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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,
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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 AAU 8 O
nuclear and renewableenergy production capacity every4 years.

A A~ N N =

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

e 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
NBySglotS (G2 adzadl Ayl of S Bl iRy
challenge that must be solved to, literally, keep the lights on.
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