting in less need for fuel reprocessing

The possible disadvantages of tlesesmall reactors could include:

The need for significant quantities of surface water to condense the steam used to
power electricity generation;

Potentially inefficient fissile material usage with reactor designs that cannot be
controlled to better match power generation with demand;

Production of nuclear waste that requires secure transporfrom remote areasand
secure storage;

Remote and continuous security needed to prevent theft of thereactor or its fissile
material or waste to use in dirty nuclear bombs, espeally if plutonium is used in
the fissile fuel or should the reactors be located in norrsecure parts of the world;

Competition for limited uranium supplies for conventional commercial reactors;

Commercial production and processing of plutonium if this is used in the fissile
fuel,

Safety, legal, and financial consequences of nuclear safetglated design and
manufacturing flaws discovered through usage after potentially hundredsto-
thousands of units of the same or similar designshave been installed; and,

Significant time required to achieve nuclear regulatory approval for routine
installation of thousands-to-tens of thousandsof these reactorsif this small
nuclear reactor approach is to make a significant contribution to future U.S. and
world sustainableenergy needs.

Thorium fission reactors

One isotope of thorium, Th-232, is a fertile nuclear fuel that reacts with slow neutrons
produced in a reactor to become temporarily radioactive and then decaginto another
longer-lived radioisotope of uranium, U-233.The decay of U233 provides the neutrons
that then convert more Th-232 into U-233.This coupling of the fertile Th-232 and the
fissile U-233 forms the basis of thehorium fission reactor design that breeds the
additional U -233 while thermal energy is beig produced to drive steam turbines.This
breeder reactor approach is comparable to using neutrons to convert the fertile U238
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into plutonium Pu -239 but without the potential of breeding nuclear weaponsuseful Pu
239.

India, with significant domestic supplies of thorium but lacking sufficient domestic
supplies of uranium, is one of the leading countries in developing commercial thorium
reactors. They are currently working on a 600 MW, thorium reactor design that uses
bl 001 TEOI AO OEA ETEOEAI OOAAA é&33adtiedorium
is converted to U-233. Other designs use enriched k235 as the initial neutron source.
Eventually, U-233 will be stockpiled for this purpose.

While significant further engineering development of the thorium reactor design is
needed, this reactor design has the potential to augment or replace conventional k235
reactors due to improved reactor safety conditions, reduced potential for prdiferation
risks, increased supplies of a plentiful thorium fuel source, and reduced longterm waste
management issuesHowever, a with any large-scale use of radioisotopes for energy
production, theft of nuclear materials for use in dirty bombs remains asecurity risk
proportional to the number of reactors in use and their use in non-secure parts of the
world.

2. Algae-produced biodiesel fuel

Algae-produced biodiesel usesstrains of algae that when triggered by environmental
stress such as nuient and nitrogen deficiencies,internall y produce and store
hydrocarbons in the form of lipids and fatty acids.’® The key to the industrial-scale
production of algae biodiesel involves the sustainable
growth of selectedalgaestrainsin an isolated
environment; the ability to harvest the algae and
extract the oil; and, the conversion of the oil into

useful forms such as biodiesel for transportation use,
jet fuel for aircraft, and plastic precursors for
manufacturing. The production of algae biodiesel will
also yield large supplies of proteinrich animal feed

and food supplementsor a source of sugars for ethanol
production .

Research conducted over two decades by the U.S. National Renewable Energy
Laboratory (NREL) points to potential yields of 15,000 gallons of biodiesel per acreper
year (equivalent to 19,000 BOEper sq. mi. per yearwith 100% land usé under closed
environment conditions with carbon dioxide (CO2) augmentation, temperature control,
and nutrient control to enhance growth.” Current commercial efforts with shallow, open-
environment ponds in warm climates estimate yields ofabout 4,000 gallons of biodiesel
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per year (equivalent toabout 82 BOE per acre per year 062,000 BOE per sg. mi. per year
with 100% land use)® (Note: Suchponds generally require plastic, rubber, or clay linings
to contain the water and the land must be, of course,
leveled. These ponds may also be susceptible to
extreme weather conditions, such as freezing
temperatures or excessiveaainfall, which may impact
production. Suitable water sources to replace water lost
through evaporation is also an issue.

Researclers in closed environment algae biodiesel
production seethe potential to significantly increase :
the yield compared to open-pond growth. This is Commercial algae farm currently in u:
expected to be achieved through the further optimization for nonenergy algae production.
and/or genetic modification of the specific algae to be used combined withclosed
environment designs that increasethe ratio of growing surface area to land areacontrol
the temperature and humidity , and augment CQ,. (Note: Algae growth occurs in the top
0.25 inch of the water. This means thatincreasing the surface area exposed to sunlight
and not total water volume, is the important engineering design metric.) Speculationas to
expectedproduction yields from closed environment algae biodiesel production rangs
up to 1,000 gallonsper acre per year(1 3million BOE per sq. mi. per yea}.®" (Note: The
extension of limited, highly-complex researchclosed environment experimentsto
production facilities covering thousands of square miles may not be practical due to
equipment installation , maintenance demands and selfshadowing of the growth
chamberslimiting broad area sunlight penetration.)

Using the current commercial estimate of 4,000 gallons of biodiesel per acre of warm
climate, open ponds, satisfying the remaining U.S.2100need for 616 Q-BTU of
sustainablefuel production would require, with 100% land use,about 203 000 sqg. mi.
(equal to 77% of the state of Texas)f open algaeponds.®> The x T O ireln@idng need for
618Q-BTU of fuel would require, with 100% land useabout 2.0 million sqg. mi. (equal to
about two-thirds of the continental United States) of open algaeponds.®* As shown in the
summary tables at the end of this section open-pond algae biodiesel may become a
predominate form of U.S. and world sustainable fuels production.

(Note: The potential use of large scale closedenvironment biodiesel production is
discussed later in this section, as well as in Appendix 2 of thipaper, in association with
the use ofspace solar powerprovided electricity to produce sustainable hydrogen fuel
and power the closedenvironment algae production.)
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3. Halophyte -produced biomass fuel

Halophytes are plants that can growin or with
saltwater irrigation .>* The large-scale leveling and
saltwater irrigation (upwards of 4 feet per year)of
desertsto provide new agricultural lands to grow
conventional crop halophytes has been proposed”
Coastal deserts along eastern Africar deserts and arid
land in the southwestern United States, as examples,
may provide a suitable location forcommercial eet ;
halophyte agriculture. The harvested halophytesonce One type of halophyte.
dried, would be converted into a variety of fuels just as

would be undertaken using more conventional agricultural and forestland biomass.

With irrigation and nutrient supplements, halophyte production optimized for fuel
biomass iscurrently estimated to yield, from oil -bearing seed,up to 5 BOE per acreor
only 3,000 BOEper sq. mi. per year®® The conversion of the remaining biomass into
ethanol would, perhaps, double the total BOE yield. @mparison with the warm-climate
open-pond production of algae biodiesel,addressed above, shows thaturrent halophyte
fuel production is substantially lower by a factor of roughly 10 Hence, current halophyte
fuel production may be suitable for developing areas of the world, especially if
undertaken in conjunction with halophy te food production, while further research into
halophyte fuel yield improvement continues. In the near term, however, it is likely that
food production will be the primary initial emphasiswith halophyte agriculture as the
x T O lgdwing population, espeially in developing nations, will require more food .

History has clearly shown that agricultural productivity responds well to research. Just
as continued research into improved algae biodiesel close@nvironment production may
be expected to achieve significant output increases, the same should be expected for
halophyte fuel production. With suitable advancements, halophyte fuel production may
provide another source of sustainable fuels production that is costcompetitive with oth er
more mature alternatives.

4. Space solar power

Space solar power involves placing large platforms in geostationary orbit to convert
sunlight into electrical energyand transmit this energy to large ground receiving
antennasfrom which the electrical power is provided to electric utilities. Discussedin
greater detail in Appendix 2 of this paper, the sustainable energy potential of space solar
power is summarized in the following:
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e Each SSP platform would provide 5 GW
of dispatchable electrical power
generation. The nature of SSRenables this
energy to be providedcontinuously, 365
days per year /24 hours per day with the
exception of a few hours at the spring and
fall equinox, at local midnight, when the
DI AO&EI Oi 6 AT OAO OEA

260 OEAAT x8.
B s =
e Each SSP platform in space would be
linked by a transmission beam to a
rectenna on the ground that converts the

transmitted energy into alternating current to feed electrical utility power grids.

lllustration of SSP platform in GEO transmit
energy to the ground receiving antenna.

e Each SSP rectennancluding the safety zone,will cover about 79 sqg. mi.

e In addition to 5 GW of electrical power capacity, each rectenne®d O1T 1 AO AT AOCU
E Ol Avbull &hare its land with a large greenhouse providing a closed
environment for the production of algae biodiesel. Each rectenna would have the
annual capacity to produceh x EOE OT A A U a&bbut B @-BTUIpérjeqrE A O h
of biodiesel and hydrogen fuels (with the hydrogen being produced usingexcess
off-peak electricity from the rectenna).

e The combination of baseload electricity and fuels production would enable
countries that are otherwise energy poor to become significantly, if not entirely,
energy selfsufficient while requiring, when compared to other renewable energy
alternatives, a modest amount of land. This could be very important for developing
nations with growing populations concentrated in large cities needing sustainable
energy supplies

To fill the gap in dispatchable electrical power generation capaciy left by current
sustainable energy sources,£4 and 1 854 5-GW, SSP systems woul be neededfor the
U.S. and the total world, respectively®’ These would provide 0% and 8% of the
dispatchable electrical power generation needs of the United States anthe entire world,
respectively®®

An important question is how land energy efficient is the SSP approachThe rectennas
and surrounding safety zones woudl cover 8,350 sq. mi. and 14,000 sq. mi. for the
United States and the world, respectively?® This represents less than 10% of the combined
wind farm and ground solar areas previously identified for both the United States and the
world? 233,000 sq. mi. for the United States and2,33,000 sqg. mi. for the world? while
providing 70% and 3%, respectively, of the United States and world dispatchable
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electrical power generation capacity® In addition to providing dispatchable electrical
power, SSP is much more land use efficienthian either wind or ground solar.

The further advantage of the SSP rectenna approach is that the land under the
rectenna and the surrounding safety zone can be used for yeamound closed-environment
algae biodiesel production and hydrogen production.If 67% of the area under the
rectennasand surrounding safety zoneis usedin this manner and if 90% of the excess
off-peak electrical power is used to produce hydrogenat current production technology
levels, 24% of the Unites States fuel 2100 needsnd B T £ OEA x1 Ol A6 O
could be met by the biodiesel andhydrogen produced at these solar energy islandg!
(Note: A modest amount of hydrogen could also be produced by nuclear poweand non-
reservoir hydroelectric during off-peak times. This is not included in this estimate.)

Warm -climate, open -pond algae biodie sel

With the addition of the SSP fuels production, the United States and the world are still
left with a fuels production gap of 37% and 4%, respectively?” This could be filled by
expanded wind, ground solar, or space solar power with all of the additional electricity
being used to produce hydrogen.Open-pond algae biodiesel, however, appears to offer a
better alternative becausethe produced fuel is more readily stored and transported than
hydrogen and can be used for a variety of transportation and industrial uses that
hydrogen would be less suited, e.g., jet fuel and chemical industry feed stockOpen-pond
algae production is expected to require less capdl investment per Q-BTU of production
capacity. Filling this fuels production gap with open-pond algae biodiesel wouldrequire
122800 sq. mi. in the United States and1 5 million sq. mi. in the world .*

The following two tables summarize the sustainable dspatchable electrical power
generation and fuels production potential of SSP as well as the sustainable fuels
production of algae biodiesel for closing the 2100 energy supply gap.
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Table4 ¢ Potential for Sustainable,
DispatchableElectrical Power Generation Capacity in 2100

World

Percentage of
2100 Need

United States

Percentage of
2100 Need

Nuclear

Geothermal

Hydroelectric

Wind

Ground solar

Land biomass

Terrestrial
Total

SSP

: 7 7
dispatchable 1,220° 9,270°
SRR (244 SSP 69.6%6° (1,854SSP 52.8%6°
generation platforms) platforms)
capacity
Total 1,754 100.0% 17,546 100%
2100 Need 1,754 100% 17,543 100%
4 . . . _
Projected U.S. sustainable, Projected world sustainable,
dispatchable electrical power dispatchable electrical power
generation capacity w/SSP in 2100 generation capacity w/SSP in 2100
47.20%
30.40%
B Terrestrial m Terrestrial
sustainable sustainable
244 SSP 1,854 SSP
/ platforms platforms
69.60% 52.80%
- J N /
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Table5 ¢ Potential for Sustainable Fuel Production in 2100
with Space Solar Poweand Algae Biodiesel

United States World

Percentage of Percentage
BV 2100 Need Bl of 2100 Need

Nuclear
Geothermal
Hydroelectric
Wind
Ground solar 134

Land biomass 16.4%4 16.3% 157188 15.1%
Conventional
Susainable 38.7 38.6% 374 37.3%
Total
SSP rectenna 24 4% 01 186" 91
: 24.3% 18.9%
provided fuet (244 SSP’ 0 (1,854SSP’ °
A(ch}aBeT*L"/‘;';fe' 37.0% 37.1982 443 44.298°
Total 100.3 100% 1,003 100%
2100 Need 100.3 100% 1,003 100%

* Closedenvironmentalgaebiodiesel @.5,000 gallons per acre per year plus hydrogen production
using90% of theexcessff-peak electricitfassuming 95% SSP availability)

** \Warm-climate, openpondalgaebiodiesel @ D00 gallons per acre per year

4 ) 4
Projected U.S. sustainable fuel Projected world sustainable fuel
production w/SSP fuels and algae production w/SSP fuels and algae
biodiesel in 2100 biodiesel in 2100
38.60% @ Conventional 44.20% 37.30% @ Conventional
37.10% sustainables sustainables
SSP €& SSP &
biodiesel + biodiesel +
hydrogen hydrogen
Openp(.)nd' Openpond
04 30% algae biodiesel algae biodiesel
. 0 0
) 9 18.50% )
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Required land use

The estimatesof the magnitude of the potential energy available from sustainable energy
sources, fromAppendices 1 and 2f this paper, include estimates of the land area
required. These estimatedor the United Statesare sunmarized in the table below.

In the United States, approximately 2% of the surface area of the lower 48 states
generally constrained to relatively flat land? would be dedicated to sustainable energy
production . This is nearly 4 times the area covered byhe 5 Great Lakes" For the entire
world, the required land area totals nearly 4 million sq. mi., an area larger than the
continental United States. Quite literally, the forthcoming shift from oil, coal, and natural
gas tonuclear and, particularly , renewable energy sources will dramatically recast the
appearance of the world. Large, humanmade structures of wind turbines, ground solar
arrays,SSPrectennas, and algae ponds will cover significant areas of the landnd
coastline.

Of the renewable energy optons, however, the SSPrectennas areone of the most
land-efficient in terms of the production of renewable energy per sg. mi. of land 100%
used.The needed 244SSP receiving antennas would only require little less than 20,000
sq. mi. or about 0.6% of the continental U.S., while providing nearly 70% of the
dispatchable electrical power generationcapacity and about 244 of the sustainable fuels
production capacity in the United States by 2100.
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Table6 ¢ Summary of U.S. Land Aréequired by Sustainable Energy Sources

Areal100% Used

for Sustainable ———~————
" Energy % of CEJorétlnental Dispatchable

Production Electrical Fuels
(sg. mi.) Power

% of 2100 Energy Supplied

Nuclear*

Geothermal **

Hydroelectric *** -- ~0.0% 6.2% --

Wind***+ 173,667 5.6% 5.8% 8.8%
Ground solar 59,0002 1.9% - 11.1%
Land biomass A 16.4%

S pEiEE SOkl v 19.34F° 0.6% 69.8% 26.8%

rectennas
Algae(operpond) 122,832% 3.% - 36.9%
Total 3756665s0. mi. 12.0% 100.3% 100%

* Assumes 3 sq. mi. per reactor; excludes waste disposal, fuel processing, and mining

* Assumes 8 MWaverage geothermal power plant size and 10 acres per plant

*** No specific land area is definddr hydroelectricas this varies significantlepending on the specific
installation.

**** Includes both land and offshore wind farms.

* All cropland and &bccessible forestland are used faelsbiomass productioper Department of
Energy/Department of Agricultuneeport cited in Appendix 1 of this report
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6 - Summary

4EEO DPADAOG énd énAclusiof=aie Asked iqite Executive Summary. If the
reader has not already done so, reviewing these after reading the paper would be
worthwhile. Hence, instead of focusing on the specific details identified andindings
uncovered in this paper, it isbestto wrap up with an awareness of the need to accept
these important points:

1. The era of easy energwill end this century.

2. Predictions of how long the recovery of easy energy sources will remain
economically manageable in the United States cannot be magl with any reasonable
certainty, as the recent dramatic increases and declines in the price of oil illustrate.

3. A forward-looking U.S. energy policy and implementation strategy must aggressively
emphasize:

o0 Expanding proved domestic reservesand production capacity of accessble
oil, coal, and natural gas to minimize shortages and keep consumer energy
prices affordable while sustainable energy production scales up;

o Developing and rapidly implementing prudent energy use efficiency
improvements to reduce per capita energy us¢o minimize t he needed
investment in sustainable energy infrastructure; and,

o Developing and rapidly building sustainable energy sourceso take the
place of easy energy and achieve U.S. energy freedom of action.

4. Developing sustainable energy sources must be undertaken in well-reasoned
manner so that vital economic, industrial , and natural resources are not wasted on
solutions that will not maximize sustainabledispatchable electrical power
generation and fuels production .

5. While conventional nuclear and terrestrial renewable energy sources will be anajor

part of the solution, these alone will not be able to meet reasonable U.S. and world

needs for sustainable energy. Bsent asignificant expansion of advanced nuclear

energy or the substantial ise of undersea methane hydrateshe development of

space solar poweland the wide-scale industrialization of space must be a vital part

I £ OEA 583860 AT A OEA x1 01 AG6O OOAT OEOEI T OIl
6. In terms of the scale of investment, new business formation, jobs creation,

technology advancement, and intellectual property development, the new era of

sustainable energy will be the massive technological and economic powerhouse of

the 21st century an opportunity Americans cannot let pass by.
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Appendix 1. Assessing the Potential of Current Technology
Sustainable Energy Sources

Family of current technology sustainable energy sources assessed

This appendix estimatesthe energy production potential of sustainable energy sources
that use current technologiesenabling their use to be quickly expanded. The
conventional sustainable energy technologies addressed are: fission nuclear energy,
geothermal, hydroelectric, wind, ground solar electric, andland biomass

For each of thesesources the likely sustainablesupply potential of dispatchable
electrical power generation and fuels production capacity in the United States and the
entire world is estimated. At the end of thisappendix, these estimates arsummarized
and compared with the estimates of the U.S8 &hd the world & Z100 needs for dispatchable
electrical power generation and fuels production.(Note: The estimates and related
findings in this appendix were summarized in Section 4 of the paper.)

Projections of U.S. and world energy needs in 2100

The following table, developed in Section 3 of the papersummarizes the 2006actual and
projected 2100dispatchable electrical power generation and fuels production for the
United States and the world. The 2006-2100 growth in U.S. energy needs is entirely due to
population growth while the growth in world needs is due to both population growth and
increased per capita energy use.

United States and World Energy Use in 2006 and Energy Needs in 2100

Dispatchable
Electrical Power Fuels Production Capacity
Generating Capacity (QBTUlyr)
(GW) (2006/2100)
(2006/2100)

100/ 162 1,076/ 1,754 62 /100
472 11,624 4,000*/17,543 292* /1,003

EntireAnnual
Use/Need

(Q-BTU/yr)
(2006/2100)

United States
Entire World

* Estimated values as discussed in Endiédte

L

Comventional fission nuclear electricity

Today, 439 commercialnuclear reactors are operatingworldwide .*> In 2005, these

producedabout 5 | £ OEA x TalpbwkS®@nd Arovilddl 352 BW,*° or about
9%, of the installed generating capacity’’ Thesereactors primarily use U-235 as the fissile
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isotope to generate heat to boilwater to produce steam to drive a turbine electrical
generator. A typical new nuclear reactor produces about 1 GW. Nuclear power plants are
dispatchable and because of the high costgenerally are operated continuously providing
baseload power

Meeting the x T O ledtite Qispatchable electrical power generation needsof 17,543
GW, in 210Q using conventional nuclear power, would require upwards of 17,543 GW,
reactors (with 1@M% availability). To supply the additional
1003 Q-BTU per yearof fuel would require an additional
61,300 :GW, reactors (with 100% availability) to produce
electricity to electrolyze water into hydrogen.®® The total
number of 2GW, reactors neededin 2100 would beabout
78,000.%° In the United States,about 7,800 :GW,reactors K
xI Ol A AA OANOEOAA OOEiI ¢ OEEOQ!
51 EOAA 30AO0AO xT O1I A TAAA YI

For newer reactor designswith an expected60-year Commercial nuclear plant
operational life, between 2020 and D79, each yearan average with 2 reactors.
of roughly 1300 reactors would need to be brought into operation worldwide.**®Once
this initial cycle of construction is completedin 2079, a comparablenumber of
replacementreactorsand associated facilitieswould need to be made operational each
year, starting in 2080, to replace the first reactorsas they reach the end of their
operational life.

Even though the construction of nuclear reactas has slowed in recent decades
stopping in the United States? research intoreactor designs,fuel choices and fuel burn
cycleshascontinued.!®*The primary issues associated with the expanded use dission
nuclear power include: plant siting, water for cooling and associated environmental
considerations, fuel supplies, waste disposakeactor retirement and disassembly
security, nuclear weapon nonproliferation , safety validation of new fuel cyclesand
reactor designs and environmental and safety risks associated with the initial enrichment
and later reprocessing of the fuel

While nuclear power remains an attractive sustainable energy source, the primary
constraint with current accepted fission technology is the long term supply of the
uranium fuel. The7 T O1 A %1 A O QWECGH 200YiSéveyiofcE@ergy Resources
estimates that O Gdl cdnventional and unconventionaldland sources of uranium could
sustain the x T O Icdrénd 352 GW. of installed capacity»> providing the equivalent of 300
GW, of continuous generation'®% for 675 years:**Extrapolating from this estimate,

78,000 GW, of installed capacity could be sustained forless than3years®*
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Obviously, different fuel supplies and/or fuel cycles are requiredto support a
substantial growth in the worldwide use of nuclear power. However,a more modest
increase in the number of nuclear reactors could be supported by available land uranium
reserves and would provide the nuclear industry with an important bridge to improved
future nuclear capabilities. ThHE O D A®lneduse of nuclear power to supply 0% of
OE A x tispatohdbl®generating capacity in 2100 would requireabout 1,754GW, of
nuclear electric capacity. Of this total? recalling that in 2100 the U.S. is projected to use
about®r 1T £ OEA x1 Ol?A®GCWOfIndrikdr elektrickapgeliywould need to
be in operation in the United States. (This is an increase from 104 reactors currently
operating in the U.S.) World uranium reservesshould be able to sustain the neededuel
supply for these 1,754GW, for 116/ears providing sufficient time for more advanced
nuclear systems to beproven and brought into operation. *°°

From 20212180, an average @3new :GWe reactors would need to bebrought into
operation each yearworldwide, with a comparable number of replacement units needed
starting in 2081'°This number of new reactors, presuming the use of a reasonable
number of unique reactor designs, should not overload the necessary regulatory approval
processrequired for public acceptance ofexpandednuclear power.

Hot-rock geothermal -generated electricity

Hot-rock geathermal involves extracting hot water or steam from deep underground?
generally 25 km deep? and using this as the heat source to power electrical generators.
The typical geothermal plant, producing only 5-8 MW, is much smaller than typical
thermal power plants. However, areas with unusually high heat flow rates, such as above
suspected magma pockets in volcanicallyactive areas, can support plants up to 270 MW
in size.!”’

The primary issues associated with the usefo
hot-rock geothermal energy include accessibility
for drilling the wells and building the plant ,
potential damage from earthquakes the low heat
conductivity of the roc k, connection to the utility
grid, the presence ofunderground water, ground
permeability, and sufficient surfacewater to inject
into the ground. The latter four are of greater
importance.

Geothermal power plant.

While the temperature of rock deep
underground is high, as shown in the mapbelow, the heat flow rate through the rock to
replace heat extracted by the gethermal plant is low. (Rock is generally considered to be
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Map of the United States showing areas pbtential, but not necessarilyexploitable
geothermal energy. The map is of the subsurface temperatd&® underground.

a thermal insulator.) Sustained geothermal power generation requires that the heat
extraction rate be balanced to the makeup heat flow rate.

As a measure othe challenge presented in exploitinggeothermal energy, sunshine
delivers about 1000 watts per square meter. In areas ofO E E C Erdck gebti@rmal
energy potential ? outside of anomalous magmaheated areaghat drive hot springs and
geysers subsurface heating rates are typically0.08-0.11watt per square meter evenat 5
km underground .’°®The heat extracted from a1 underground area oneacre in sizecould
only generate enoughelectrical energyto power a single 100watt light bulb. *°°A
geothermal generation plant producing 58 MW, would require heat extraction from an
underground area coveringabout 100 sqg. mj, if spread out horizontally. **°

Most current geothermal plants are built to exploit the relatively limited number of
anomalous areas where the subsurface heat flow rates are much highdue to the
proximity to subsurface pockets of magma Largely for this reason, current U.S. and
worldwide geothermal generation capacitiesonly total about 3GW, and 10GW,,
respectively.**One half of the U.S5 t6tal geothermal generation capacitycomes from one
such anomalouslocation in California? The Geysers

A second important issueregarding the practicality of harvesting geothermal energy
is the ability to get the generated power to the customer. In many locations, bng
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distances and difficult terrain can make building and maintaining the transmission lines
costly compared to the modest value of the energy producedoy an average 58 MW,
plant. Hence, in some parts of the world,without the larger power plants associated with
anomalously high levels of geothermal energytransmitting geothermal energyto
customersmay not be profita ble.

An important consideration in tapping geothermal energy is the permeability of the
rock. If the rock is permeable and already holds steam and/or water, then extracting heat
to run the generators is fairly easy. Where the rock is hot but soli@ which is the
situation in most areas shown onthe preceding map? then fracturing the rock using high
pressure water is required. This technology, drawing on oil and natural gas extraction
methods, has not yet been shown to be practicafor geothermal energy. Hence, large
areas of potential geothermal energy are not yet exploitable.

A final consideration is the need fora constant supply
of surface water to sustain heat extraction where the rock
temperatures are high enough to create stean# Al E £l O
The GeyserskGW, geothermal generation systemuses
18.5 million gallons of water each dayto sustain the
necessary steam generationi*Many arid parts of the world
with high geothermal potential may lack the surface water
necessary to extract the heatln some cases, closed loop
systems can be employed to minimize the amount of
surface water that must be usedHowever, these plants
would appear to require greater capital investment and
maintenance.

Onegeothermal plant at
The Geyserm California

In 1978, the U.S. Geological Survey estimated the total identified and undiscovered
geothermal electrical power generation potential in the United States at 95150 GW.'*
The upper value is used in ths paper as the dispatchable gedhermal power generation
potential for the United States in 2100This would provide about 9% of the needed U.S.
generation capacity of 1,754 GWin 2100.To reach this goal will require an expansion of
current U.S.geothermal capacity bya factor of about 50 (50X)

In recent years, fve separate estimates, as reported by the International Geothermal
Association, have been made of the worldwidegeothermal electrical power generation
potential. ***Assuming that, optimistically, 75% of the average of these estimates could be
achieved by 2100, the total geeration capacity would be 1 889 GW,'3 comparable to the
1,754 GW; of nuclear power assumedfor 2100 This would provide about 1% of the
neededworldwide generation capacity for2100 and would result in an expansion of
current worldwide geothermal generation capacity by a factor of about190(190X)*°
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(Note: Geothermal energy can also beised directly for space, water and low
temperature industrial process heating. In addition, near-surface geothermal heat pumps
are alsoincreasingly being used to replace standard heat pumps, gasand oil-fired space
heaters, and air conditioners. This use of geothermal energy is natlirectly addressed in
this assessment but is assumed to contribute to the reduction in per capita energyse,
discussed earlierbrought about by improved energy use efficiencies.)

Hydroelectric ity

Hydroelectricity is a well-proven technology primarily used to meet daily and seasonal
peak electrical powerdemands There is substantial untapped hydroelectric potential,
mostly in the developing world. The primary issues include: the environmental impact
associated with the storage and release dhe water, the disruption of local populations
and environment caused by the creation of the storage lakeand the potential loss of
generation capacity due to longterm drought. Hydroelectric power plants are
dispatchable andcan range from a few MW, to several GW.. One hydroelectric plant with
a generation capacity ofup to 50 GW, has been proposed for the Red Sea

A variant of hydroelectric power is pumped storage Water is pumped into elevated
lakesusing excessonventional electrical power at night and on weekendsand then,
when peak electrical power is needed, the water flows down through a generator to a low
reservoir or river. About 80% of the electricity used to pump the water can berecovered
to meet peak demands.The primary limitation is the topography of th e land that enables
elevated storage lakesvith sufficient capacity to be built. Most useful pumped storage
locations in the United States have been developed.

The current U.S. hydroelectric generationcapacity is 77.6GW.. One U.S. Department
of Energystudy cites the potential for the development of an additional 30 GW, of
hydroelectric capacity in the United States, primarily through small-to-medium scale
dams’Assuming that all of this additional potential is developed, in 210Q the total U.S.
hydroelectric generation capacity would be approximately
108GW,, or about 6% of the neededdispatchable electrical

power generation capacity '

The WEC 2007 Suvey of Energy Resources estimates ‘
OEAO OEA x1 Ol A0 OAAET EAAIIT U
production is 5.494 million GW -hrs per year**Worldwide
installed hydroelectric capacity, as of 2005was778 GWe,
producing 2.837 million GW-hrs per year!*Using the
technically exploitable production, the potential total world
hydroelectric generation capacity, using current technologies,

Hoover Danf2 GW).
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is about 4,500 GW,..'**The WEC estimates that about ®% of the technically exploitable
potential could be realized **The potential additional capacity is, therefore, 2,843
GW..'?*The total world hydroelectric generation capacity would then be 3,62 1GWe.
Developing this additional hydroelectric power would add the equivalent of building
about 1,400Hoover Dams *?*From 2020-2100, the hydroelectric generabn capacity of

approximately 17Hoover Dams would need to be added worldwide each yeal*®

Hydroelectricity w ould then provide about2lr T £ OEA x1 O1 A0 1T AAAAA Al
generation capacity in 2103%'(Note: This assumes no reduction in worldwide rainfall

and winter snow accumulation that enables this additional capacity.)

124

Wind-generated electricity and fuel

Wind -generated electricity is one of the fastest growing sustainable energy generation
methods. Thistechnol T CU OOA O OiEAdradDof lhrgE wididrbihes to
generatetens-to-hundreds of MW, of electricity for electrical power consumers

U Wind turbine electrical power overview

A typical land wind turbine consists of a mast 2®-ft tall with 3 bladesspanning a
diameter of 240 ft. It weighs about 265 tons An electrical generator housed in the hub
converts the rotational energy of the blades intoalternating current electricity. Buried
power lines connect the turbines in the farm with the transmission lines that carry the
i AU POT AOGAA A 1 AgEI O ©L3MWQWhid alafyerAcldiged BT x A0 1T £
turbine may produce up to 3.5 MW..
The primary issues with wind-generated electricity
include: wind farm location; ground suitability for
installation ; total land area needed;access to longdistance
transmission grids to deliver the dectrical power to the
customer; distance tothe market; electrical power quality
and the potential for creating power grid disturbances;
wind speed variability leading to a reduced potential for
generating dispatchable electrical power;visual and acousic Large commerciakind farm.
environmental disruption; and, the potential impact on birds.

i )i DAAO 1T £ OEA xET A0 OAOEAAEI EOU
Unlike nuclear, hydroelectric, and geothermal power, the amount of electricity generated
by awind farm at any particular moment is determined by the windd €peed.A modern

wind turbine is designedto operate acrossa range of wind speeds usually from 8-56
miles per hour.*”®However, OO0 AAOECI 1 0 Oltdeivaubtypkd@®o Hi xAO
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