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Abstract 

Easy energy refers to the current oil, coal, and natural gas energy sources 

that provide about 86% of the U.S.ȭÓ and the ×ÏÒÌÄȭÓ ÅÎÅÒÇÙȢ An increasing 

average world per capita demand for easy energy combined with a growing 

U.S. and world population will exhaust recoverable resources of easy energy 

ÔÈÉÓ ÃÅÎÔÕÒÙȟ ÐÒÏÂÁÂÌÙ ×ÉÔÈÉÎ ÔÈÅ ÌÉÆÅÔÉÍÅ ÏÆ ÔÏÄÁÙȭÓ ÙÏÕÎÇ ÃÈÉÌÄÒÅÎȢ Current 

sustainable nuclear and renewable energy sources provide only about 14% of 

ÔÈÅ ×ÏÒÌÄȭÓ ÅÌÅÃÔÒÉÃÉÔÙ ÁÎÄ ÍÏÄÅÒÎ Æuel needs. To meet the ×ÏÒÌÄȭÓ projected 

3X increase in energy needs by 2100, ÉÆ ÎÏÔ ÄÅÃÁÄÅÓ ÅÁÒÌÉÅÒȟ ÔÏÄÁÙȭÓ ÓÕÓÔÁÉÎÁÂÌÅ 

energy production must expand by a factor of over 24X. 4ÈÉÓ ÐÁÐÅÒȭÓ 

assessment of the energy production potential of conventional nuclear, 

geothermal, wind, ground solar electric, and land biomass finds that these 

will ÆÁÌÌ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÓÈÏÒÔ ÏÆ ÂÏÔÈ ÔÈÅ 5Ȣ3ȢȭÓ ÏÒ ÔÈÅ ×ÏÒÌÄȭÓ ΰίήή ÓÕÓÔÁÉÎÁÂÌÅ 

energy needs. To fill the substantial sustainable energy shortfall that will 

emerge by 2100 as the era of easy energy ends, space solar power and algae 

biodieselɂabsent the extensive use of advanced nuclear energy and/or 

undersea methane hydratesɂwill need to be substantially developed. Space 

solar power will be needed ÔÏ ÓÕÐÐÌÙ ÍÏÓÔ ÏÆ ÔÈÅ 5Ȣ3ȢȭÓ ÁÎÄ ÔÈÅ ×ÏÒÌÄȭÓ 

dispatchable electrical power generation capacity while hydrogen produced 

with off-peak space solar power electricity and algae biodiesel will be needed 

to fill the fuels shortfall. 
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The End of Easy Energy and What to Do About It  

James Michael Snead, P.E. 

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 possible through  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 supplies and the consequences are 

deemed so undesirable that nations will go to war to secure their energy supplies.  

Today, at the beginning of th e 21st century, the world is beginning the fifth , and likely 

final , century of easy non-ÒÅÎÅ×ÁÂÌÅ ÅÎÅÒÇÙȢ "ÅÇÉÎÎÉÎÇ ÉÎ %ÕÒÏÐÅ ÉÎ ÔÈÅ ÅÁÒÌÙ ΫΰΪΪȭÓȟ ÔÈÅ 

growth of civilization ɂin particular, the concentration of population in ur ban areas in 

cold climatesɂoutstripped the affordable renewable energy supply of wood. Coal, 

recognized from the beginning as a non-renewable resource, began to be mined to fill the 

gap between consumer demand and affordable renewable energy supplies. Technology 

advancement in mining, especially the introduction of the first steam engines to pump 

water from deep mines, provided coal producers with a production cost advantage over 

wood harvesting. As a result, tÈÅ ÅÒÁ ÏÆ ȰÅÁÓÙ,ȱ ÎÏÎ-renewable energy began, expanding to 

include oil and natural gas in the mid-ΫβΪΪȭÓȢ   

The benefits of easy energy are all around 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.g., chopping wood and gathering fallen dead wood). Those 

ÎÁÔÉÏÎÓ ÔÈÁÔ ÈÁÖÅ ÐÒÅÖÁÉÌÅÄ ÉÎ ÔÈÅ ÕÓÅ ÏÆ ÅÁÓÙ ÅÎÅÒÇÙ ÁÒÅ ÔÏÄÁÙȭÓ ÌÅÁÄÉÎÇ ÎÁÔÉÏÎÓȢ 

Developing nations, containing billions of people still living in energy impoverishment , 

clearly recognize the linkage between modern energy availability and economic 

development. Quite understandably, they are increasing their supplies of easy energy to 

stimulate economic development, raise their  standard of living, and increase the social 

and political stability of their  nations. 
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The readily apparent consequence of this on-going expansion of modern civilization is 

that the world×ÉÄÅ ÄÅÍÁÎÄ ÆÏÒ ÅÁÓÙ ÅÎÅÒÇÙ ÉÓ ÏÕÔÓÔÒÉÐÐÉÎÇ ÔÈÅ ÒÅÓÏÕÒÃÅÓ ÏÆ ÎÁÔÕÒÅȭÓ ÇÉÆÔÓ 

of oil, coal, and natural gas, just as happened with wood four centuries earlier. 

Consequently, these non-renewable energy resources will likely be exhausted this 

centuryɂperhaps withÉÎ ÔÈÅ ÌÉÆÅÔÉÍÅ ÏÆ ÔÏÄÁÙȭÓ ÙÏÕÎÇ ÁÄÕÌÔÓȟ ÃÅÒÔÁÉÎÌÙ ×ÉÔÈÉÎ ÔÈÅ ÌÉÆÅÔÉÍÅ 

ÏÆ ÔÏÄÁÙȭÓ ÙÏÕÎÇ children.  

Having foreknowledge of this coming end of easy energy, what path should the United 

States and the world prepare to follow? Should a primary reliance on non-renewable easy 

energy be blindly followed without any substantial and determined investment in 

developing replacement sources of sustainable energy? We have comparable sustainable 

objectives for food, water, housing, and security. Why not for energy?   

4ÈÉÓ ÐÁÐÅÒȭÓ ÅØÐÌÏÒÁÔÉÏÎ ÏÆ our shared energy future is based on the presumption that 

the United States and most other 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 sustainable energy production resources will be needed. For 

ÔÈÅ 5ÎÉÔÅÄ 3ÔÁÔÅÓȟ ÔÈÉÓ ÐÁÐÅÒȭÓ ÏÂÊÅÃÔÉÖÅ ÉÓ ÔÏ ÅÓÔÉÍÁÔÅ ÔÈÅ ÔÙÐÅ ÁÎÄ ÓÃÁÌÅ ÏÆ ÓÕÓÔÁÉÎÁÂÌÅ 

energy infrastructure needed to provide ÒÏÕÇÈÌÙ ÔÏÄÁÙȭÓ ÐÅÒ ÃÁÐÉÔÁ ÅÎÅÒÇÙ ÃÏÎÓÕÍÐÔÉÏÎ ÉÎ 

2100. For the world, the corresponding objective is to estimate the scale of the sustainable 

energy infrastructure required to provide, by 2100, the ×ÏÒÌÄȭÓ ÐÏÐÕÌÁÔÉÏÎ of 10 billion 

with a ȰÍÉÄÄÌÅ ÃÌÁÓÓȱ per capita energy use comparable to that of Japan, 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.S.ȭÓ and the ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ supply futures. The report coming 

back is that ÔÈÅ ×ÏÒÌÄȭÓ forthcoming transformation to a sustainable energy future is, for 

the United States, an opportunity comparable to the opening of the American west in the 

ΫβΪΪȭÓȢ )Î terms of the scale of investment, new business formation, jobs creation, 

technology advancement, and intellectual property development, transitioning to 

sustainable energy will be the massive technological and economic powerhouse of the 21st 

century. Wisely understanding and acting on this opportunity without hesitation should 

be the strongly-held expectation of all Americans and the clear objective of the energy 

policy and programs of the next presidential administration. Failing to understand and 

ÁÃÔ ×ÉÌÌ ÃÒÅÁÔÅ Á ÄÉÓÁÓÔÅÒ ×ÈÅÒÅ ÔÈÅ 5Ȣ3Ȣ ÌÉÔÅÒÁÌÌÙ ÆÁÌÌÓ ÂÅÈÉÎÄ ÔÈÅ ȰÐÏ×ÅÒ ÃÕÒÖÅȱ ÏÆ ÔÈÅ 

supply of energy needed to sustain a reasonable standard of livin g and its role as a great 

nation. 



The End of Easy Energy and What to Do About It 

4 
 

Organization of This Paper  

 Preface 

 Executive summary: TÈÉÓ ÐÁÐÅÒȭÓ ËÅÙ ÆÁÃÔÓȟ ÆÉÎÄÉÎÇÓȟ ÁÎÄ ÃÏÎÃÌÕÓÉÏÎÓȢ 

 Main paper addresses: 

o The United Statesȭ and the ×ÏÒÌÄȭÓ ÆÕÔÕÒÅ ÅÎÅÒÇÙ ÎÅÅÄÓ ÔÈÒÏÕÇÈ ÔÈÅ ÅÎÄ ÏÆ 

the 21st century; 

o The exhaustion of affordable and sufficient oil, coal, and natural gas 

supplies this century; 

o The importance and limitations of energy conservation improvements on 

ÔÈÅ ×ÏÒÌÄȭÓ ÆÕÔÕÒÅ ÅÎÅÒÇÙ ÎÅÅÄÓȠ 

o The potential  of nuclear and conventional terrestrial renewable energy 

sources to satisfy the United Statesȭ and the ×ÏÒÌÄȭÓ ÉÎÃÒÅÁÓÉÎÇ ÅÎÅÒÇÙ ÎÅÅÄÓ 

once oil, coal, and natural gas are no longer available later this century; and, 

o 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. 

 Appendix 1: Develops the estimates, used in the main paper, of the potential of 

nuclear and conventional terrestrial renewables to meet the United Statesȭ and the 

×ÏÒÌÄȭÓ άΫst century energy 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 as well as providing a substantial portion of the United Statesȭ and the 

×ÏÒÌÄȭÓ ÎÅÅÄÅÄ ÓÕÓÔÁÉÎÁÂÌÅ ÆÕÅÌÓȢ  

 Author information  

 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 been done to establish a long-term 

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

the United Statesȭ and the ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÓÕÐÐÌÙ ÓÉÔÕÁÔÉÏÎs could and, probably, must be 

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

ÔÈÅ ÐÅÒÓÐÅÃÔÉÖÅ ÏÆ ÔÒÁÎÓÉÔÉÏÎÉÎÇ ÆÒÏÍ ÔÏÄÁÙȭÓ ÓÕÂÓÔÁÎÔÉÁÌ ÕÓÅ ÏÆ non-renewable oil, coal, 

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 the new era of 

substantial sustainable energy useɂnot by choice as much as by necessity. 

The proper reader perspective, therefore, is to not become comfortable with the 

notion that we have over 90 years to solve the immense challenges inherent in the 

transition to sustainable energy sources. Therefore, wÈÅÎÅÖÅÒ ȰάΫΪΪȱ ÉÓ ÍÅÎÔÉÏÎÅÄ ×ÉÔÈ 

respect to projecting the U.S.ȭÓ and the ×ÏÒÌÄȭÓ ÎÅÅÄÅÄ ÅÎÅÒÇÙ ÓÕÐÐlies, the reader should 

ÁÄÄ ÔÈÅ ÃÁÖÅÁÔ ȰÏÒ ÐÅÒÈÁÐÓ ÍÕÃÈ ÓÏÏÎÅÒȱ ÔÏ ÍÁÉÎÔÁÉÎ ÔÈÅ ÃÏÒÒÅÃÔ ÐÅÒÓÐÅÃÔÉÖÅȢ  

One way to appreciate the challenges ahead is in terms of harvesting energy where the 

planting-harvesting cycle for significant new sustainable energy sources is 20-30 years 

long (e.g., building 500 new nuclear power plants). The United States and the world may 

only have three energy harvest cyclesɂperhaps fewerɂto make the successful transition  

to sustainable energy. Time is precious and is not to be wasted. 

  



The End of Easy Energy and What to Do About It 

6 
 

Executive Summary  

Key findings 

1. By 2100, the number of people actually using  electricity and moder n fuels will 

more than double . /Æ ÔÈÅ ×ÏÒÌÄȭÓ ÃÕÒÒÅÎÔ 6.6 billion people, 2.4 billion do not have 

access to modern fuels and 1.6 billion do not have access to electricity. As a result, a 

ÓÕÂÓÔÁÎÔÉÁÌ ÐÅÒÃÅÎÔÁÇÅ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÐÏÐÕÌÁÔÉÏÎ lives in a state of energy deprivation 

that substantially impacts health, individual economic opportunity, social and 

political stability, and world security.  By 2100, tÈÅ ×ÏÒÌÄȭÓ ÐÏÐÕÌÁÔÉÏÎ ÉÓ ÐÒÏÊÅÃÔÅÄ ÔÏ 

climb another 3.4 billion to roughly 10 billion. This means that by 2100, an additional 

5-6 billion people, not using modern fuels and electricity today, must be provided 

with assured, affordable, and sufficient energy supplies if ÔÈÅ ×ÏÒÌÄȭÓ ÃÕÒÒÅÎÔ energy 

insecurity is to be substantially eliminated. 

2. By 2100, to meet reasonable energy needs, the total world ȭÓ energy 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 used in this paper as a level of energy consumption needed 

for a modern standard of living and a stable political and economic environment 

outside the United States. By 2100, should the non-U.S. world population achieve this 

ÍÏÄÅÒÎ ȰÍÉÄÄÌÅ ÃÌÁÓÓȱ standard of living, the world will require an annual energy 

supply of around 280 billion BOE. In 2006ȟ ÔÈÅ ×ÏÒÌÄȭÓ electricity and modern fuels 

energy supply was about 81 billion BOE. Hence, by 2100, the world will need on 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 oil, 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 year from all energy sources, 

86% or 70 billion BOE comes from non-renewable oil, coal, and natural gas. At this 

percentage, by 2100, the world would need about 240 billion BOE from oil, coal, and 

natural gas. With an annual average of about 155 billion BOE through the end of the 

century, the world would need about 14,100 billion BOE of oil, coal, and natural gas to 

reach the end of the century. Current proved recoverable reserves of oil, coal, and 

natural gas total only about 6,000 billion BOE. Expert estimates of additional 

recoverable reserves optimistically add  another 6,000 billion BOEɂfor example, 
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including nearly 3,000 billion BOE from all oil from oil shaleɂfor a combined total of 

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

ÃÏÁÌȟ ÁÎÄ ÎÁÔÕÒÁÌ ÇÁÓ ÃÏÎÔÉÎÕÅ ÔÏ ÐÒÏÖÉÄÅ ÍÏÓÔ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ, known and new 

reserves of oil, coal, and natural gas will be exhausted by the end of the century, if not 

much earlier. 

4. To transform the world to primarily 

sustainable energy by 2100 to replace oil, 

coal, and natural gas, current sustainable 

energy sources must be scaled up from 

to day by a factor of 24 . By the end of the 

centuryɂperhaps decades earlierɂthe world 

will need to obtain almost all of its energy from 

sustainable energy sources: nuclear and 

renewables. Today, the equivalent of about 11 

billion BOE comes from sustainable energy 

sources. By 2100, the world must increase the production capacity of sustainable 

energy sources by a factor of about 24 to provide the equivalent of 280 billion BOE. 

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

Today, the world has the sustainable energy equivalent of about 350 1-GWe (gigawatt-

electric) nuclear power plants and 375 2-GWe Hoover Dams. 4Ï ÍÅÅÔ ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ 

need for 280 billion BOE of energy production, every four years through 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 

dispatchable electrical power generation 

will fall significantly short of U.S. and world 

needs by 2100 and, even, current U.S. needs . 

Energy is supplied in two primary forms: 

dispatchable electrical power to meet 

consumer needs for electricity and modern 

fuels to power transportation and other 

systems operating off the electrical power grid. 

By 2100, the world will need about 18,000 GWe 

of dispatchable electrical power generation 

capacity, compared with about 4,000 GWe 

                                                             
* Methane hydrates are not included in this estimate for reasons discussed in the paper. 
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Wind
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today, with almost all generated by 

sustainable sources.* To assess the potential of 

nuclear fission and terrestrial renewables for 

meeting this world  need, the addition of 1,400  

1-GWe conventional nuclear fission reactorsɜ, 

the construction of the  equivalent of 1,400 2-

GWe Hoover Dams for added hydroelectric 

power generation, the addition of 1,900 GWe of 

geothermal electric power generation, and the 

expansion of wind-generated electrical power to 

11 million commercial wind turbines, covering 

1.74 million sq. mi. , would only be able to 

supply about 47Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ ÎÅÅÄ ÆÏÒ 

dispatchable electrical power generation capacity.ɝ For the United States, only about 

30% of the needed 2100 dispatchable electrical power generation capacity could be 

provided by these sustainable sources. By 2100, the U.S. and the world would be left 

with a dispatchable electrical power generation shortfall  of 70% and 53%, respectively, 

with respect to this paperȭÓ projection of the 2100 needs. Further, for the United 

States, the projected 2100 sustainable generation capacity would only 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 ɂhydro gen, alcohol, 

bio -methane , and bio -solids ɂwill not be 

able to meet the U.S. ȭÓ or the ×ÏÒÌÄȭÓ 2100 

needs for sustainable fuels.  To assess the 

potential for conventional renewable sources of 

sustainable fuel for the entire world  in 2100, 

hydrogen production from the electricity 

generated by nearly 600,000 sq. mi. of ground 

                                                             
* Stable electrical power grid operations require sufficient dispatchable power generation capacity 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 power on demand (e.g., nuclear, hydroelectric, geothermal, and 
carbon-fired generators) are considered dispatchable. 
ɜ The addition of 1,400 conventional 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. 
ɝ
 As discussed later in this paper, the 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 systems, hydrogen production from over 80% of the electrical 

power generated by 11 million wind turbines, and biofuels produced from 13,000 

ÍÉÌÌÉÏÎ ÔÏÎÓ ÏÆ ÌÁÎÄ ÂÉÏÍÁÓÓ ÆÒÏÍ ÔÈÅ ×ÏÒÌÄȭÓ ÃÒÏÐÌÁÎÄÓ ÁÎÄ ÁÃÃÅÓÓÉÂÌÅ ÆÏÒÅÓÔÌÁÎÄÓ 

would only be able to supply about 37% ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ ÎÅÅÄ ÆÏÒ ÓÕÓÔÁÉÎÁÂÌÅ ÆÕÅÌÓȢ 

For the United States, by 2100, the situation is about the same with only about 39% of 

the 2100 needed fuels production capable of being provided from these conventional 

sustainable energy sources. As with sustainable electrical power generation, 

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

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

7. Closing the U.S. ȭÓ and the world ȭÓ ÓÉÇÎÉÆÉÃÁÎÔ ÓÈÏÒÔÆÁÌÌs in dispatchable 

electrical power will require substantial additional generation capa city  that 

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

substantial shortfall  in needed 2100 fuels production, producing even more 

sustainable fuels to burn as a replacement for oil, coal, and natural gas to generate the 

needed additional electrical power is not practical. As a result, additional 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 certainly holds the promise to help 

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

Demonstrated safety; waste disposal; nuclear proliferation; fuel availability; and, for 

fusion and some fission approaches, required 

further technology development limit the 

ability to project sign ificant growth in 

advanced nuclear electrical power generation. 

Space solar power (SSP)ɂinvolving the use of 

extremely large space platforms (20,000 or 

more tons each) in geostationary orbit  (GEO) 

to convert sunlight into e lectrical power and 

transmit  this power to large ground 

receiversɂprovides the remaining large-scale 

baseload alternative. Relying on SSP would 

require 1,854 5-GWe SSP systems to eliminate 

the ×ÏÒÌÄȭÓ shortfall in  needed 2100 

dispatchable electrical power generation 

capacity. Of these, 244 SSP systems would be used to eliminate the U.S. shortfall in 

needed 2100 dispatchable electrical power generation capacity. The following two 

ÃÈÁÒÔÓ ÓÕÍÍÁÒÉÚÅ ÔÈÉÓ ÐÁÐÅÒȭÓ ÐÒÏÊÅÃÔÉÏÎ ÏÆ ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÃÏÎÔÒÉÂÕÔÉÏÎ ÏÆ 330 ÉÎ 

SSP platforms in GEO transmit power to large 
ground receiving antennas, covering about 70 
sq. mi. each, where the transmitted power is 
collected and then fed to utility power grids. 
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2100. 

 

8. In addition to eliminating the  dispatchab le electrical power  generation  

shortfall , SSP could , with algae biodiesel, eliminate  the sustainable fuels 

production shortfall . Excess SSP electrical power can be used, when demand is less 

than the SSP generation capacity, to electrolyze water to produce hydrogen. Closed-

environment algae biodiesel production, done on the land under each SSP receiving 

antenna, combined with SSP hydrogen production can provide 24% and 19% of the 

United Statesȭ ÁÎÄ ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ needed fuels production, respectively. The 

remaining fuels gap would be closed by warm-climate, open-pond algae biodiesel 

production. These two forms of sustainable fuels productionɂSSP hydrogen and algae 

biodieselɂwould provide slightly more that 6 0% of this paperȭs projection of the 

U.S.ȭÓ and the worldȭÓ 2100 needs for sustainable fuel production , as seen in the two 

charts below. 
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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, 375,000 sq. mi.ɂabout 12% of the continental United Statesɂwould be 

directly placed into use for renewable energy generation to meet this ÐÁÐÅÒȭÓ 

projection  of 2100 energy needs. (For comparison, the U.S. arable and permanent 

cropland totals 680,000 sq. mi.) This land would be 100% covered with wind farms, 

ground solar photovoltaic systems, SSP receiving antennas, and open-pond algae 

biodiesel ponds. Of these four renewable energy options, SSP is one of the most land 

use efficient. The 244 SSP receiving antennas would require only about 20,000 sq. mi. 

or about 0.6% of the continental U.S., while providing nearly 70% of the dispatchable 

electrical power generation capacity and about 24% of the sustainable fuels 

production capacity by 2100. 

Key conclusions 

1. "ÁÓÅÄ ÏÎ ÔÈÉÓ ÁÓÓÅÓÓÍÅÎÔȭÓ ÆÉÎÄÉÎÇÓȟ Á ÓÏÕÎÄ 5Ȣ3Ȣ ÅÎÅÒÇÙ ÐÏÌÉÃÙ ÁÎÄ ÉÍÐÌÅÍÅÎÔÁÔÉÏÎ 

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 generations-long 

transition to sustainable energy supplies; 

 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; 

 Aggressively transitioning to conventional nuclear and terrestrial renewable 

energy sources to supplement and then replace oil, coal, and natural gas resources 

to avoid dramatic reductions in available per capita energy as non-renewable 

energy sources are exhausted this century; and, 

 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 sources when 
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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 17th century, steam power, 

electrical power, internal combustion, and nuclear energy where yet-to-be-invented 

new forms of energy conversion that now power the world. For about four centuries, 

technological development, economic investment, and industrial expansionɂ 

undertaken to realize ÔÈÅ ÐÏÔÅÎÔÉÁÌ ÏÆ  ȰÅÁÓÙ ÅÎÅÒÇÙȱɂhave been a foundation of the 

×ÏÒÌÄȭÓ ÇÒowing standard 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 sources to 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.  
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1 - Understanding t he WÏÒÌÄȭÓ Future Energy Needs 

Section focus 

 Identify current and future United States and world per capita and total energy 

needs. 

 Assess known and expected future resources of oil, coal, and natural gas and 

evaluate how long these will last given the expected increase in world energy 

demands. 

 Summarize the energy supply challenges that must be faced this century. 

Current per capita energy use  

An assured and affordable energy supply is one of the foundation blocks of modern 

civilization. William J. Bernstein, in The Birth of Plenty: How the Prosperity of the Modern 

World was Created, 1 describes how the nexus of property rights; rising publi c confidence 

in capital markets; the emergence of the scientific method leading to increased 

technological innovation;  and, improved industrial production, transportation , and 

communication brought about by coal-fired steam power fundamentally changed the 

nature of western civilization. This transformation started in England in the late ΫαΪΪȭÓ, 

then spread to the United States and Europe iÎ ÔÈÅ ÅÁÒÌÙ ΫβΪΪȭÓ and to Japan in the late 

ΫβΪΪȭÓ. Today, it  is most noticeably spreading in China and India. The coming decades will 

likely see the completion of the global transformation of national economies, especially in 

Africa, provided that the world has sufficient and affordable energy. 

Per capita energy use is important because it represents a fundamental measure of 

national economic success. It reflects the average energy directly used by individuals, 

such as buying gasoline and heating homes, combined with the energy the nation 

consumes per person in producing its goods and providing its services. Three measures of 

per capita energy useful for U.S. and world energy planning are:  

 Each American and Canadian consumes the energy of about 59 barrels of oil 

equivalent (BOE) per year from all sources: oil, coal, natural gas, nuclear, 

hydroelectric, biomass, and other renewables.2 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 use among large countries.  

 In Japan, South Korea, and much of Western Europe, each person uses about 30 

BOE per year.3 This provides a standard of living generally comparable to the 

United States and Canada, in terms of products, services, transportation, and 

communications, while using only about half as much energy as does the 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.  

 For the non-U.S. world population of 6.2 

billion ɂincluding Canada, South Korea, 

Japan, Western Europeɂthe average per 

capita energy use is the equivalent of only 

10 BOE per year.4 Largely, this is because, 

according to the United Nations, 2.4 

billion people lack modern fuels and 1.6 billion have no access to electricity.5 As a 

consequence, mÕÃÈ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ population still lives in a condition of energy 

poverty that human desire and effort are earnestly seeking to change this century, 

as seen in China and India. 

 

 

4ÏÄÁÙȭÓ energy use 

Currently , the entire world consumes the thermal 

energy equivalent of burning about 223 million 

BOE each day or 81 billion BOE each year.6 

About 86%, for a combined total of about 70 

billion  BOE per year , is provided by oil, coal, and 

natural gas. 7  

For the United States, with about 4.6% of 

ÔÈÅ ×ÏÒÌÄȭÓ ÐÏÐÕÌÁÔÉÏÎȟ Americans use about 

21% ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ annual energy production .8  
2006 energy use (billion BOE/yr) 
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In 2006, this was about 17 billion BOE.9 In terms of type of energy, about 85% of 

!ÍÅÒÉÃÁȭÓ energy now comes from oil, coal, and natural gas.10  

Setting a target per capita energy standard for developing nations  

The energy used per capita in Japan, South Korea, and Western Europeɂabout 30 BOE 

per yearɂcan be viewed as ÔÈÅ ȰÇÏÌÄȱ ÓÔÁÎÄÁÒÄ ÆÏÒ ÄÅÖÅÌÏÐÉÎÇ ÎÁÔÉÏÎÓ. These developing 

nations understand that this level of per capita energy supply provides sufficient energy 

for sustained economic development and the accompanying social progress and political 

stability related to achieving an acceptable middle class standard of living. Hence, for 

planning future world energy needs and supplies, it is reasonable to assume that the 

×ÏÒÌÄȭÓ ÐÏÐÕÌÁÔÉÏÎ and political leadership will desire to achieve this energy ȰÇÏÌÄȱ 

standard as soon as is practicable. For the purpose of this paper, it is assumed that 

ÁÃÈÉÅÖÉÎÇ ÔÈÉÓ ȰÇÏÌÄȱ ÓÔÁÎÄÁÒÄ ÉÓ ÁÃÃÏÍÐÌÉÓÈÅÄ ×ÏÒÌÄ×ÉÄÅ ÂÙ άΫΪΪȢ 

End of the century world energy needs  

Toward the end of the 21st century, the wÏÒÌÄȭÓ 

total population is projected to reach 10 billion. 

With a little simple calculation, t en billon people 

ÃÏÎÓÕÍÉÎÇ ÔÈÅ ȰÇÏÌÄȱ ÓÔÁÎÄÁÒÄ ÏÆ 30 BOE per 

capita per year will require  300 billion BOE per 

year. 11 Recalling that the current world energy 

production is about 81 billion BOE per year, 

toward the end of this century the world could  

need 3.7 times (3.7X) the energy being produced 

today.12  

As discussed in greater detail later, by the end of the century if not sooner, all of the 

reserves of oil, coal, and natural gas will be economically exhausted. Focusing just on 

sustainable energy production, ÉÎ άΪΪΰ ÔÈÅ ×ÏÒÌÄȭÓ 

nuclear and renewable energy production totaled 

a little over 11 billion BOE.13 By 2100, if not earlier , 

the world wil l need a sustainable energy 

production capacity 26 times larger (26X) than 

existed in 2006.14 In simple terms, during each 

American presidential administration ( every four 

years) throughout the remainder of this century, 

the world must add the equivalent of the 

sustainable energy production capacity provided 

by ÔÏÄÁÙȭÓ nuclear, geothermal, hydroelectric, 

Current and future world energy needs 

(billion BOE/yr) 
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wind, ground solar, and biomassɂroughly the equivalent of adding nearly 800 1-GWe 

nuclear reactors every four years.15 

While the 3.7X increase in needed energy production capacity by the end of the 

century is very large, the annual percentage increase in world energy consumption, due to 

both an increasing population and increasing standard of living, is a modest 1.4%.16 This 

is not an unreasonable energy growth rate that would be considered consistent with long-

term moderate economic growth.  

(Note: It is important to recognize that th is 1.4% world energy growth rate is the 

calculated value necessary ÔÏ ÒÅÁÃÈ ÔÈÅ ȰÇÏÌÄȱ ÓÔÁÎÄÁÒÄ ÂÙ άΫΪΪȢ The current U.S. Energy 

Inform ation Administration  (EIA) projection of world energy growth through 2030 shows 

a 1.7% annual growth rate.17 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 

needed transformation to nearly 100% sustainable energy sources could come earlier than 

the year 2100 baselined in this paper. This is a point 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 88% population increase from today.18 To maintain the current 

U.S. per capita energy consumption of 59 BOE per year, the United States will require 33 

billon BOE per year by 2100, up from 17 billion BOE per year today.19  

Depletion of oil, coal, and natural gas resources  

More than a century of generally ample supplies of oil, coal, and natural gas have led the 

American public to expect, until recently, that these resources would continue to meet 

the majority of the United Statesȭ and the ×ÏÒÌÄȭÓ energy needs far into the future. 

Conventional wisdom had long held that as more energy was needed, commercial oil, 

coal, and natural gas production could easily expand to meet the increased demands, as 

had happened for more than a century.  

The rapid rise of world oil prices in 2007-2008, in part reflecting shortfalls in the 

ability of global oil production to meet increased demands, has helped to clarify the 

American ÐÕÂÌÉÃȭÓ ÁÐÐÒÅÃÉÁÔÉÏÎ ÏÆ the risks inherent in the long-term continued reliance 

on non-renewable and non-U.S. energy sources. The urgency with which the United 

States and the world must undertake the transition to sustainable energy sources will 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 ×ÏÒÌÄȭÓ growing energy appetite. Using publicly available 

estimates of the known and potential additional recoverable reserves of oil, coal, and 

natural gas, a ballpark estimate can be made of when the world would effectively exhaust 

these non-renewable energy sources.  

(Note: In this paper, natural gas refers to natural gas from all current 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.20 Methane recovery from coal 

mines has also not yet been shown to be commercially practical.21) 

ü World  oil, coal, and natural gas  reserves 

The World Energy Council (WEC), comprised of formal representation by most nations, 

was formed in the 1930ȭÓ ÔÏ ÅÓÔÉÍÁÔÅ ÔÈÅ future worldwide availability of oil, coal, and 

natural gas resources. Every three years, it 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.22  

For oil, coal, and natural gas, the survey includes proved recoverable reserves, as well as 

estimated additional reserves recoverable. For the following estimates of the exhaustion of 

ÔÈÅ ×ÏÒÌÄȭÓ ÏÉÌȟ ÃÏÁÌȟ ÁÎÄ Îatural gas resources, these WEC survey definitions are used: 

 Proved amount in place is the resource remaining in known natural reservoirs that 

has been carefully measured and assessed as exploitable under present and 

expected local economic conditions with  existing available technology. 

 Proved recoverable reserves are 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. 

 Estimated additional amount in place is the resource additional to the proved 

amount in place that is of foreseeable economic interest. 

 Estimated additional reserves recoverable are the quantity within the estimated 

additional amount in place that geological and engineering information 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 countries, such as the 

Unit ed States, take special efforts to make public their reserve estimates so that public 

policy formulation can be effectively undertaken. Some countries, especially where the 

energy enterprises are government owned, only release partially resource estimates. 
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Other less developed countries may not have the resources to develop estimates of the 

quality 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 of this uncertainty is 

discussed at the conclusion of this analysis of the depletion of these energy resources.) 

ü Depletion of affordable  oil  reserves 

Using WEC 2005 data for oil , including oil shale, 

proved recoverable reserves and estimated 

additional reserves recoverable from all global 

sources total  4,972 billion barrels .23 The 

breakdown is 1,521 billion  barrels of proved 

recoverable reserves (what is known today);24 625 

billion barrels of additional reserves recoverable 

(what experts believe can be found and 

recovered);25 and, very optimistically, 2,826 

billion barrels of oil shale.26 Of this total , about 

31% is in proved recoverable reserves known 

today; the balance of 69% is projected future resources yet to be discovered and, especially 

for oil shale, commercially produced with acceptable environmental impact.27 

In 2006, oil production of about 30 billion barrels per yearɂabout 82 million barrels 

per dayɂprovided 37% oÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÅÎÅÒÇÙ.28 For this ballpark estimate of when 

oil could be exhausted if current usage patterns remain unchanged, a sufficient supply of 

ÏÉÌ ÉÓ ÁÓÓÕÍÅÄ ÔÏ ÃÏÎÔÉÎÕÅ ÔÏ ÐÒÏÖÉÄÅ ÔÈÉÓ ÐÅÒÃÅÎÔÁÇÅ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÅÎÅÒÇÙ ÓÕÐÐÌÙȢ 

Applying this percentage to the ×ÏÒÌÄȭÓ projected 

total 2100 energy need of 300 billion BOE per year 

translates into a 2100 demand for 110 billion barrels 

of oil per year or about 302 million barrels per 

day.29 The 2006-2100 average is 70 billion barrels  

per year or 192 million barrels per day. 30  

Recognizing that the estimate of 4,972 billion barrels of oil represents an optimistic 

upper bound of what is likely to be recovered, at the average demand of 70 billion barrels 

per year through 2100, all accessible reserves of oil would be depleted in about 71 years. 

With 2005 as the baseline, by 2076 conventional oil  will  no longer be a major world 

energy source. And, to be clear, this includes the nearly 3 trillion  barrels that some very 

optimistically estimate could be recovered from oil shale. 

4,972 billion barrels (oil) ÷ 70 billion barrels per year (2006-2100 avg.) = 71 years of supply 
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What would happen if significant additional oil resources were not developed or made 

availableɂfor 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 increasing due to 

escalating prices and held constant at άΪΪΰȭÓ 30 billion barrels per year? The proved 

reserves of 1,521 billion barrels of oil would last only about 51 years from 2005ɂuntil 

about 2056ɂat current usage rates.  

1,521 billion barrels (oil) ÷ 30 billion barrels per year (2006 usage) = 51 years of supply 

ü Depletion of affordable coal and natural gas  reserves 

Using the same ballpark methodology, the year of depletion of coal and natural gas 

resources can be estimated. The starting point is to note that coal and natural gas provide 

about 49Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ Ånergy.31 Today, this is equivalent to 40 billion BOE per year.32 

Again, assuming sufficient supplies, this demand is 

assumed to grow to 148 billion BOE per year by 

2100.33 The 2006-2100 average is about 94 billion 

BOE per year.34 

The estimate for total worldwi de potentially 

recoverable coal and natural gasɂexpressed in 

terms of barrels of oil equivalentɂis equal to 7,049 

billion  BOE.35 The breakdown is: 3,307 billion BOE of proved recoverable reserves of all 

types of coal,36 1,105 billion BOE of proved recoverable reserves of natural gas,37 716 billion 

BOE of additional reserves recoverable of coal,38 1,007 billion BOE of additional 

technically recoverable reserves of natural gas,39 and 914 billion BOE of syngas produced 

by underground coal gasification.40 Of the total, 

about 63% is in proved recoverable reserves known 

today; the balance of 37% is projected future 

undiscovered resources.41 

At an average rate of desired consumption of 

94 billion BOE per year, assuming adequate and 

affordable supplies and all of the additional coal 

and natural gas is recovered, the woÒÌÄȭÓ ÔÏÔÁÌ coal 

and natural gas reserves would last only about 75 

years from 2005ɂuntil about 2080.  

7,049 billion BOE (coal & gas) ÷ 94 billion BOE per year (2006-2100 avg.) = 75 years of supply 
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ü Depletion of combined oil, coal, and natual gas reserves 

Oil, coal, and natural gas resources total 12 trillion 

BOE.42 Of this total , about 5.9 trillion BOE or 4 9% 

is in proved recoverable reserves.43 The balance of 

6.1 trillion BOE, or 51%, is in yet-to-be discovered 

or commercially-exploited reserves. (Note: The 

additional 6.1 trillion BOE should be viewed as an 

optimistic upper bound for additional reserves 

recoverableɂnot necessarily an estimate suitable 

for energy policy planning purposes.)  

If oil, coal, and natural gas are assumed to 

continue to provide 86Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÎÅÅÄÓ ÔÈÒÏÕÇÈ άΫΪΪȟ ÔÈÅ άΪΪΰ-2100 average 

usage would be 164 billion BOE per year.44 Recognizing that the increasing substitution  of 

these fuels for oil will increase their rate of use, the optimistic upper bound estimate is 

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

2078. 

12,021 billion BOE ÷ 164 billion BOE per year (2006-2100 avg.) = 73 years of supply 

The 6.1 trillion BOE of expected additional oil, coal, and natural gas reserves is noted 

to represent an optimistic upper bound. The Arctic National Wildlife Reserve (ANWR) is 

estimated to hold upwards of 11 billion barrels of recoverable oil.45 To put the level of 

optimism contained in the preceding depletion estimate into perspective, additional 

proved reserves of oil, coal, and natural gas, comparable in size to ANWR, would need to 

be announced each month for 46 years to reach the 6.1 trillion BOE of additional reserves 

included in the preceding depletion estimate. 

ü Depletion estimate sensitivity  

As noted earlier, there is uncertainty in the accuracy of the estimates of the additi onal 

reserves recoverable. Hence, 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 resources and oil from oil shale. Assume a further 

+50%, or 3 trillion BOE, increase due to, for example, highly inaccurate current estimates 

of reserves in developing countries. This would only add about 20 additional years. Thus, 

it appears that even under the most optimistic circumstances, by the end of the century 

the world will still need to have transitioned to sustainable energy sources. 

 +50% case: 15,000 billion BOE ÷ 164 billion BOE per year (2006-2100 avg.) = 92 years of supply 
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ü 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 always remain underground. For example, even enhanced oil 

and natural gas recovery methods leave about one-third of the oil and natural gas in the 

ground. Underground coal gasification, already included in these depletion estimates, is 

an example of how improved technologies can open currently inaccessible energy 

resources to commercial 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 to dissuade a 

casual dismissal of the clear need to address the United Statesȭ ÁÎÄ the ×ÏÒÌÄȭÓ needs to 

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 consumer, ȰÒÅÄ 

ÆÌÁÇÓȱ ÔÈÅ ÏÂÖÉÏÕÓ ÑÕÅÓÔÉÏÎ ÏÆ ×ÈÁÔ ÔÈÅÎȩ )Ó ÉÔ ÒÅÁÌÌÙ ÐÏÓÓÉÂÌÅ ÔÈÁÔ ÔÈÅ ×ÏÒÌÄ ÃÏÕÌÄ ÌÉÔÅÒÁÌÌÙ 

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 what 

needs to be done nowɂin terms of energy policy, 

spending priorities, and implementation strategy and 

plansɂto avoid this catastrophe? Addressing these 

important questions starts with the recognition that oil, 

coal, and natural gas are exhaustible and the 5ÎÉÔÅÄ 3ÔÁÔÅÓȭ 

and the ×ÏÒÌÄȭÓ ÒÁÐÉÄÌÙ ÇÒÏ×ÉÎÇ ÁÐÐÅÔÉÔÅs for energy will 

likely exhaust these gifts of nature in the coming 

decadesɂÐÒÏÂÁÂÌÙ ×ÉÔÈÉÎ ÔÈÅ ÌÉÆÅÔÉÍÅ ÏÆ ÔÏÄÁÙȭÓ ÙÏÕÎÇ 

children. 

21st century energy challenges in a nutshell  

From this assessment of future world energy needs and the limitations of non-renewable 

energy sources, the following conclusions are reached: 

 Recognizing that good economic conditions will  accelerate the increase in 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 todÁÙȭÓ 

energy production by 2100 to meet the standard of living expectations of both the 

developed and developing nations; 

 4ÈÅ ×ÏÒÌÄȭÓ ÉÎÃÒÅÁÓÉÎÇ ÅÎÅÒÇÙ ÎÅÅÄÓ ×ÉÌÌ ÅØÈÁÕÓÔ ÔÈÅ proved recoverable reserves of 

oil, coal, and natural gas about mid-century; 

Copyright © Nova Development. 
(Used with permission.) 
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Providing adequate and affordable energy, while transitioning from non-
ǊŜƴŜǿŀōƭŜ ǘƻ ǎǳǎǘŀƛƴŀōƭŜ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎΣ ƛǎ !ƳŜǊƛŎŀΩǎ нмst century energy 
challenge that must be solved to, literally, keep the lights on. 

 

 Expanding the proved recoverable reserves of oil, coal, and natural gas through 

increased exploration and the use of new recovery technologies will help to 

smooth the transition to sustainable energy sources by the end of the century; and, 

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

energy production by a factor of about 26 (26X)ɂrequiring the addition of ÔÏÄÁÙȭÓ 

nuclear and renewable energy production capacity every 4 years. 

In a nutshell, these are  the 21st ÃÅÎÔÕÒÙȭÓ energy supply challenges  that an 

effect ive 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;  

 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 , 

 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.  
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2 ɀ Role of Energy Conservation  

Section focus 

 Understand the importance of energy conservation in reducing future U.S. and 

world per capita energy use. 

 Assess the likely impact of energy conversation on the total United States and 

world energy needs in the future. 

 5ÎÄÅÒÓÔÁÎÄ ÔÈÅ ÉÎÆÌÕÅÎÃÅ ÏÆ ÔÈÅ 5Ȣ3ȢȭÓ ÇÒÏ×ÉÎÇ ÐÏÐÕÌÁÔÉÏÎ ÏÎ 5Ȣ3Ȣ ÅÎÅÒÇÙ ÐÏÌÉÃÙ 

and needed investments in future energy resources and sustainable energy 

production infrastructure.  

Achieving reduced per capita energy use 

To paraphrase Benjamin FranklinȭÓ ÆÁÍÏÕÓ ÓÁÙÉÎÇ ÏÆ Ȱa penny saved is a penny earned," a 

BTU per year of energy never needed is a BTU per year of energy production 

infrastructure  that does not need ÔÏ ÂÅ ÂÕÉÌÔȢ )Î Á ÃÅÎÔÕÒÙ ×ÈÅÒÅ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÓÕÐÐÌÙ 

must be at least tripled and provided by an almost entirely new sustainable energy 

infrastructure, &ÒÁÎËÌÉÎȭÓ ×ÉÓÄÏÍ, recast as energy conservation, is the important first 

step in any sound plan for transitioning to  sustainable energy supplies. 

The United States has experienced two periods of dramatic reductions in per capita 

energy useɂeach following the imported oil supply crises of 1972 and 1978. From 1979 to 

1983, U.S. per capita energy use declined 14% from an historic peak of 63 BOE per year to 

54 BOE per year.46 However, from 1984 to the present, per capita energy use climbed to 

ÒÅÁÃÈ ÔÏÄÁÙȭÓ ÁÐÐÒÏØÉÍÁÔÅÌÙ 59 BOE per year. 

 Meaningful energy conservation results in the significant and permanent reduction of 

per capita energy use. While it is possible to achieve dramatic reductions through 

mandated lifestyle changes (such as gasoline rationing, reduced speed limits, and 

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 that is comfortable and without 

undesirable restrictions. 

The better approach is to proactively engineer a life style that reduces per capita 

energy use while providing the desired comfort without significant restrictions. This is 

accomplished primarily through technology improvements incorporated into new and 

replacement products and services (e.g., better home insulation, improved car fuel 

mileage, LED lights, telecommuting, and improved and expanded mass transit) and 

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 energy use efficiency 

improvements.  

Effectively implementing these energy-reducing lifestyle changes is best accomplished 

through  directed technology research and development; professional engineering-led 

standards revision to enable industry to make use of maturing technologies; forward-

looking energy conservation demonstration programs ÔÏ ȰÌÅÁÄ-the-ÆÌÅÅÔȱ ÉÎ ÁÄÏÐÔÉÎÇ ÎÅ× 

technologies and establishing new industrial capabilities; and, finally, mass marketing 

ÃÁÍÐÁÉÇÎÓ ÔÏ ȰÓÅÌÌȱ ÔÈÅ ÎÅ× ÐÒÏÄÕÃÔÓ ÁÎÄ ÓÅÒÖÉÃÅÓ ÔÈÁÔ ÍÅÅÔ ÃÕÓÔÏÍÅÒ ÎÅÅÄÓ ×ÈÉÌÅ ÕÓÉÎÇ 

less energy. The on-going mass car market emergence of hybrid and electric cars is an 

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 in total U.S. energy use of 18% from 2004-2030.47 However, the U.S. 

population is projected to grow by 24% by 2030,48 resulting in an anticipated per capita 

energy reduction by 2030 of about 4%.49 Continuing this r ate of reduction to 2100 would 

result in a 15% reduction in per capita energy use from 2004.50 U.S. per capita energy 

needs would then be about 50 BOE per year; a 21% reduction from the historic 1978 

peak.51 The United States would then need about 28 billion BOE per year in 2100.52 The 

annual U.S. energy savings ÂÙ άΫΪΪȟ ÃÏÍÐÁÒÅÄ ×ÉÔÈ ÔÏÄÁÙȭÓ ÅÎÅÒÇÙ ÕÓÅȟ would be about 5 

billion BOE.53 To place this annual 2100 energy savings in perspective, this is equal to 

ÁÂÏÕÔ έΪГ ÏÆ ÔÏÄÁÙȭÓ ÅÎÅÒÇÙ ÕÓÅ ÉÎ ÔÈÅ 5ÎÉÔÅÄ 3ÔÁÔÅÓȢ54 Even more energy savings are 

possible and should be expected. 

Japan and Western %ÕÒÏÐÅȭÓ ÐÅÒ ÃÁÐÉÔÁ ÅÎÅÒÇÙ 

useɂthe ȰÇÏÌÄȱ ÓÔÁÎÄÁÒÄ ÆÏÒ ÔÈÅ ÄÅÖeloping 

worldɂis today about half that of the United 

States or about 30 BOE per year. It is not 

unreasonable to expect that improved overall 

energy use efficiencies coming into use in the 

United States would also further reduce Japan 

and Western EuropeȭÓ future per capita energy 

use. Assuming a 10% reduction, the per capita 

energy use would fall to 27 BOE per year in 

2100.55 Adopting this ÁÓ ÔÈÅ ÒÅÖÉÓÅÄ ȰÇÏÌÄȱ 

standard, 252 billion BOE per year will be needed by 2100 to supply the energy needs of 

the 9.43 billion  people outside the United States.56 Combining the U.S. and non-U.S. 
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world estimates yields a total world need for 280 billion BOE per year by 2100ɂan 

ÉÎÃÒÅÁÓÅ ÆÒÏÍ ÔÏÄÁÙȭÓ ÌÅÖÅÌ ÏÆ ÕÓÅ ÂÙ Á ÆÁÃÔÏÒ ÏÆ έȢή.57 In 2100, the U.S. would be using 

about 10% of the ×ÏÒÌÄȭÓ total  vs. about 21% in 2006.58  

28 billion BOE (U.S.) + 252 billion BOE (non-U.S.) = 280 billion BOE needed in 2100 

28 billion BOE (U.S.) ÷ 280 billion BOE (world total) = 10% of world energy use in 2100 

280 billion BOE (world 2100 total) ÷ 81 billion BOE (2006)6 Ґ оΦп· ǘƻŘŀȅΩǎ ŜƴŜǊƎȅ ǳǎŜ 

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

The total U.S. and world energy needs in 2100 are 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, the population 

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

ÉÎÃÒÅÁÓÅɊ ×ÈÉÌÅ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÐÏÐÕÌÁÔÉÏÎ ÒÅÁÃÈÅÓ ΫΪ ÂÉÌÌÉÏÎ ɉίΪГ ÉÎÃÒÅÁÓÅɊȢ  

For the United States, such significant 

population growth this century will have a major 

impact on the depletion rate of domestic energy 

reserves; the market demand-driven cost of energy 

in the U.S.; the national security implications for 

securing sufficient energy supplies; and, the 

magnitude of the investment in sustainable energy 

sources needed in the U.S. to replace oil, coal, and 

natural gas. In conjunction with energy policy 

initiatives that emphasize technology innovation to 

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 non-renewable 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 

needs and the potential of sustainable energy sources to satisfy these needs are made, it 

should be understood that the ability of the United States to meet its 2100 needs with 

sustainable energy is directly influenced by the growing size of the U.S. population.  
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3 - Sustainable Energy Supply Targets for 2100  

Section focus 

 Define the energy units used in this assessment of sustainable energy potential. 

 Identify the types of sustainable electrical power and fuels production needed. 

 Estimate the United Statesȭ and the worldȭÓ 2100 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 about 5.8 million BTU 

when burned. As noted earlier, the current U.S. per capita energy use of 58.5 barrels of oil 

equivalent (BOE) per year is about 340 million BTU per year.59 In comparison, the future 

per capita Ȱgoldȱ energy standard for the world of about 27 BOE per year is about 155 

million BTU per year.60 

ü Fuel units 

Fuel production capacity is usually expressed using the common unit of quadrillion BTU 

per year or Q-BTU per year. One Q-BTU equals 1,000,000,000,000,000 BTU or one 

billion million BTU. This is the thermal energy 

contained in 172.4 million barrels of oil. In rough 

terms, it the equivalent of the oil carried in about 

100 super tankers of the type shown in the 

accompanying photograph.61 In 2006, 40,000 

super tanker shipments would have been 

required to transport the 81 billion BOE used in 

the world. 

ü Electricity units  

)Î ÁÄÄÉÔÉÏÎ ÔÏ ÆÕÅÌÓ ÂÕÒÎÅÄ ÔÏ ÐÒÏÄÕÃÅ ÔÈÅÒÍÁÌ ÅÎÅÒÇÙȟ ÍÕÃÈ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÉÓ ÕÓÅÄ 

in the form of electricity. Returning to the basic definition of energy: 

1 BTU = 1,055.056 joules 

1 x 1015 BTU or 1 Q-BTU = 1,055.056 x 1015 joules 

Modern oil super tanker riding high 
because it is empty. 



The End of Easy Energy and What to Do About It 

31 
 

Energy used ÐÅÒ ÕÎÉÔ ÏÆ ÔÉÍÅȟ ÅȢÇȢȟ ÐÅÒ ÓÅÃÏÎÄȟ ÉÓ ÃÁÌÌÅÄ ȰÐÏ×ÅÒȢȱ 4ÈÅ ÈÏÒÓÅÐÏ×ÅÒ ÏÆ Á 

ÃÁÒȭÓ ÅÎÇÉÎÅ ÉÓ Á ÍÅÁÓÕÒÅ ÏÆ ÈÏ× ÍÕÃÈ ÅÎÅÒÇÙ ÉÓ ÂÅÉÎÇ ÇÅÎÅÒÁÔÅÄ ÐÅÒ ÓÅÃÏÎÄȢ  

The unit of electrical power is the watt and is defined as one joule per second. (Note: 

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 100-watt light bulb is us ing about 0.1 BTU of electrical energy 

per second. Now, note that: 

365 days/year x 24 hours/day x 60 minutes/hour x 60 seconds/minute = 31,536,000 seconds per year 

Using this conversion ÁÎÄ ÎÏÔÉÎÇ ÔÈÁÔ ÔÈÅ ÓÕÂÓÃÒÉÐÔ ȰÅȱ ÒÅÆÅÒÓ ÔÏ ÅÌÅÃÔÒÉÃÉÔÙ: 

1 Q-BTUe/year = 1,055.056 x 1015 joules/year ÷ 31,536,000 seconds/year 

 = 33,455,606,291 joules/second or watts of continuous electrical power 

 = 33,455,606,291 watts ÷ 1000 watts/kW = 33,455,606 kilowatts (kWe) continuous 

 = 33,455,606 kWe ÷ 1000 kW/MW = 33,455.6 megawatts (MWe) continuous 

 = 33,455.6 MWe ÷ 1000 MW/GW = 33.456 gigawatts (GWe) continuous 

A typical nuclear or coal-fired power plant produces 1 GWe. From these conversions, 

33.5 of these power plants operating continuously for 1 year would produce 1 Q-BTU of 

electrical energy. 

A nuclear or coal-fired power plant uses thermal energy to produce steam to drive the 

generators to produce electricity. The efficiency with which the thermal energy is 

transformed into electricity is about 33%. Hence, to produce 1 Q-BTU of electricity, about 

3 Q-BTUs of fuel must be burned. The 100-watt 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 Q-BTU by the U.S. Energy Information Administration, the output 

electrical power is converted to input thermal energy and this thermal energy is reported. 

This enables an apples-to-apples comparison with oil, coal, and natural gas.)  

Just as oil consumption is measured using ÔÈÅ ÕÎÉÔ Ȱbarrel,ȱ electrical power 

consumption is measured by the hour of continuous useɂhence, ÔÈÅ ÕÎÉÔ ÏÆ ȰËÉÌÏ×att-

hour.ȱ  

Start with a power plant producing 1 GWe: 

1 GWe x 1000 MWe/GWe x 1000 kWe/MWe = 1,000,000 kWe 
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1,000,000 kWe (continuous) x 365 days/year x 24 hours/day = 8,760,000,000 kW-hrs of power/year 

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

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

Recall that 33.456 GWe of continuous power generation yields 1 Q-BTUe: 

1 Q-BTUe = 33.456 x 8,760 GW-hrs = 293,074.56 GW-hrs 

Many forms of sustainable electrical energy generation, such as wind, do not operate 

continuously. However, their energy production is usually expressed in terms of kW-hrs 

or GW-hrs of annual production.  

Forms of needed energy 

Energy for modern societies is needed in two forms: electricity and 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 

sustainable ÅÎÅÒÇÙ ÓÏÕÒÃÅÓ ÔÏ ÍÅÅÔ ÔÈÅ ×ÏÒÌÄȭÓ ÆÕÔÕÒÅ ÎÅÅÄÓȟ ÓÅÐÁÒÁÔÅ ÐÒÏÄÕÃÔÉÏÎ ÃÁÐÁÃÉÔÙ 

requirements for electrical power generation and fuels production must be defined. 

ü 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 controlled to 

prevent damage to electronic equipment and electric motors. Further, to avoid injuring  

humans due to the loss of power or causing a disruption of vital services and economic 

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 

elÅÃÔÒÉÃÁÌ ÐÏ×ÅÒ ȰÄÅÍÁÎÄÅÄȱ ÂÙ ÔÈÅ ÕÔÉÌÉÔÙȭÓ ÃÕÓÔÏÍÅÒÓ whenever this demand may arise. 

Because excess generated electricity cannot yet be practically stored by a utility ȭÓ ÇÒÉÄ as 

electricity for later use, ÔÈÅ ÇÒÉÄȭÓ generating capacity must be in excess of the expected 

peak needs to ensure a stable electrical power supply that meets all customer demand. If 

the instantaneously available supply is less than the demand, brownouts or blackouts will 

occur. Even small disruptions can grow to major blackouts affecting millions of people.  

4Ï ÐÒÏÐÅÒÌÙ ÂÁÌÁÎÃÅ ÔÈÅ ÇÅÎÅÒÁÔÅÄ ÐÏ×ÅÒ ×ÉÔÈ ÔÈÅ ÄÅÍÁÎÄȟ ÔÈÅ ÅÌÅÃÔÒÉÃÁÌ ÕÔÉÌÉÔÙ ÇÒÉÄȭÓ 

controllers turn on or turn off dispatchable generation capacity. A dispatchable generator 

must, generally, be ready to operate at least 90% 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 customerÓȭ peak 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 adequaÃÙ ÏÆ Á ÇÒÉÄȭÓ generating capacity is one of the primary 

reasons for 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 

generate about a billion watts or a gigawatt (GWe), while a 

wind turbine will generate around a million watts or a 

megawatt (MWe). A typical home or small business has a peak 

demand for several thousand watts or kilowatt s (kW e). Hence, 

a large GWe power plant could simultaneously provide the 

peak electricity  needs of hundreds of thousands of homes and 

small businesses.  

A typical U.S. utility grid today has  3-10 GWe of total generation capacity. This is 

provided by multiple  generating plants with individual generator capacities ranging from 

hundreds of MWe to around 1 GWe. Larger plants (such as nuclear and coal-fired 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 as summer air conditioning loads.  

ü Storable fuels production and distribution  

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

hybrid  cars, ÍÕÃÈ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ×ÉÌÌ ÓÔÉÌÌ ÎÅÅÄ ÔÏ ÂÅ ÐÒÏÖÉÄÅÄ ÂÙ ÆÕÅÌÓ that can be 

burned to generate heat for transportatio n; industrial use; and, should it be needed, 

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

dispatchable electrical power generation capabilities, substantial new sustainable sources 

of liquid and gaseous fuels will be needed to replace non-renewable hydrocarbon fuels.  

U.S. and world sustainable 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 Q-BTU of thermal energy per year. )Æ ÐÒÏÖÉÄÅÄ ÉÎ ÔÈÅ ÆÏÒÍ ÏÆ ÏÉÌȟ ÔÏÄÁÙȭÓ ×ÏÒÌÄ ÁÎÎÕÁÌ 

consumption of energy would fill approximately 40,000 super tankers. The projected 

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

equates to about 1,624 Q-BTU of thermal energy per year.62 The total U.S. 2100 need for 

about 28 billion BOE per year equates to 162 Q-BTU per year, or 10Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌȢ63 

Again, in the form of oil, th e world would need about 140,000 super tankers each year by 

2100 while the U.S. would need about 14,000 super tankers each year. 

Large commercial power plant. 
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As mentioned, these 2100 values represent the equivalent thermal energy that would 

be needed in 2100 to provide both electricity and fuels. The division of these U.S. and 

world totals into the needed dispatchable electrical power generation capacity and the 

separate fuels production capacity is shown in the following table.64  

(Note: As discussed in Endnote 64, the estimated U.S. values for electrical power 

generation and fuels production for 2100 are multiplied by 10 (10X) ÔÏ ÅÓÔÉÍÁÔÅ ÔÈÅ ×ÏÒÌÄȭÓ 

total needs in 2100. This reflects the proportion of the projected total energy needed by 

the United States in 2100 to that of the total world in 2100, as discussed earlier in this 

paper.) 

Table 1 ς United States and World Energy Use in 2006 and Energy Needs in 2100 

 

Entire Annual 
Use/Need 
(Q-BTU/yr) 

(2006/2100) 

Dispatchable 
Electrical Power 

Generation Capacity 
(GWe) 

(2006/2100) 

Fuels Production Capacity 
(Q-BTU/yr) 

(2006/2100) 

United States 100 / 162 1,076 / 1,754 62 / 100 

Entire World 472 / 1,624 4,000* /17,543 292* / 1,003 

* Estimated values as discussed in Endnote 64. 

(Note: The growth in U.S. energy needs from 2006 to 2100, as discussed in the 

previous section, is entirely due to U.S. population growth.)  

-ÅÅÔÉÎÇ ÔÈÅ ×ÏÒÌÄȭÓ energy needs for 2100 

Joel Arthur Barker describes a paradigm shift ÁÓ ȰÁ ÃÈÁÎÇÅ ÔÏ Á ÎÅ× ÇÁÍÅȟ Á ÎÅ× ÓÅÔ ÏÆ 

ÒÕÌÅÓȢȱ65 He goes on to note that the potential significance of a paradigm shift comes from 

the fact that Ȱ×ÈÅÎ ÔÈÅ ÒÕÌÅÓ ÃÈÁÎÇÅȟ ÔÈÅ ×ÈÏÌÅ ×ÏÒÌÄ ÃÁÎ ÃÈÁÎÇÅȢȱ66 

We are at the beginning of a paradigm shift 

×ÈÅÒÅ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÒÕÌÅÓ ÁÒÅ being rewritten 

to reflect the end of easy energy this century. The 

desirable new paradigm will be satisfying the 

×ÏÒÌÄȭÓ ÉÎÃÒÅÁÓÉÎÇ ÄÅÍÁÎÄ ÆÏÒ ÅÎÅÒÇÙ through 

sustainable energy sources. If the world is 

successful in this undertaking, then by the end of 

the century, if not earlier, ÎÅÁÒÌÙ ÈÁÌÆ ÔÈÅ ×ÏÒÌÄȭÓ 

population todayɂplus an anticipated additional  

3 billion due to population growth this centuryɂwill have moved from a state of energy 

poverty to one of energy prosperity accompanied by a middle class standard of living.  
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While some may believe that successfully accomplishing this shift from oil, coal, and 

natural gas to sustainable energy sources will be relatively easy and quick, the magnitude 

of the projected energy needs by the end of this century would indicate otherwise. In fact, 

it is not yet clear if the 5Ȣ3ȢȭÓ ÁÎÄ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÎÅÅÄÓ ÃÁÎ be satisfied through 

sustainable energy sources. The remainder of this white paper focuses on answering this 

key questionɂwhat types and scale of sustainable energy operations will  be required to 

meet ÔÈÉÓ ÐÁÐÅÒȭÓ ÐÒÏÊÅÃÔÉÏÎÓ ÏÆ the United Statesȭ and the ×ÏÒÌÄȭÓ άΫΪΪ ÅÎÅÒÇÙ ÎÅÅÄÓ?  
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4 ɀ Conventional , Terrestrial , Sustainable Energy Potential  for 2100  

Section focus 

 Summarize the 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. 

 Compare these estimates against the identified United States and world 2100 needs 

and identify the 2100 gap between dispatchable electrical power generation and 

fuels production needs and sustainable production capacities using conventional 

nuclear and terrestrial renewable energy sources. 

Family of current technology sustainable energy sources  

This section summarizes the estimates, contained in Appendix 1 of this paper, of the 

energy production capacity of sustainable energy sources that 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 prepared 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.S.ȭÓ and the worldȭÓ 2100 

needs for dispatchable electrical power generation and fuels production.  

Nuclear fission-generated electricity  

Nuclear fission is assumed to continue to provide a primary source of dispatchable 

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 

GWe of installed capacity, it is assumed that nuclear fission will expand worldwide by a 

factor of about 5 to 1,754 GWe, such that nuclear energy would provide 10Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ 

2100 dispatchable generation capacity. In the United States, 

nuclear energy is assumed to expand from the current 101 

GWe to 175 GWe so that it will also provide 10% of the U.S. 

2100 dispatchable 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 years without significant fuel 

reprocessing. This would provide sufficient time for follow -
Commercial nuclear power plant. 
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on improved nuclear reactor designs; fuel cycles; fuel reprocessing; waste disposal; and, 

even, nuclear fusion to be developed, fully demonstrated, and safely implemented.  

Even this modest commitment to the expansion of nuclear energy will entail 

significant nuclear power plant construction. From 2021-2080, an average of 33 new 1-GWe 

reactors would need to be made operational worldwide each year. Wit h a 7-year build 

cycle, about 230 nuclear plants would be under construction each year through 2080 

when the initial round of expansion and replacement of current reactors would be 

completed. Starting in 2081, when the expected 60-year 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 enormousɂconsidering the truly massive 

ÑÕÁÎÔÉÔÉÅÓ ÏÆ ÈÅÁÔ ÔÒÁÐÐÅÄ ÉÎ ÔÈÅ %ÁÒÔÈȭÓ ÍÏÌÔÅÎ core combined with the heat released 

through the decay of subsurface radioisotopes such as uranium and thoriumɂtapping 

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

geothermal energy requires: sufficient subsurface temperatures to drive the turbines, 

subsurface rock porosity enabling water to circulate to extract heat, sufficient subsurface 

or surface water to be used as the heat transfer fluid, and proximity  of the generation site 

to consumer markets to enable the affordable transmission of the generated electricity .  

The current total U.S. geothermal electrical power 

generation capacity is about 3 GWe. The U.S. Department 

of Energy has set a goal of developing 150 GWe of 

geothermal electrical power generation capacity in the 

western United Statesɂan increase in total capacity by a 

factor of 50 (50X). This 150 GWe goal is used in this 

assessment as the estimate of the sustainable, geothermal, 

dispatchable electrical power generation capacity for the 

United States capable of being developed by 2100. This 

level of installed generation capacity would provide about 

9% of the U.S.ȭÓ 2100 needed dispatchable electrical power generation capacity.67 

The current ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÇÅÏÔhermal electrical power generation capacity is about 10 

GWe. Using estimates reported by the International Geothermal Association, this paperȭs 

optimistic  projection, developed in Appendix 1, of the worldȭÓ total geothermal electrical 

power generation capacity is 1,889 GWe.
 4ÈÉÓ ×ÏÕÌÄ ÅÎÔÁÉÌ ÁÎ ÉÎÃÒÅÁÓÅ ÉÎ ÔÈÅ ×ÏÒÌÄȭÓ 

geothermal generation capacity by a factor of approximately 190 (190X). This level of 

Large geothermal power plant. 
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installed generation capacity would provide about 11% of ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ ÎÅÅÄÅÄ 

dispatchable electrical power generation capacity.  

Due to the diffuse nature of geothermal energy, the average geothermal power plant 

would only produce about 8 MWe. Using this value, the 1,889 GWe of installed capacity 

would involve the construction of approximately 240,000 geothermal generation plants, 

from 2021-2100, with  an average of 3,000 plants being completed each year.68  

Hydroelectricity  

Hydroelectric power generation is well established in the United States with the current 

installed capacity of 77.6 GWe. Further growth is believed to 

be possible, but primarily through the use of small-to-

medium sized plants. For this assessment, the U.S. total 

capacity is assumed to grow to 108 GWe, providing 6% of 

the needed 2100 dispatchable electrical power generation 

capacity. The additional capacity is roughly the equivalent 

of adding 15 Hoover Dams. 

4ÈÅ 7ÏÒÌÄ %ÎÅÒÇÙ #ÏÕÎÃÉÌȭÓ (WEC) 2007 Survey of 

%ÎÅÒÇÙ 2ÅÓÏÕÒÃÅÓ ÅÓÔÉÍÁÔÅÓ ÔÈÁÔ ÔÈÅ ×ÏÒÌÄȭÓ ÔÅÃÈÎÉÃÁÌÌÙ 

exploitable hydroelectric production is 16.494 million GW -hrs 

per year. Worldwide installed hydroelectric capacity, as of 2005, was 778.038 GWe, 

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 about 4,500 GWe. The WEC estimates that about 80% 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 2020-2100, the hydroelectric generation 

capacity of approximately 17 Hoover Dams would need to be added worldwide each year. 

Hydroelectricity would then provide 2 1Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÎÅÅÄÅÄ ÅÌÅÃÔÒÉÃÁÌ ÐÏ×ÅÒ 

generation capacity in 2100. (Note: This assumes no reduction in world-wide rainfall and 

winter snow accumulation that enables this additional capacity.) 

Wind-generated electricity and fuel  

Wind farms are an increasingly popular method to generate sustainable electricity . The 

United States has substantial wind power potential that, if suitably harnessed, can help to 

meet both dispatchable electrical power generation and sustainable fuels production 

capacity.  

Hoover Dam (2 GWe). 
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Using the assumptions and methodology described in Appendix 1 of this paper, the 

combined U.S. onshore and offshore wind farms would cover about 174,000 sq. mi. This 

is an area equal to about 67% of the state of Texas with 100% land use.69 The 150,000 sq. 

mi. of land wind farms would contain approximately 876,000 of the 1.5 MWe, 265-ton 

wind turbines.  The nearly 24,000 sq. mi. of offshore wind farms would contain 

approximately 196,000 of the larger 3.6 MWe wind turbines. 

A total of 1,072,000 wind turbines would be needed.  

As noted, this land use estimate assumes that 100% of 

the land is dedicated to wind farms. Terrain conditions, 

rivers, lakes, existing land use, proximity to homes and 

businesses, environmentally -sensitive areas, mines, etc., 

would prevent 100% land use. Assuming that only 25% of 

the suitable land for wind farms could actually be used for 

this purpose, the impacted area by land wind farms would 

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 for or be in close proximity to land 

wind farms. Small wind farm. 
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For offshore wind farms, if these are located in a 5-mile wide belt parallel to the shore, 

and assuming that 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 western U.S. coastline. Much of the coastline would appear as shown in 

the above illustration. 

The installed nameplate generation capacityðthe amount of power that would be 

generated if all wind turbines were generating their maximum electricity  

simultaneouslyðwould be 2,024 GWe. This exceeds the 1,754 GWe of dispatchable 

electrical power generation capacity needed in the U.S. in 2100. However, as discussed in 

Appendix 1, due to the variability in the availability and quality of the wind -generated 

electricity, only 101.2 GWe or about 5.8% of the U.S.ȭÓ 2100 need for dispatchable 

generation capacity could be provided by the nearly 174,000 sq. mi. of wind farms. 

The annual electrical power generated would total about 5.6 million GW -hrs. Of this 

total wind power produced, about 16% would be used by the utility power grids as 

dispatchable electrical power. The balance, using electrolysis, would produce about 8.9 

Q-BTU per year of compressed hydrogen. This would provide a little less than 9% of the 

U.S.ȭÓ 2100 needed sustainable fuel supply of 100 Q-BTU per year.  

Approximately 23,000 sq. mi. of land wind farms are required to produce 1 Q-BTU per 

year of hydrogen fuel.70 Meeting the current U.S. demand for 62 Q-BTU would require 

about 1.4 million sq. mi. of land wind farms with 100% land use, while meeting the 2100 

need for 100 Q-BTU would require about 2.3 million sq. mi. with 100% land use, assuming 

suitable wind power conditions. 71 

Illustration of an offshore wind farm showing wind turbines on the horizon. 
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Assuming that the economic life of the wind turbines is 30 years and the construction 

of the wind farms would be completed by 2050, the annual scale of construction 

operations for building these wind farms can be estimated. From 2020-2050, an average of 

about 36,000 wind turbines and associated electrical power transmission infrastructure 

would need to be installed in the United States each year.72 Once this initial construction 

is completed, a like number of wind turbines and associated power infrastructure would 

need to be rebuilt or replaced each year starting 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 10X that of the United States. Hence, the optimistic projection of the 

worldwide , dispatchable, wind-generated electrical power generation capacity would be 

1,012 GWe, providing about 6% of the needed world 2100 total. The 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 about 1.74 million sq. mi. and 

involve the installation of about 11,000,000 wind turbines. The impacted land area would 

total about 7 million sq. mi., while offshore wind farms would stretch along nearly 

100,000 ÍÉÌÅÓ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÓÅÁÓÈÏÒÅȢ The annual number of wind turbines needed to be 

installed from 2020-2050 would be approximately 360,000 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 large-scale generation 

of electricity are proven technologies, the limited availabili ty of useful sunlightɂabout 6 

hours per day on average of nameplate power generationɂand 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. 

Arizona and New Mexico have a combined area of 

236,000 sq. mi. If this entire area was 100% covered with 

ground solar photovoltaic farmsɂreflecting a ballpark 

estimate of the total land area in California, Nevada, Utah, 

Colorado, Arizona, New Mexico, and Texas suitable for 

commercial ground solar installationsɂthe nameplate 

electrical power generation capacity would be roughly 13,400 GWe. (However, this would 

Ground solar photovoltaic farm. 
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only be produced, on average, about 6 hours per day and, then, only on sunny days.) On 

an annual basis, this large area of solar arrays would produce about 29 million GW -hrs of 

electricity. W hen converted to compressed hydrogen, about 53 Q-BTU per year of fuel or 

53% of the needed U.S. 2100 total of 100 Q-BTU per year would be produced.  

While covering all the relatively flat land in these seven states with solar photovoltaic 

systems is theoretically possible, it is unlikely to be acceptable as such use, unlike wind 

farms, would curtail most other economic use of this land. If, however, 25% of the total 

suitable land was permitted to be used, the resulting 59,000 sq. mi. of ground solar arrays 

would produce 13.4 Q-BTU of hydrogen per yearɂa little over  13% of the U.S.ȭÓ annual 

need in 2100. Contrasted with the approximately 23,000 sq. mi. of wind farms required to 

produce 1 Q-BTU of hydrogen fuel, ground solar photovoltaic would produce 1 Q-BTU on 

about 4,400 sq. mi.73 

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 photovoltaic 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 would need to be built each year.74 

This 140 acre solar photovoltaic farm at Nellis Air Force Base, NV, illustrates 
how roughly 60,000 sq. mi. of the American southwest would appear with 
ground solar systems covering 25% of the open flat land. Land used by 
ground solar farms, unlike wind farms, cannot be used for other purposes. 
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This would involve the installation of about 52 million pedestals and associated 

infrastructure each year requiring 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 solar-generated electricity can be 

extrapolated from these estimates for the United States using the 10X U.S. rule of thumb. 

The annual hydrogen fuel production would be 134 Q-BTU or about 13% of the annual 

world need in 2100. The total area 100% covered worldwide would be about 600,000 sq. 

mi. This would likely be spread over an area the size of the continental United States. The 

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 biomass potential of the United States from both cropland and forestland. 

Using ÔÈÉÓ 5Ȣ3Ȣ ÇÏÖÅÒÎÍÅÎÔ ÓÔÕÄÙȭÓ ÃÏÎÃÌÕÓÉÏÎȟ ÂÉÏÍÁÓÓ ÉÎ ÔÈÅ 5ÎÉÔÅÄ 3ÔÁÔÅÓ ÉÓ ÅÓtimated 

to provide 16.4 Q-BTU or 16.4% of the sustainable fuel needed by 2100. (Note: These 

sustainable fuels come in a variety of forms, including alcohol, biodiesel, methane, 

combustible solids, and chemical process precursors.) 

The United States has about 11Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÁÒÁÂÌÅ ÁÎÄ 

permanent cropland and about 8Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÆÏÒÅÓÔÌÁÎÄȢ /Æ 

the projected U.S. biomass fuel production, 12.0 Q-BTU was from 

agricultural resources and 4.4 Q-BTU was from forest resources. 

Assuming comparable production efficiencies and land use 

constraints throughout the world , by 2100, ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ 

sustainable fuel production from biomass is estimated to be 105 

Q-BTU from agricultural resources and 57 Q-BTU from forest 

resources for a total of 162 Q-BTU. This would provide about 16% 

ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÆÕÅÌÓ ÎÅÅÄÅÄ ÉÎ άΫΪΪȢ 

The area of the U.S. cropland totals about 680,000 sq. mi. The 

cropland area required to produce 1 Q-BTU of fuel is about 57,000 sq. mi.75 This compares 

with the estimated 23,000 sq. mi. for wind and 4,400 sq. 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.) 

 

Waste biomass being 
collected. 
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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 energy sources.  

Table 2 ς Potential for Conventional, Terrestrial, Sustainable, 
Dispatchable Electrical Power Generation Capacity in 2100 

 United States World 

 GWe 
Percentage of 

2100 Need 
GWe 

Percentage of 
2100 Need 

Nuclear 175 10.0% 1,754 10.0% 

Geothermal 150113 8.6% 1,889115 10.8% 

Hydroelectric 108118 6.2% 3,621124 20.6% 

Wind 101137 5.8% 1,012 5.8% 

Ground solar -- -- -- -- 

Land biomass -- -- -- -- 

Total 534 30.4% 8,276 47.2% 

2100 Need 1,754 100% 17,543 100% 

2100 Deficiency 1,220 69.6% 9,267 52.8% 
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Wind
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Table 3 ς Potential for Conventional, Terrestrial, Sustainable Fuel Production in 2100* 

 United States World 

 Q-BTU/yr 
Percentage of 

2100 Need 
Q-BTU/yr 

Percentage of 
2100 Need 

Nuclear -- -- -- -- 

Geothermal -- -- -- -- 

Hydroelectric -- -- -- -- 

Wind 8.9151 8.9% 89 8.9% 

Ground solar 13.4172 13.4% 134 13.4% 

Land biomass 16.4184 16.3% 151188 15.1% 

Total 38.7 38.6% 374 37.3% 

2100 Need 100.3 100% 1,003 100% 

2100 Deficiency 61.6 61.4% 629 62.7% 

 

* These estimates do not include space solar power electricity-generated hydrogen or algae 

biodiesel. 
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From these summaries of the energy potential of conventional, terrestrial , sustainable 

energy sources, the following key points are evident: 

 Of the projected U.S. 2100 need for 1,754 GWe of sustainable, dispatchable 

electrical power generation capacity, nuclear, geothermal, hydroelectric, and wind 

would be able to supply only 533 GWe or 31% of the need. Hence, by 2100, the U.S. 

would have close to a 70% deficiency in dispatchable electrical power generation 

capacity. The situation is a little better with respect to the total world . Of the 

×ÏÒÌÄȭÓ ÐÒÏÊÅÃÔÅÄ 2100 need for 17,543 GWe, nuclear, geothermal, hydroelectric, 

and wind would be able to provide 47%. (Note: The estimate of the ×ÏÒÌÄȭÓ 

hydroelectric potential  may be particularly optimistic. ) 

 Of the projected U.S. 2100 need for 100 Q-BTU of sustainable fuels, wind, ground 

solar, and land biomass would be able to provide 39 Q-BTU or 39%, leaving a 61% 

sustainable fuels deficiency. Of the projected world 2100 need for 1,003 Q-BTU of 

sustainable fuels, wind, ground solar, and biomass could only meet 38% of the 

need, leaving a 62% deficiency. (Note: Recall that most of the world fuels 

production estimates are made by scaling up the U.S. estimate by a factor of 10 

(10X), 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 

ÐÒÏÄÕÃÔÉÏÎ ÁÒÅ ÃÌÏÓÅÌÙ ÌÉÎËÅÄ ÔÏ ÔÈÉÓ ÁÓÓÅÓÓÍÅÎÔȭÓ ÅÓÔÉÍÁÔÅÓ ÏÆ the U.S.ȭÓ and the 

total worldȭÓ 2100 energy needs.) 

This assessment of the potential of conventional, terrestrial , sustainable energy 

sources indicates that, in most cases, even optimistic projections of energy production 

from these sustainable energy sources fall significantly short of the projected U.S. and 

world 2100 needs for both dispatchable electrical power generation and fuels production.  

Perhaps even more surprisingɂand troublingɂis that the projected future U.S. 

sustainable energy production also falls short of current U.S. consumption. Specifically, 

the current U.S. installed electrical power generation capacity is 1,076 GWe. The 

projected future sustainable dispatchable U.S. generation capacity is only 534 GWe, or 

about ÈÁÌÆ ÏÆ ÔÏÄÁÙȭÓ ÃÁÐÁÃity. The same is true for fuels ÐÒÏÄÕÃÔÉÏÎȢ 4ÏÄÁÙȭÓ ΰά 1-BTU 

per year of primarily non -renewable hydrocarbons will be replaced by only 39 Q-BTU per 

year of hydrogen and biofuelsɂagain, not much more than half of the current U.S. 

consumption. 

These results point to the need for more options on providing future sustainable 

energy sources to take the place of oil, coal, and natural gas as these fuel sources become 

uneconomical or unavailable. How to close this critical gap in future U.S. and world 

sustainable energy sources is discussed in the next section.  
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5 - Closing the Gap in Sustainable Energy 

Section focus 

 Identify advanced sustainable energy sources that may, within the 21st century, 

close the remaining gap between U.S. and world energy needs and sustainable 

energy resources. 

 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 has argued these three important points: 

 TÈÅ ×ÏÒÌÄȭÓ ÒÅÓÏÕÒÃÅÓ ÏÆ oil, coal, and natural gas will be practicably exhausted this 

century meaning that, by the end of the century, the world will be living on 

sustainable energy sources wiÔÈ ÔÈÅ ×ÏÒÌÄȭÓ ÓÔÁÎÄÁÒÄ ÏÆ ÌÉÖÉÎÇ ÄÅÐÅÎÄÅÎÔ ÏÎ ÈÏ× 

much sustainable energy is available.  

 Conventional, terrestrial , sustainable energy sources are unlikely to meet current, 

let alone, future United States and world needs. 

 If the United States is to sustain its standard of living and if the world is to achieve 

a reasonable and, increasingly-expected, improved standard of living, then 

substantially additional sustainable energy sources are needed and needed soon! 

The opportunity at hand  

While it is cer tainly 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 comparable transition in energy sources when 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 17th century, steam power, electrical power, 

internal combustion , and nuclear energy where 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 

potential of  ȰÅÁÓÙ ÅÎÅÒÇÙ,ȱ have ÂÅÅÎ Á ÆÏÕÎÄÁÔÉÏÎ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÇÒÏ×ÉÎÇ ÓÔÁÎÄÁÒÄ ÏÆ 

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 sources. 
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The new golden age of energy industrial development  

Innovation, intellectual property development, capital invest ment, and industrial 

expansion (much of it focused on developing and exploiting easy energy) have been a 

consistent source of economic prosperity for several centuries. The competition among 

great powers this century for improved and new forms of sustainable energy will start in 

the laboratories; move to the engineering design centers and financial 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 

computi ng, and wireless communications that have, quite literally, transformed the world 

in just two generations. 

7ÈÁÔ ÉÓ ÃÌÅÁÒ ÆÒÏÍ ÔÈÉÓ ÐÁÐÅÒȭÓ ÆÉÎÄÉÎÇÓ ÉÓ ÔÈÁÔ ÔÈÅ ÅÎÔÉÒÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÉÎÆÒÁÓÔÒÕÃÔÕÒÅ 

will need to be rebuilt and expanded by a factor of at least threeɂthereby creating 

significant economic opportunities across a spectrum of industries and professions. For 

example, this paper projects a world need for 11 million wind turbines. At an average unit 

installed cost of $2 million, this is a market for $22 trillion of wind products through 

2050ɂwith around $2 trillion of this  in the United States. Recognizing that each of these 

turbines will probably need to be replaced at least every 30 years, this presents a 

sustained world market need for over $700 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.76) Noting that wind 

is estimated in this paper to provide about 7Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÎÅÒÇÙ ÎÅÅÄÓȟ Á ÖÅÒÙ ÒÏÕÇÈ 

projection of the total value of the new investment in sustainable energy products each 

year is over $10 trillion! Overall, by 2100 when the world could be consuming 280 billion 

BOE in energy per year at a cost of $100 per BOE, the world will spend upwards of $28 

trillion on energy each yearɂwith  virtually none of this energy supply coming from oil 

and gas wells or coal mines.  

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

with a per capita income of $30,000ɂabout that of Japan todayɂwould have a gross 

world product of the order of $3ΪΪ ÔÒÉÌÌÉÏÎ ÉÎ ÔÏÄÁÙȭÓ ÄÏÌÌÁÒÓȢ) 

With history as a clear guide, the nations that make the critical early investments in 

research and 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. #ÏÎÆÉÄÅÎÃÅ ÁÎÄ ÏÐÔÉÍÉÓÍ ÉÎ !ÍÅÒÉÃÁȭÓ ÁÂÉÌÉÔÙ ÔÏ 

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 needed additional  sustainable energy  

The sustainable energy sources discussed previously represent generally mature 

technologies that are in or nearing production today. Hence, reasonable engineering 

estimates of their potential contribution to meeting the U.S.ȭÓ and the ×ÏÒÌÄȭÓ energy 

needs can be 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 sustainable solutions, are described below. These are 

areas where prudent investment in research and development can set the stage for future 

success in supplying the world with sufficient energy . 

1. Advanced nuclear power  

Significant research and development into new forms of nuclear energy, ranging from 

new fuel cycles to improved fission reactors to fusion reactors, is underway.77 An ideal 

solution will be a family of advanced nuclear power generators, scalable from a few kWe 

to GWe, with acceptable safety, environmental impact, security, non-proliferatio n, and 

long-term affordable fuel supplies. These could provide distributed electricity and 

thermal energy for homes, transportation , businesses, and industries. In this regard, two 

specific nearer-term approaches warrant discussion. 

Small, mass -produced fi ssion reactors  

Mass production substantially reduces the unit cost and increases the quality of even 

complex technological productsɂlaptop computers, for example. Recent efforts to gain 

this benefit for nuclear reactors have focused on the development of smaller reactors in 

the 10-25 MW e 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 processesɂsuch as heating oil shale to 

drive out the oil or thermally -powering the chemical reactions needed to convert biomass 

into fuelɂor to produce steam to drive turbines to generate electricity. 

The potential  advantages of these small reactors could include:  

 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 power grids; 

 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 losses and radiation, to prevent casual vandalism of the reactor, 

and to make theft of the reactor more difficult ; and, 

 In some designs, increased fissile material burn rates enabling more efficient 

enriched U-235 fuel use resulting in  less need for fuel reprocessing. 

The possible disadvantages of these small 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 transport from remote areas and 

secure storage; 

 Remote and continuous security needed to prevent theft of the reactor or its fissile 

material or waste to use in dirty nuclear bombs, especially if plutonium is used in 

the fissile fuel or should the reactors be located in non-secure 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 safety-related design and 

manufacturing flaws discovered through usage after potentially hundreds-to-

thousands of units of the same or similar designs have been installed; and, 

 Significant time required to achieve nuclear regulatory approval for routine 

installation of thousands-to-tens of thousands of these reactors if  this small 

nuclear reactor approach is to make a significant contribution to future U.S. and 

world sustainable energy 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 decays into another 

longer-lived radioisotope of uranium, U-233. The decay of U-233 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 the thorium fission reactor design that breeds the 

additional U -233 while thermal energy is being produced to drive steam turbines. This 

breeder reactor approach is comparable to using neutrons to convert the fertile U-238 
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into plutonium Pu -239 but without the potential of breeding nuclear weapons-useful Pu-

239. 

India, with significant domestic suppl ies 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 MWe thorium reactor design that uses 

ÐÌÕÔÏÎÉÕÍ ÁÓ ÔÈÅ ÉÎÉÔÉÁÌ ȰÓÅÅÄȱ ÎÅÕÔÒÏÎ ÓÏÕÒÃÅ ×ÈÉÃÈ ÉÓ ÒÅÐÌÁÃÅÄ ÂÙ 5-233 as the thorium 

is converted to U-233. Other designs use enriched U-235 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 U-235 

reactors due to improved reactor safety conditions, reduced potential for proliferation 

risks, increased supplies of a plentiful thorium fuel source, and reduced long-term waste 

management issues. However, as with any large-scale use of radioisotopes for energy 

production, theft of nuclear materials for use in dirty bombs remains a security 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 uses strains of algae that, when triggered by environmental 

stress such as nutrient and nitrogen deficiencies, internall y produce and store 

hydrocarbons in the form of lipids and fatty acids.78 The key to the industrial-scale 

production of algae biodiesel involves the sustainable 

growth of selected algae strains in 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 protein-rich animal feed 

and food supplements or 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 acre per 

year (equivalent to 196,000 BOE per sq. mi. per year with 100% land use) under closed-

environment  conditions with carbon dioxide (CO2) augmentation, temperature control, 

and nutrient control to enhance growth.79 Current commercial efforts with shallow, open-

environment  ponds in warm climates estimate yields of about 4,000 gallons of biodiesel 

Algae. 
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per year (equivalent to about 82 BOE per acre per year or 52,000 BOE per sq. mi. per year 

with 100% land use).80 (Note: Such ponds 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 excessive rainfall, which  may impact 

production.  Suitable water sources to replace water lost 

through evaporation is also an issue.) 

Researchers in closed environment algae biodiesel 

production  see the potential to significantly increase 

the yield compared to open-pond growth. This is 

expected to be achieved through the further optimization 

and/or genetic modification of the specific algae to be used combined with closed-

environment designs that increase the ratio of growing surface area to land area, control 

the temperature and humidity , and augment CO2. (Note: Algae growth occurs in the top 

0.25 inch of the water. This means that increasing the surface area exposed to sunlight, 

and not total water volume, is the important engineering design metric.) Speculation as to 

expected production yields from closed environment algae biodiesel production ranges 

up to 100,000 gallons per acre per year (1.3 million  BOE per sq. mi. per year).81 (Note: The 

extension of limited, highly-complex research closed environment experiments to 

production facilities covering thousands of square miles may not be practical due to 

equipment installation , maintenance demands, and self-shadowing of the growth 

chambers limiting 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. 2100 need for 61.6 Q-BTU of 

sustainable fuel production  would require, with 100% land use, about 203,000 sq. mi. 

(equal to 77% of the state of Texas) of open algae ponds.82 The ×ÏÒÌÄȭÓ remaining need for 

618 Q-BTU of fuel would require, with 100% land use, about 2.0 million  sq. mi. (equal to 

about two-thirds  of the continental United States) of open algae ponds.83 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, closed-environment biodiesel production is 

discussed later in this section, as well as in Appendix 2 of this paper, in association with 

the use of space solar power provided electricity to produce sustainable hydrogen fuel 

and power the closed-environment algae production.)  

Commercial algae farm currently in use 
for non-energy algae production. 
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3. Halophyte-produced biomass fuel 

Halophytes are plants that can grow in or with 

saltwater irrigation .84 The large-scale leveling and 

saltwater irrigation (upwards of 4 feet per year) of 

deserts to provide new agricultural lands to grow 

conventional crop halophytes has been proposed.85 

Coastal deserts along eastern Africa or deserts and arid 

land in the southwestern United States, as examples, 

may provide a suitable location for commercial 

halophyte agriculture. The harvested halophytes, once 

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 is currently  estimated to yield, from oil -bearing seed, up to 5 BOE per acre or 

only 3,000 BOE per sq. mi. per year.86 The conversion of the remaining biomass into 

ethanol would, perhaps, double the total BOE yield. Comparison with the warm-climate 

open-pond production of algae biodiesel, addressed above, shows that current 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 emphasis with halophyte agriculture as the 

×ÏÒÌÄȭÓ growing population , especially 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 closed-environment 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 cost-competitive 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 energy and transmit this energy to large ground receiving 

antennas from which  the electrical power is provided to electric utilities . Discussed in 

greater detail in Appendix 2 of this paper, the sustainable energy potential of space solar 

power is summarized in the following: 

One type of halophyte. 
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 Each SSP platform would provide 5 GWe 

of dispatchable electrical power 

generation. The nature of SSP enables this 

energy to be provided continuously, 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 

ÐÌÁÔÆÏÒÍÓ ÅÎÔÅÒ ÔÈÅ %ÁÒÔÈȭÓ ÓÈÁÄÏ×Ȣ 

 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.  

 Each SSP rectenna, including the safety zone, will cover about 79 sq. mi.  

 In addition to 5 GW e of electrical power capacity, each rectenna ȰÓÏÌÁÒ ÅÎÅÒÇÙ 

ÉÓÌÁÎÄȱ would share its land with a large greenhouse providing a closed 

environment for the production of algae biodiesel. Each rectenna would have the 

annual capacity to produceȟ ×ÉÔÈ ÔÏÄÁÙȭÓ ÔÅÃÈÎÏÌÏÇÉÅÓȟ about 0.10 Q-BTU per year 

of biodiesel and hydrogen fuels (with the hydrogen being produced using excess 

off-peak electricity from the rectenna). 

 The combination of baseload electricity and fuels production would enable 

countries that are otherwise energy poor to become significantly, if not entirely, 

energy self-sufficient 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 capacity left by current 

sustainable energy sources, 244 and 1,854 5-GWe SSP systems would be needed for the 

U.S. and the total world, respectively.87 These would provide 70% and 53% of the 

dispatchable electrical power generation needs of the United States and the entire world, 

respectively.88  

An important question is how land energy efficient is the SSP approach. The rectennas 

and surrounding safety zones would cover 19,350 sq. mi. and 147,000 sq. mi. for the 

United States and the world, respectively.89 This represents less than 10% of the combined 

wind farm and ground solar areas previously identified for both the United States and the 

worldɂ233,000 sq. mi. for the United States and 2,330,000 sq. mi. for the worldɂwhile 

providing 70% and 53%, respectively, of the United States and world dispatchable 

Illustration of SSP platform in GEO transmitting 
energy to the ground receiving antenna. 
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electrical power generation capacity.90 In addition to providing dispatchable electrical 

power, SSP is much more land use efficient than 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 year-round closed-environment 

algae biodiesel production and hydrogen production. If 67% of the area under the 

rectennas and surrounding safety zone is used in this manner and if 90% of the excess 

off-peak electrical power is used to produce hydrogen, at current production  technology 

levels, 24% of the Unites States fuel 2100 needs and 19Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ άΫΪΪ ÆÕÅÌ ÎÅÅÄÓ 

could be met by the biodiesel and hydrogen produced at these solar energy islands.91 

(Note: A modest amount of hydrogen could also be produced by nuclear power and 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 44%, respectively.92 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 because the 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 stock. Open-pond 

algae production is expected to require less capital investment per Q-BTU of production 

capacity. Filling this fuels production gap with open-pond algae biodiesel would require 

122,800 sq. mi. in the United States and 1.5 million sq. mi. in the world .93  

The following two tables summarize the sustainable dispatchable 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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30.40%

69.60%

Projected U.S. sustainable, 
dispatchable electrical power 

generation capacity w/SSP in 2100

Terrestrial 
sustainable

244 SSP 
platforms

47.20%

52.80%

Projected world sustainable, 
dispatchable electrical power 

generation capacity w/SSP in 2100

Terrestrial 
sustainable

1,854 SSP 
platforms

Table 4 ς Potential for Sustainable, 
Dispatchable Electrical Power Generation Capacity in 2100 

 United States World 

 GWe 
Percentage of 

2100 Need 
GWe 

Percentage of 
2100 Need 

Nuclear 175 10.0% 1,754 10.0% 

Geothermal 150113 8.6% 1,889115 10.8% 

Hydroelectric 108118 6.2% 3,621124 20.6% 

Wind 101137 5.8% 1,012 5.8% 

Ground solar -- -- -- -- 

Land biomass -- -- -- -- 

Terrestrial 
Total 

534 30.4% 8,276 47.2% 

SSP 
dispatchable 

electrical power 
generation 
capacity 

1,22087 
(244 SSP 

platforms) 
69.6%88 

9,27087 
(1,854 SSP 
platforms) 

52.8%88 

Total 1,754 100.0% 17,546 100% 

2100 Need 1,754 100% 17,543 100% 
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38.60%

24.30%

37.10%

Projected U.S. sustainable fuel 
production w/SSP fuels and algae 

biodiesel in 2100

Conventional 
sustainables

SSP C-E 
biodiesel + 
hydrogen                   
Open-pond 
algae biodiesel

37.30%

18.50%

44.20%

Projected world sustainable fuel 
production w/SSP fuels and algae 

biodiesel in 2100

Conventional 
sustainables

SSP C-E 
biodiesel + 
hydrogen
Open-pond 
algae biodiesel

Table 5 ς Potential for Sustainable Fuel Production in 2100 
with Space Solar Power and Algae Biodiesel 

 United States World 

 Q-BTU/yr 
Percentage of 

2100 Need 
Q-BTU/yr 

Percentage 
of 2100 Need 

Nuclear -- -- -- -- 

Geothermal -- -- -- -- 

Hydroelectric -- -- -- -- 

Wind 8.9151 8.9% 89 8.9% 

Ground solar 13.4172 13.4% 134 13.4% 

Land biomass 16.4184 16.3% 151188 15.1% 

Conventional 
Sustainable 

Total 
38.7 38.6% 374 37.3% 

SSP rectenna-
provided fuel* 

24.491 
(244 SSP)87 

24.3%91 
18691 

(1,854 SSP)87 
18.5%91 

Algae biodiesel 
(Q-BTU/yr)**  

37.293 37.1%92 44393 44.2%92 

Total 100.3 100% 1,003 100% 

2100 Need 100.3 100% 1,003 100% 

* Closed-environment algae biodiesel @15,000 gallons per acre per year plus hydrogen production 
using 90% of the excess off-peak electricity (assuming 95% SSP availability). 

** Warm-climate, open-pond algae biodiesel @ 4,000 gallons per acre per year. 
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 Required land use 

The estimates of the magnitude of the potential energy available from sustainable energy 

sources, from Appendices 1 and 2 of this paper, include estimates of the land area 

required. These estimates for the United States are summarized in the table below.  

In the United States, approximately 12% of the surface area of the lower 48 statesɂ

generally constrained to relatively flat landɂwould be dedicated to sustainable energy 

production . This is nearly 4 times the area covered by the 5 Great Lakes.94 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 to nuclear and, particularly , renewable energy sources will dramatically recast the 

appearance of the world. Large, human-made structures of wind turbines, ground solar 

arrays, SSP rectennas, and algae ponds will cover significant areas of the land and 

coastline.  

Of the renewable energy options, however, the SSP rectennas are one of the most 

land-efficient in terms of the production of renewable energy per sq. mi. of land 100% 

used. The needed 244 SSP receiving antennas would only require a 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 generation capacity and about 24% of the sustainable fuels 

production capacity in the United States by 2100. 
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Table 6 ς Summary of U.S. Land Area Required by Sustainable Energy Sources 

 

Area 100% Used 
for Sustainable 

Energy 
Production 

(sq. mi.) 

% of Continental 
U.S. 

% of 2100 Energy Supplied 

Dispatchable 
Electrical 
Power 

Fuels 

Nuclear* 525 ~0.0% 10% -- 

Geothermal ** 293  ~0.0% 8.5% -- 

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

Wind****  173,667146 5.6% 5.8% 8.8% 

Ground solar 59,000172 1.9% -- 11.1% 

Land biomass --À   16.4% 

Space solar power 
rectennas 

19,34989 0.6% 69.8% 26.8% 

Algae(open-pond) 122,83293 3.9% -- 36.9% 

Total 375,666 sq. mi. 12.0% 100.3% 100% 

 

* Assumes 3 sq. mi. per reactor; excludes waste disposal, fuel processing, and mining. 
** Assumes 8 MWe average geothermal power plant size and 10 acres per plant. 
*** No specific land area is defined for hydroelectric as this varies significantly depending on the specific 
installation. 
**** Includes both land and offshore wind farms. 
ɜ All cropland and all accessible forestland are used for fuels biomass production per Department of 
Energy/Department of Agriculture report cited in Appendix 1 of this report. 
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6 - Summary  

4ÈÉÓ ÐÁÐÅÒȭÓ ËÅÙ ÆÉÎÄÉÎÇÓ and conclusions are listed in the 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 and findings 

uncovered in this paper, it is best to wrap up with an awareness of the need to accept 

these important points: 

1. The era of easy energy will end this century.  

2. Predictions of how long the recovery of easy energy sources will remain 

economically manageable in the United States cannot be made 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: 

o Expanding proved domestic reserves and production capacity of accessible 

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 use to minimize t he needed 

investment in sustainable energy infrastructure; and, 

o Developing and rapidly building sustainable energy sources to take the 

place of easy energy and achieve U.S. energy freedom of action. 

4. Developing sustainable energy sources must be undertaken in a well-reasoned 

manner so that vital economic, industrial , and natural resources are not wasted on 

solutions that will not maximize sustainable dispatchable electrical power 

generation and fuels production . 

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

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

needs for sustainable energy. Absent a significant expansion of advanced nuclear 

energy or the substantial use of undersea methane hydrates, the development of 

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

ÏÆ ÔÈÅ 5Ȣ3ȢȭÓ ÁÎÄ ÔÈÅ ×ÏÒÌÄȭÓ ÔÒÁÎÓÉÔÉÏÎ ÔÏ Á ÓÕÓÔÁÉÎÁÂÌÅ ÅÎÅÒÇÙ ÆÕÔÕÒÅȢ 

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 centuryɂan 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 estimates the energy production potential  of sustainable energy sources 

that use current technologies enabling their use to be quickly expanded. The 

conventional sustainable energy technologies addressed are: fission nuclear energy, 

geothermal, hydroelectric, wind, ground solar electric, and land biomass.  

For each of these sources, the likely sustainable supply potential of dispatchable 

electrical power generation and fuels production capacity in the United States and the 

entire world  is estimated. At the end of this appendix, these estimates are summarized 

and compared with the estimates of the U.S.ȭÓ and the worldȭÓ 2100 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 paper, summarizes the 2006 actual and 

projected 2100 dispatchable 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 

 

Entire Annual 
Use/Need 
(Q-BTU/yr) 

(2006/2100) 

Dispatchable 
Electrical Power 

Generating Capacity 
(GWe) 

(2006/2100) 

Fuels Production Capacity 
(Q-BTU/yr) 

(2006/2100) 

United States 100 / 162 1,076 / 1,754 62 / 100 

Entire World 472 / 1,624 4,000* /17,543 292* / 1,003 

* Estimated values as discussed in Endnote 64. 

Conventional fission nuclear electricity  

Today, 439 commercial nuclear reactors are operating worldwide .95 In 2005, these 

produced about 15Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÅÌÅÃÔÒÉÃal power96 and provided 352 GWe,
95 or about 

9%, of the installed generating capacity.97 These reactors primarily use U-235 as the fissile 
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isotope to generate heat to boil water to produce steam to drive a turbine electrical 

generator. A typical new nuclear reactor produces about 1 GWe. Nuclear power plants are 

dispatchable and, because of the high cost, generally are operated continuously providing 

baseload power.  

Meeting the ×ÏÒÌÄȭÓ entire dispatchable electrical power generation needs of 17,543 

GWe in 2100, using conventional nuclear power, would require upwards of 17,543 1-GWe 

reactors (with 100% availability). To supply the additional 

1,003 Q-BTU per year of fuel would require an additional 

61,300 1-GWe reactors (with 100% availability) to produce 

electricity to electrolyze water into hydrogen.98 The total 

number of 1-GWe reactors needed in 2100 would be about 

78,000.99 In the United States, about 7,800 1-GWe reactors 

×ÏÕÌÄ ÂÅ ÒÅÑÕÉÒÅÄ ÕÓÉÎÇ ÔÈÉÓ ÐÁÐÅÒȭÓ ÅÓÔÉÍÁÔÅ ÔÈÁÔ ÔÈÅ 

5ÎÉÔÅÄ 3ÔÁÔÅÓ ×ÏÕÌÄ ÎÅÅÄ ΫΪГ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÅÎÅÒÇÙ.  

For newer reactor designs with an expected 60-year 

operational life, between 2020 and 2079, each year an average 

of roughly 1,300 reactors would need to be brought into operation worldwide.100 Once 

this initial cycle of construction is completed in 2079, a comparable number of 

replacement reactors and associated facilities would need to be made operational each 

year, starting in 2080, to replace the first reactors as they reach the end of their 

operational life.  

Even though the construction of nuclear reactors has slowed in recent decadesɂ 

stopping in the United Statesɂresearch into reactor designs, fuel choices, and fuel burn 

cycles has continued.101 The primary issues associated with the expanded use of fission 

nuclear power include: plant siting, water for cooling and associated environmental 

considerations, fuel supplies, waste disposal, reactor retirement  and disassembly, 

security, nuclear weapon non-proliferation , safety validation of new fuel cycles and 

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. The 7ÏÒÌÄ %ÎÅÒÇÙ #ÏÕÎÃÉÌȭÓ (WEC) 2007 Survey of Energy Resources 

estimates that ȰÔÏÔal conventional and unconventionalȱ land sources of uranium could 

sustain the ×ÏÒÌÄȭÓ current 352 GWe of installed capacityɂproviding the equivalent of 300 

GWe of continuous generation102ɂfor 675 years.103 Extrapolating from this estimate, 

78,000 GWe of installed capacity could be sustained for less than 3 years.104  

Commercial nuclear plant 
with 2 reactors. 
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Obviously, different fuel supplies and/or fuel cycles are required to 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. ThÉÓ ÐÁÐÅÒȭÓ assumed use of nuclear power to supply 10% of 

ÔÈÅ ×ÏÒÌÄȭÓ dispatchable generating capacity in 2100 would require about 1,754 GWe of 

nuclear electric capacity. Of this totalɂrecalling that in 2100 the U.S. is projected to use 

about 10Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÔÏÔÁÌ ÅÎÅÒÇÙɂ175 GWe of nuclear electric capacity would need to 

be in operation in the United States. (This is an increase from 104 reactors currently 

operating in the U.S.) World uranium reserves should be able to sustain the needed fuel 

supply for these 1,754 GWe for 116 years, providing sufficient time for more advanced 

nuclear systems to be proven and brought into operation. 105  

From 2021-2180, an average of 33 new 1-GWe reactors would need to be brought into 

operation each year worldwide , with a comparable number of replacement units needed 

starting in 2081.106 This number of new reactors, presuming the use of a reasonable 

number of unique reactor designs, should not overload the necessary regulatory approval 

process required for public acceptance of expanded nuclear power.  

Hot-rock geothermal -generated electricity  

Hot -rock geothermal involves extracting hot water or steam from deep undergroundɂ

generally 2-5 km deepɂand using this as the heat source to power electrical generators. 

The typical geothermal plant, producing only 5-8 MWe, is much smaller than typical 

thermal power plants. However, areas with unusually high heat flow rates, such as above 

suspected magma pockets in volcanically-active areas, can support plants up to 270 MWe 

in size.107  

The primary issues associated with the use of 

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 of underground water, ground 

permeability , and sufficient surface water to inject 

into the ground. The latter four are of greater 

importance.  

While the temperature of rock deep 

underground is high, as shown in the map below, the heat flow rate through the rock to 

replace heat extracted by the geothermal plant is low. (Rock is generally considered to be 

Geothermal power plant. 
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a thermal insulator.) Sustained geothermal power generation requires that the heat 

extraction rate be balanced to the makeup heat flow rate.  

As a measure of the challenge presented in exploiting geothermal energy, sunshine 

delivers about 1,000 watts per square meter. In areas of ȰÈÉÇÈȱ ÈÏÔ-rock geothermal 

energy potentialɂoutside of anomalous magma-heated areas that drive hot springs and 

geysersɂsubsurface heating rates are typically 0.08-0.11 watt per square meter, even at 5 

km underground.108 The heat extracted from an underground area one acre in size could 

only generate enough electrical energy to power a single 100-watt light bulb. 109 A 

geothermal generation plant producing 5-8 MWe would require heat extraction from an 

underground area covering about 100 sq. mi., if spread out horizontally. 110  

Most current geothermal plants are built to exploit the relatively limited number of 

anomalous areas where the subsurface heat flow rates are much higher due to the 

proximity to subsurface pockets of magma. Largely for this reason, current U.S. and 

worldwide geothermal generation capacities only total  about 3 GWe and 10 GWe, 

respectively.111 One half of the U.S.ȭÓ total geothermal generation capacity comes from one 

such anomalous location in CaliforniaɂThe Geysers.  

 A second important issue regarding the practicality of harvesting geothermal energy 

is the ability to get the generated power to the customer. In many locations, long 

Map of the United States showing areas of potential, but not necessarily exploitable, 
geothermal energy. The map is of the subsurface temperature 2-5 km underground. 
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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 produced by an average 5-8 MWe 

plant. Hence, in some parts of the world, without the  larger power plants associated with 

anomalously high levels of geothermal energy, transmitting  geothermal energy to 

customers may not be profitable. 

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 solidɂwhich is the 

situation in most areas shown on the preceding mapɂthen 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 practical for geothermal energy. Hence, large 

areas of potential geothermal energy are not yet exploitable. 

A final consideration is the need for a constant supply 

of surface water to sustain heat extraction where the rock 

temperatures are high enough to create steam. #ÁÌÉÆÏÒÎÉÁȭÓ 

The Geysers 1-GWe geothermal generation system uses 

18.5 million gallons of water each day to sustain the 

necessary steam generation.112 Many arid parts of the world 

with high geothermal potential may lack the surface water 

necessary to extract the heat. In some cases, closed loop 

systems can be employed to minimize the amount of 

surface water that must be used. However, these plants 

would appear to require greater capital investment and 

maintenance. 

In 1978, the U.S. Geological Survey estimated the total identified and undiscovered 

geothermal electrical power generation potential in the United States at 95-150 GWe.
113 

The upper value is used in this paper as the dispatchable geothermal power generation 

potential  for the United States in 2100. This would provide about 9% of the needed U.S. 

generation capacity of 1,754 GWe in 2100. To reach this goal will require an expansion of 

current U.S. geothermal capacity by a factor of about 50 (50X). 

In recent years, five separate estimates, as reported by the International Geothermal 

Association, have been made of the worldwide geothermal electrical power generation 

potential.114 Assuming that, optimistically,  75% of the average of these estimates could be 

achieved by 2100, the total generation capacity would be 1,889 GWe
115ɂcomparable to the 

1,754 GWe of nuclear power assumed for 2100. This would provide about 11% of the 

needed worldwide  generation capacity for 2100 and would result in an expansion of 

current worldwide geothermal generation capacity by a factor of about 190 (190X).116 

One geothermal plant at 

The Geysers in California. 
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(Note: Geothermal energy can also be used directly for space, water, and low 

temperature industrial process heating. In addition, near-surface geothermal heat pumps 

are also increasingly being used to replace standard heat pumps, gas- and oil-fired space 

heaters, and air conditioners. This use of geothermal energy is not directly addressed in 

this assessment but is assumed to contribute to the reduction in per capita energy use, 

discussed earlier, brought about by improved energy use efficiencies.) 

Hydroelectric ity  

Hydroelectricity is a well-proven technology primarily used to meet daily and seasonal 

peak electrical power demands. There is substantial untapped hydroelectric potential, 

mostly in the developing world. The primary issues include: the environmental impact  

associated with the storage and release of the water, the disruption of local populations 

and environment caused by the creation of the storage lake, and the potential loss of 

generation capacity due to long-term drought.  Hydroelectric power plants are 

dispatchable and can range from a few MWe to several GWe. One hydroelectric plant with 

a generation capacity of up to 50 GWe has been proposed for the Red Sea. 

A variant of hydroelectric power is pumped storage. Water is pumped into elevated 

lakes using excess conventional electrical power at night and on weekends and 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 be recovered 

to meet peak demands. The primary limitation is the topography of th e land that enables 

elevated storage lakes with sufficient capacity to be built. Most useful pumped storage 

locations in the United States have been developed. 

The current U.S. hydroelectric generation capacity is 77.6 GWe. One U.S. Department 

of Energy study cites the potential for the development of an additional 30 GWe of 

hydroelectric capacity in the United States, primarily through small-to-medium scale 

dams.117 Assuming that all of this additional potential is developed, in 2100, the total U.S. 

hydroelectric generation capacity would be approximately 

108 GWe, or about 6% of the needed dispatchable electrical 

power generation capacity.118 

The WEC 2007 Survey of Energy Resources estimates 

ÔÈÁÔ ÔÈÅ ×ÏÒÌÄȭÓ ÔÅÃÈÎÉÃÁÌÌÙ ÅØÐÌÏÉÔÁÂÌÅ ÈÙÄÒÏÅÌÅÃÔÒÉÃ 

production is 16.494 million GW -hrs per year.119 Worldwide 

installed hydroelectric capacity, as of 2005, was 778 GWe, 

producing 2.837 million GW-hrs per year.120 Using the 

technically exploitable production, the potential total  world 

hydroelectric generation capacity, using current technologies, 
Hoover Dam (2 GWe). 
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is about 4,500 GWe.
121 The WEC estimates that about 80% of the technically exploitable 

potential could be realized.122 The potential additional capacity is, therefore, 2,843 

GWe.
123 The total world hydroelectric generation capacity would then be 3,621 GWe.

124 

Developing this additional hydroelectric power would add the equivalent of building 

about 1,400 Hoover Dams.125 From 2020-2100, the hydroelectric generation capacity of 

approximately 17 Hoover Dams would need to be added worldwide each year.126 

Hydroelectricity w ould then provide about 21Г ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÎÅÅÄÅÄ ÅÌÅÃÔÒÉÃÁÌ ÐÏ×ÅÒ 

generation capacity in 2100.127 (Note: This assumes no reduction in world-wide rainfall 

and winter snow accumulation that enables this additional capacity.) 

Wind-generated electricity  and fuel  

Wind -generated electricity is one of the fastest growing sustainable energy generation 

methods. This technoÌÏÇÙ ÕÓÅÓ ȰÆÁÒÍÓȱ ÏÆ ÔÅÎÓ-to-hundreds of large wind turbines to 

generate tens-to-hundreds of MWe of electricity for  electrical power consumers. 

ü Wind turbine electrical power overview  

A typical land wind turbine consists of a mast 260-ft tall with 3 blades spanning a 

diameter of 240 ft. It weighs about 265 tons. An electrical generator housed in the hub 

converts the rotational energy of the blades into alternating current electricity. Buried 

power lines connect the turbines in the farm with the transm ission lines that carry the 

electricity  to Á ÕÔÉÌÉÔÙȭÓ electrical power grid. A typical individual land -based wind turbine 

ÍÁÙ ÐÒÏÄÕÃÅ Á ÍÁØÉÍÕÍ ÏÒ ȰÎÁÍÅÐÌÁÔÅȱ ÐÏ×ÅÒ ÏÆ 1.5 MWe while a larger sea-based 

turbine may produce up to 3.5 MWe. 

The primary issues with wind-generated electricity 

include: wind farm location; ground suitability  for 

installation ; total land area needed; access to long-distance 

transmission grids to deliver the electrical power to the 

customer; distance to the 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 acoustic 

environmental disruption;  and, the potenti al impact on birds. 

ü )ÍÐÁÃÔ ÏÆ ÔÈÅ ×ÉÎÄȭÓ ÖÁÒÉÁÂÉÌÉÔÙ 

Unlike  nuclear, hydroelectric, and geothermal power, the amount of electricity generated 

by a wind farm at any particular moment is determined by the windȭÓ speed. A modern 

wind turbine  is designed to operate across a range of wind speedsɂusually from 8-56 

miles per hour.128 However, iÔÓ ÄÅÓÉÇÎ ÏÒ ȰÎÁÍÅÐÌÁÔÅȱ ÐÏ×ÅÒɂthe value typically 

Large commercial wind farm. 






































































