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Preface

The goal of this book is to provide both professional engineers as well as engineering 
students interested in energy systems with essential knowledge of major energy 
technologies, including how they work, how they are quantitatively evaluated, 

what they cost, and what is their benefit or impact on the natural environment. A second 
goal is to provide the reader with an overview of the context within which these systems 
are being implemented and updated today and into the future. Perhaps at no time in 
recent history has society faced such challenges in the energy field: the yearning to 
provide a better quality of life to all people, especially those in the more impoverished 
countries, coupled with the twin challenges of a changing energy resource base and the 
effects of climate change due to increased concentration of CO2 in the atmosphere. 
Energy systems engineers from many disciplines, as well as non-engineers in related 
fields, will serve at the forefront of meeting these challenges.

Chapter topics are chosen in the first part of the book to provide key background for 
the analysis of energy systems, and in the second part to give a representative view of 
the energy field across a broad spectrum of possible approaches to meeting energy 
needs. In Chaps. 1 to 3 we present tools for understanding energy systems, including a 
discussion of sustainable development, a systems approach to energy, and economic 
tools for evaluating energy systems as investments. In Chaps. 4 and 5 we consider 
climate change and fossil fuel availability, two key factors that will shape the direction 
of energy systems in the 21st Century. Chaps. 7 to 12 present a range of technologies for 
generating energy for stationary applications, including fossil fuel combustion, carbon 
sequestration, nuclear energy, solar energy, and wind energy. Chaps. 13 and 14 turn to 
energy conversion for use in transportation systems, and Chap. 15 provides a brief 
overview of some emerging technologies not previously covered, as well as the 
conclusions for the book. Use of biofuels is covered briefly in Chap. 6 for stationary 
combustion and in Chap. 13 for transportation applications. However, a complete 
treatment of biological energy systems is beyond the scope of this book, so references to 
more comprehensive works are provided in both locations.

The contents of the book assume a standard undergraduate engineering background, 
or equivalent, in physics, chemistry, mathematics, and thermodynamics, as well as a 
basic introduction to statistics, fluid mechanics, and heat transfer. Each technology area 
is introduced from first principles, and no previous knowledge of the specific 
technologies is assumed.

This book originated in two courses taught at Cornell University, one in the School 
of Mechanical and Aerospace Engineering entitled “Future Energy Systems”, and the 
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other in the Department of Biological and Environmental Engineering entitled 
“Renewable Energy Systems.” In addition, a third course, “Civil Infrastructure Systems” 
taught in the School of Civil & Environmental Engineering, influenced the writing of 
passages on sustainable development and systems engineering. Energy system concepts, 
example problems, and end-of-chapter exercises have been developed through 
introduction in the classroom. In all three courses, we have focused on solar and wind 
energy systems, so we have also placed a special emphasis on these two fields in this 
book. Interest in solar and wind is growing rapidly at the present time, but information 
about these fields may not be as accessible to some engineers, so we aim to provide a 
useful service by giving them extensive treatment in Chaps. 9 to 12.

 Presentation of technical content in the book adheres to several premises for energy 
systems engineering that are independent of the technologies themselves. The first is 
that energy systems choices should be technology-neutral. No energy system is perfect, and 
every system has a range of advantages and disadvantages. Therefore, to the extent 
possible, the choice of any system should be based on choosing criteria first and then 
finding a system, or mixture of systems, that best meets those criteria, rather than 
preordaining that one type of system or another be chosen.

A second premise is that there is value to a portfolio approach to energy options. All the 
energy pathways described in this book are, to varying degrees, subject to uncertainty 
over both the short and long term, in terms of cost, availability, and reliability. There is 
therefore value in developing diversity in energy options so that in the future we are 
not vulnerable to the disadvantages of any one technology. Also, given the global 
demand for energy that is anticipated in the 21st century, having multiple sources of 
energy will allow us to add capacity more quickly when it is needed while still striving 
to meet our environmental obligations to present and future generations.

A third premise is that where long-term technologies will take time to develop fully, 
there is value to developing “bridge” technologies for the short- to medium-term. Some of the 
technologies presented in this book eliminate harmful emissions or use only renewable 
resources, but are not yet reliable or cost-competitive enough to enter the market in a 
large-scale way. In this situation, there is value to bridge technologies that are cost-
effective now and also reduce non-renewable resource consumption or CO2 emissions, 
even if they do not eliminate them entirely. Typically, these technologies consume fossil 
fuels but are more efficient or have higher utilization, so that they deliver more energy 
service per unit of resource consumed or CO2 emitted. 

Although the book is written by American authors in the context of the U.S. energy 
system, we maintain an international focus. This is important because of the increasingly 
global nature of the energy industry, both in terms of the resource base and also the 
transfer of technology between countries. We hope that non-U.S. readers of the book 
will find the material accessible, and that U.S. readers can apply the content to energy 
projects in other countries, and also to understanding the energy situation around the 
world. For simplicity, all costs are given in dollars; however, other world currencies can 
of course be substituted into equations dealing with financial management.

Both a systems approach and an engineering economics approach to designing and 
costing projects is emphasized. The use of good systems engineering techniques, such as 
the systematic consideration of the project scope, evaluation of tradeoffs between 
competing criteria, and consideration of project life cycle cost and energy consumption, 
can deliver more successful projects. Consideration of cost and revenues from a project, 
as well as technical efficiency, helps us to better understand the profitability of a project. 
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For the purposes of cost analysis, approximate prices for the cost of energy resources 
and the purchase of energy conversion equipment have been introduced in places at 
their appropriate value. These values are intended to give the reader a general sense of 
the financial dimensions of a technology, for example, approximately what proportion 
of an energy technology’s life cycle cost is spent on fuel versus capital or non-fuel 
operating costs. Note, however, that theses values should not be used as a basis for 
detailed decision-making about the viability of a project, since up-to-date costs for 
specific regions are the required source. It is especially important to find up-to-date 
numbers for one’s particular project of interest because of the volatility in both energy 
and raw material prices that has developed since 2004 or 2005. With rapid economic 
growth in the two largest countries by population in the world, namely China and 
India, there is burgeoning demand not only for energy commodities but also for 
materials such as steel or copper that are essential for fabricating energy conversion 
technologies. This affects not only operating costs of fossil-fuel driven energy systems 
but also capital cost of both renewable and nonrenewable energy systems. As a result, 
the cost of virtually all energy system options has risen markedly in the past few years.

Earlier books on energy systems have placed an emphasis on equipment to prevent 
release of air pollutants such as scrubbers or catalytic converters. As presented in the 
body of the book, emerging technologies that use new energy resources and eliminate 
CO2 emissions also tend to eliminate emissions of harmful air pollutants, so air quality 
as a separate objective is deemphasized in this book. In some cases it appears instead as 
a constraint on energy systems development: where air quality problems may be 
aggravated by emerging technologies that are beneficial for other objectives but increase 
emissions of air pollutants, regulations or targets related to air quality may restrict our 
ability to use that technology.

In conclusion, we offer a word of “truth in advertising” about the contents of the 
book: it provides some answers, and also many unanswered questions. It is humbling 
to write a book about energy systems, just as it is to teach a course or give a presentation 
about them: one ends up realizing that it is a very challenging area, and that many 
aspects of future solutions remain hidden from us at present. We hope that in publishing 
this book we have helped to answer some of the questions about energy systems where 
possible, and, where not, posed them in such a way that the act of exploring them will 
move the field forward. The extent and complexity of the challenge may seem daunting 
at times, yet there are and will be great opportunities for energy professionals, both 
now and in the future. We wish each of you success in your part of this great 
endeavor.

P r e f a c e  xvii
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CHAPTER 1 
Introduction

1-1 Overview
The purpose of this chapter is to introduce the engineer to the worldwide importance 
of energy systems, and to the historic evolution of these systems up to the present time. 
We discuss how energy use in various countries is linked to population and level of 
economic activity. Next, we consider current trends in total world energy use and 
energy use by different countries, and discuss how the pressure from growing energy 
demand and growing CO2 emissions pose a substantial challenge for the world in the 
coming years and decades. The chapter concludes with a review of basic units used to 
measure energy in the metric and U.S. customary systems.

1-2 Introduction
When an engineer thinks of access to energy or energy systems, whether as a profes-
sional responsible for the function of some aspect of the system, or as an individual 
consumer of energy, a wide range of applications come to mind. These applications 
include electricity for lighting or electronics, natural gas for space heating and indus-
trial uses, or petroleum products such as gasoline or diesel for transportation. Access to 
energy in the industrialized countries of Asia, Europe, and North America is so perva-
sive that consumption of energy in some form is almost constant in all aspects of mod-
ern life —at home, at work, or while moving from place to place. In the urban areas of 
industrializing and less developed countries, not all citizens have access to energy, but 
all live in close proximity to the local power lines and motorized vehicles that are part 
of this system. Even in the rural areas of these countries, people may not be aware of 
modern energy systems on an everyday basis, but they may come into occasional con-
tact with them through access to food shipments or the use of rural bus services. Indeed, 
there are very few human beings who live in complete isolation from this system. 

If it is true that use of energy is omnipresent in modern life, then it is also true that 
both individuals and institutions (governments, private corporations, universities, 
schools, and the like) depend on reliable access to energy in all its forms. Without this 
access, the technologies that deliver modern amenities including comfortable indoor 
temperature, safe food products, high-speed transportation, and so on, would quickly 
cease to function. Even the poorest persons in the less-developed countries may rely on 
occasion for their survival on shipments of food aid that could not be moved effectively 
without mechanized transportation.

In order for an energy resource to be reliable, it must, first of all, deliver the service 
that the consumer expects. Secondly, it must be available in the quantity desired, when 
the consumer wishes to consume it (whether this is electricity from a wall outlet or 
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gasoline dispensed from a filling station). Lastly, the resource must be available at a 
price that is economically affordable. 

The above qualities define the reliability of the energy resource, for which the 
consumer will experience adverse consequences if not met—immediately, if the energy 
system or device stops functioning correctly, or within a short period of time, if the price 
of the resource is unaffordable. Longer term, there is another criterion for the energy 
resource that must be met, and one for which society as a whole suffers negative 
consequences, even if the individual user does not experience consequences directly 
from her or his actions and choices: environmental sustainability. At the beginning of the 
twenty-first century, this dimension of energy use and energy systems was increasingly 
important. Practices that may have placed negligible stress on the planet 100 or 150 years 
ago, simply because so few people had access to them, are no longer acceptable today, 
when billions of human beings already have access to these practices or are on the verge 
of achieving sufficient wealth to have access to them. Thus the need to deliver energy in 
a way that is both reliable and sustainable places before humanity a challenge that is both 
substantial and complex, and one that will require the talent and efforts of engineers, as 
well as research scientists, business managers, government administrators, policy 
analysts, and so on, for many years, if not decades, to come.

1-2-1 Historic Growth in Energy Supply
Looking back at how humanity has used energy over the millennia since antiquity, it is 
clear that the beginning of the industrial revolution marked a profound change from 
gradual refinement of low-power systems to rapid advances in power-intensive sys-
tems of all sorts. Along with this acceleration of evolution came a rapid expansion of the 
ability of human beings to multiply their maximum power output through the applica-
tion of technology.

Of course, ever since the dawn of recorded history, it has been human nature to 
improve one’s quality of life by finding alternatives to the use of human force for 
manipulating and moving objects, transforming raw materials into the necessities of 
life, and conveying oneself between points A and B. The earliest technologies used to 
these ends include the use of horses and other draft animals for mechanical force or 
transportation, or the use of water currents and sails for the propulsion of boats, rafts, 
and other watercraft. Over time, humanity came to use wood, charcoal, and other 
biofuels for space heating and “process heat”, that is, heat used for some creative purpose 
such as cooking or metallurgy, for various activities. The sailboat of the ancient 
Mediterranean cultures evolved into the sophisticated sail-rigging systems of the 
European merchant ships of the 1700s; in Asia, Chinese navigators also developed 
advanced sail systems. By the year 1800 coal had been in use for many centuries as an 
alternative to the combustion of plants grown on the earth’s surface for providing 
heat, and efforts to mine coal were expanding in European countries, notably in Britain.

The evolution of wind power for mechanical work on land prior to 1800 is illustrative 
of the gradual refinement of a technology prior to the industrial revolution. The earliest 
windmills in the Middle East used the force of the wind against a vertical shaft to grind 
grain. Later, the rotation around a horizontal axis was adopted in the jib mill of Crete 
and other Mediterranean locations. Jib mills also used removable “sails” on a hollow 
wooden frame of the mill “wing” so that the operator could adjust the amount of surface 
area to the availability of wind, and especially protect the mill from excessive force on 
a windy day by operating the mill with only part of the wing cover. Several more 
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centuries brought the advent of the windmill that could be rotated in response to the 
direction of the wind. At first, it was necessary to rotate the entire mill structure around 
its base on the ground in order to face into the wind. A later refinement was the rotating 
mill in which only the top “turret” of the mill turned (specimens of which are still seen 
today in the Netherlands, Belgium, or Northern France), while the rest of the structure 
was affixed permanently to its foundation. This entire evolution took on the order of 
1000 years or more.

Compared to this preindustrial evolution, the changes that have taken place since 
1800 have been much more rapid in their pace. In short order, water and wind power 
gave way to steam power, which in turn has given way to the ubiquitous use of the 
electric motor and electric pump in all manner of applications. On the transportation 
side, the two centuries since 1800 have seen the rise of the steam-powered water vessel, 
the railroad, the internal combustion engine, the automobile, the airplane, and ultimately 
the spacecraft. Along the way, the use of electricity not only for transmitting energy but 
also for storing and transmitting information has become possible.

A comparison of two events from antiquity with events of the present age illustrates 
how much has changed in the human use of energy. In the first event, the Carthaginian 
army under General Hannibal met and defeated the Roman army under General Paulus 
at Cannae, to the east of modern day Naples on the Italian peninsula, in the year 216 BC.1 On 
the order of 100,000 men and 10,000 horses took part in this battle on both sides. At around 
the same time, Emperor Qin Shihuang ordered the construction of the Great Wall of China, 
which required approximately 10 years around the year 200 BC. This project is thought to 
have involved up to 300,000 men at a time using manual labor to assemble materials and 
erect the wall.

An “energy analysis” of either of these endeavors, the battle or the building project, 
reveals that in both cases, the maximum output of even such a large gathering of men and 
horses (in the case of Cannae) is modest compared to that of a modern-day energy system. 
For purposes of this analysis, we use a metric unit of power, the watt (abbreviated W), that 
is defined in Sec. 1-5-1. Using a typical figure for long-term average output of 70 W or 
200 W for either a human body or a horse, respectively, one can estimate the output at 
Cannae at approximately 9 × 106 W, and at the Great Wall at approximately 2.1 × 107 W.2 
By comparison, a modern fossil- or nuclear-fired power plant in China, Italy, or any other 
industrial country can deliver 5 × 108 W or more uninterrupted for long periods of time, 
with a crew of between 10 and 50 persons only to maintain ongoing operations. Similarly, 
a string of four or five modern railroad locomotives pulling a fully loaded train up a 
grade can deliver between 4 × 107 W of power with a crew of just three persons.

Two further observations on this comparison between the ancient and the modern 
are in order. First, if we look at the growth in maximum power output per human 
from 70 W in 200 BC to a maximum of approximately 5 × 107 W in 2000 for a power 
plant—six orders of magnitude—we find that most of the advancement has come 
since the year 1800. Some part of the scientific understanding is necessary for the 
subsequent inventions that would launch the modern energy system came prior to 

1This example is due to Lorenzo (1994), p. 30, who states that the average output for a horse was much 
less than a modern “horsepower” due to the lack of horseshoes.
2Note that these figures are significantly less than the maximum instantaneous output of either human 
or horse, for example in the case of the laborer exerting all his strength to lift a stone into position in the 
Great Wall. Inability to sustain a high instantaneous output rate is in fact one of the main limitations of 
using human or animal power to do work.
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this year, during the advances of Chinese scientists in the preceding centuries, or the 
Renaissance and Age of Enlightenment in Europe. However, most of the actual 
engineering of these energy technologies, that is, the conversion of scientific 
understanding into productive devices, came after 1800. Secondly, having created a 
worldwide, resource-intensive system to convert, distribute, and consume energy, 
human society has become dependent on a high rate of energy consumption and cannot 
suddenly cut off all or even part of this energy consumption without a significant 
measure of human stress and suffering. To take an example, a modern office high-rise 
in any major metropolis around the globe—Sao Paulo, New York, London, 
Johannesburg, Dubai, Hong Kong, or Sydney, to name a few—is both a symbol of 
industrial strength and technological fragility. These buildings deliver remarkable 
comfort and functionality to large numbers of occupants, but take away just three key 
inputs derived from energy resources—electricity, natural gas, and running water—
and they become uninhabitable.

1-3 Relationship between Energy, Population, and Wealth
Changes in levels of energy consumption, both for individual countries and for the 
world as a whole, are in a symbiotic relationship with levels of both population and 
wealth. That is, increasing access to energy makes it possible for human society to sup-
port larger populations and also increasing levels of wealth, and at the same time, a 
growing population and increasing wealth will spur the purchase of energy for all 
aspects of daily life.

A comparison of estimates of world population and energy production (measured 
in either joules [J] or British thermal units [BTUs]—see Secs. 1-5-1 and 1-5-2, respectively) 
from 1850 to 2000 is shown in Fig. 1-1. The growth in world energy production intensity 
per capita, or amount of energy produced per person, is also shown, measured in either 
billion joules per capita, or million BTU per capita. The values shown are the total 
energy production figures divided by the population for each year. While population 
growth was unprecedented in human history over this period, growing nearly fivefold 
to approximately 6 billion, growth in energy consumption was much greater, growing 
nearly seventeenfold over the same period.

From observation of Fig. 1-1, the energy production growth trend can be broken 
into four periods, each period reflecting events in worldwide technological evolution 
and social change. From 1850 to 1900, industrialization and the construction of 
railroad networks was underway in several parts of the world, but much of the 
human population did not yet have the financial means to access manufactured 
goods or travel by rail, so the effect of industrialization on energy use per capita was 
modest, and energy production grew roughly in line with population. From 1900 to 
1950, both the part of the population using modern energy supplies and the diversity 
of supplies (including oil and gas as well as coal) grew, so that energy production 
began to outpace population and energy intensity per capita doubled by 1950, 
compared to 1850. From 1950 to 1975, energy production and energy intensity grew 
rapidly in the post World War II period of economic expansion. Finally, from 1975 to 
2000, both energy and population continue to grow, but limitations on output of 
some resources for energy, notably crude oil, as well as higher prices, encourage 
more efficient use of energy around the world, so that energy production per capita 
remained roughly constant. 
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It is difficult to extrapolate from the time series data in Fig. 1-1 what will happen 
over the next 25 or 50 years. On the one hand, movement away from rapidly growing 
energy production per capita suggests that a transition to a more sustainable path may 
be under way. On the other hand, the absolute magnitude of energy production is 
growing at the present time, and may continue to grow for the foreseeable future.

1-3-1 Correlation between Energy Use and Wealth
The most commonly used measure of wealth in present use is the gross domestic prod-
uct, or GDP, which is the sum of the monetary value of all goods and services produced 
in a country in a given year. For purposes of international comparisons, these values are 
usually converted to U.S. dollars, using an average exchange rate for the year. In some 
instances, the GDP value may be adjusted to reflect purchasing power parity (PPP), 
since even when one takes into account exchange rates, a dollar equivalent earned 
toward GDP in one country may not buy as much as in another country (e.g., in the 
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FIGURE 1-1 Relative growth in world population, world energy production, and average energy 
production per capita 1850–2000, indexed to 1850 = 1.00. 

Notes: In 1850, population was 1.26 billion, energy was 2.5 × 1019 J or 2.37 × 1016 BTU, and 
per capita energy use was 1.98 × 1010 J/person or 18.8 million BTU/person. For all data points, 
energy per person is the value of the energy curve divided by the value of the population curve; 
see text. (Sources: Own calculations based on energy data from U.S. Department of Energy and 
population data from U.S. Bureau of the Census.)
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decade of the 1990s and early 2000s, dollar equivalents typically had more purchasing 
power in the U.S. than in Japan or Scandinavia).

Though other factors play a role, the wealth of a country measured in terms of GDP 
per capita is to a fair extent correlated with the energy use per capita of that country. In 
recent data, both the GDP and per capita energy consumption vary by nearly two orders 
of magnitude between the countries with the lowest and highest values. For GDP, the 
values are $97 per person for Myanmar versus $75,000 per person for Luxembourg, not 
adjusting for PPP; for energy, they are 4.3 × 109 J/person (4.1 million BTU/person) for 
Bangladesh, versus 9.5 x 1011 J/person (898 million BTU/person) for Qatar. Table 1-1 
presents a subset of the world’s countries, selected to represent varying degrees of 
wealth as well as different continents of the world, which is used to illustrate graphically 
the connection between wealth and energy.

Plotting these countries’ GDP per capita as a function of energy use per capita 
(see Fig. 1-2) shows that GDP per capita rises with energy per capita, especially if one 
excludes countries such as Russia and Bahrain, which may fall outside the curve due to 

Country Population Energy(1018 J)
Energy

(quadrillion BTU)
GDP

(billion US$)

Australia 20,155,130 5.98 5.67 699.7

Bahrain 726,617 0.47 0.44 11.7

Brazil 186,404,900 10.56 10.01 804.5

Canada 32,268,240 15.05 14.27 1131.5

China 1,315,844,000 47.73 45.24 2240.9

Gabon 1,383,841 0.05 0.05 9.0

Germany 82,689,210 17.26 16.36 2805.0

India 1,103,371,000 15.40 14.60 787.8

Israel 6,724,564 0.95 0.90 122.8

Japan 128,084,700 26.37 25.00 4583.8

Poland 38,529,560 4.26 4.04 303.4

Portugal 10,494,500 1.31 1.24 183.0

Russia 143,201,600 33.93 32.16 768.8

Thailand 64,232,760 3.49 3.31 165.5

United
States 298,212,900 116.76 110.67 12555.1

Venezuela 26,749,110 3.55 3.36 134.4

Zimbabwe 13,009,530 0.29 0.27 5.0

Sources: UN Department of Economics and Social Affairs (2006), for population; U.S. Energy Informa-
tion Agency (2006), for energy production; International Monetary Fund (2005), for economic data.

TABLE 1-1 Population, Energy Use, and GDP of Selected Countries, 2004



I n t r o d u c t i o n  7

their status as major oil producers or due to extreme climates. Also, among the most 
prosperous countries in the figure, namely, those with a per capita GDP above $30,000 
(Germany, Australia, Japan, Canada, and the United States), there is a wide variation in 
energy use per capita, with Canadian citizens using on average more than twice as 
much energy as those of Japan or Germany.

1-3-2 Human Development Index: An Alternative Means 
of Evaluating Prosperity
In order to create a measure of prosperity that better reflects broad national goals 
beyond the performance of the economy, the United Nations has since the early 1990s 
tracked the value of the human development index (HDI). The HDI is measured on a 
scale from 0 (worst) to 1 (best),3 and is an average of the following three general indices 
for life expectancy, education, and GDP per capita:
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FIGURE 1-2 Per capita GDP as a function of per capita energy consumption in gigajoules (GJ) 
per person for selected countries, 2004. 

Note: For brevity, fi gures are presented in metric units only in this chapter. Conversion: 1 million 
BTU = 1.055 GJ. (Sources for data: UN Department of Economics and Social Affairs (2006), for 
population; U.S. Energy Information Agency (2006), for energy consumption; International Monetary 
Fund (2005), for GDP.)

3In the future, it may be necessary to adjust benchmark life expectancy and GDP per capita values in 
order to prevent the HDI from exceeding a value of 1 for the highest ranked countries.
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In Eqs. (1-1–1-4), LE is the average life expectancy in years; ALI is the adult literacy 
index, or percent of adults that are literate; CGER is the combined gross enrollment rate, 
or average of the primary, secondary, and tertiary gross enrollment rates (i.e., ratio of 
actual enrollment at each of three educational levels compared to expected enrollment 
for that level based on population in the relevant age group),4 and GDPpc is the GDP 
per capita on a PPP basis.

As was the case with GDP per capita, plotting HDI as a function of energy use per 
capita (see Fig. 1-3) shows that countries with high HDI values have higher values of 
energy use per capita than those with a low value. For example, Zimbabwe, with a life 
expectancy of 38 years and an HDI value of 0.491, has an energy per capita value of 
2.2 × 1010 J/capita or 21.0 million BTU/capita, whereas for Canada, the corresponding 
values are 0.950, 4.7 × 1011, and 442, respectively. Also, among countries with a high 
value of HDI (> 0.85), there is a wide range of energy intensity values, with Bahrain 
consuming 6.5 × 1011 J/capita (612 million BTU/capita) but having an HDI value of 
0.859, which is somewhat lower than that of Canada.

1-4 Pressures Facing World due to Energy Consumption
As shown in Fig.1-1, world energy production increased dramatically between 1950 and 
2000, from approximately 1 × 1020 J to over 4 × 1020 J. This trend continues at the present 
time due to ongoing expansion in consumption of energy. Many wealthy countries have 
slowed their growth in energy consumption compared to earlier decades, notably coun-
tries such as Japan or the members of the European Union. Some countries have even 
stabilized their energy consumption, such as Denmark, which consumed 9.2 × 1017 J 
(8.6 × 1014 BTU) in both 1980 and 2004 (Energy Information Agency, 2006). Such countries 
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FIGURE 1-3 Human development index as a function of per capita energy consumption in GJ 
per person for selected countries, 2004. 

4For example, suppose a country has a population of age to attend primary school (approximately ages 
6–11) of 1,000,000 children. If the actual enrollment for this age group is 950,000, then GERPrim = 0.95.
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are in a minority, especially since it is the emerging economies of the developing 
world where demand for energy is growing most rapidly. In these countries, a his-
torical transformation is under way: as their economies grow wealthier, they adopt 
many of the features of the wealthy countries such as the United States, Japan, or 
Canada, and their per capita energy consumption therefore approaches that of the 
wealthy countries.

1-4-1 Industrial versus Emerging Countries
The data in Fig. 1-4, which include all gross energy consumption such as energy for 
transportation, for conversion to electricity, for space heating and industrial process 
heat, and as a raw material, illustrate this point. In the figure, the countries of the world 
are grouped into either the “industrial” category, which includes the European Union 
and Eastern Europe, North America, Japan, Australia, and New Zealand, and an 
“emerging” category, which includes all other countries. This division is made for 
 historical reasons, since at the beginning of the expansion in energy use in 1950, the 
countries in the industrial category were generally considered the rich countries of the 
world. Today, some of the emerging countries have surpassed a number of the indus-
trial countries in GDP per capita or energy use per capita, such as South Korea, which 
has passed all of the countries of the former Eastern European bloc (Czech Republic, 
Poland, and so on) in both measures. In any case, it is clear that the emerging countries 
have a faster growth rate and appear on track to overtake the industrial countries in the 
near future, although both follow the ups and downs of global economic trends (e.g., 
slower growth in periods of relative economic weakness such as the early 1980s, early 
1990s, or early 2000s). In 2004, the emerging countries consumed 2.2 × 1020 J (2.1 × 1020 

BTU) versus 2.5 × 1020 J (2.4 × 1020 BTU) for the industrial countries.
Furthermore, a comparison of total energy use and total population for the two 

groups of countries suggests that the total energy use for the emerging countries might 
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FIGURE 1-4 Comparison of total energy consumption of industrial and emerging countries, 
1980–2004. (Source of data: U.S. Energy Information Agency (2006).)
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grow much more in the future. The industrial countries comprise approximately 1.4 billion 
people, with the emerging countries representing the remaining 5 billion people on the 
planet (2004 values). On this basis, the industrial countries consume about four times as 
much energy per capita as the emerging countries. If the economies of the emerging 
countries were in the future to grow to resemble those of the industrial economies, such 
that the per capita energy consumption gap between the two were to be largely closed, 
total energy for the emerging countries might exceed that of the industrial group by a 
factor of two or three.

To further illustrate the influence of the industrial and emerging countries on world 
energy consumption, we can study the individual energy consumption trends for a 
select number of countries that influence global trends, as shown in Fig. 1-5. The 
“countries” include an agglomeration of 38 European countries called “Europe38,” 
which consists of 38 countries from Western and Eastern Europe, but not the former 
Soviet Union. The other countries are the United States, Japan, China, and India. 
Together, the countries represented in the figure account for 64% of the world’s energy 
consumption.

Two important trends emerge from Fig. 1-5. First, among the rich countries 
represented, energy consumption growth in the U.S. outpaces that of Europe38 and 
Japan, so that the United States is becoming an increasingly dominant user of energy 
among this group. In the late 1980s, the United States and Europe38 were almost 
equal in terms of energy use, but energy use in Europe has grown more slowly since 
that time, measured either in percentage or absolute magnitude. The second trend is 
that the percent growth rate, and absolute magnitude in the case of China, is much 
higher for China and India than for the other countries in the figure. Both countries 
grew by over 200% during this time period. Particularly striking was the growth of 
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energy consumption in China by some 1.8 × 1019 J (1.7 × 1019 BTU) in the period from 
2002 to 2004 alone; this spike in energy consumption was enough to visibly affect the 
trend in world energy consumption in both Figs. 1-4 and 1-5. This trend may represent 
the beginning of the transformation of the Chinese economy from that of a low-cost 
industrial producer to that of a modern consumer economy, similar to that of the rich 
countries, as symbolized by the two photographs in Fig 1-6. While growth in energy 
use in China may be rapid, especially recently, the per capita value remains low. In 
2004, the average person in China consumed just 4.8 × 1010 J/person (45 million 
BTU/person), compared to 3.6 × 1011 J/person (337 million BTU/person) for the 
United States. 

The preceding data suggest that, for China and India, there is much room for both 
total energy consumption and energy consumption per capita to grow. Recall also the 
strong connection between energy use and GDP. Whereas the industrial countries 
typically grow their GDP 2–3% per year, China’s economy has been growing at 7–10% 
per year in recent years. The values in 2004 of $2.2 trillion GDP and $1703 per capita 
for China, compared to $12.5 trillion and $42,100, respectively, for the United States, 
indicate that there is much room for GDP and GDP per capita in China to grow, 
barring some major shift in the function of the world’s economy. This growth is likely 
to continue to put upward pressure on energy consumption in China.

At the same time, there is another trend emerging in the industrial countries such as 
the United States that is more promising in terms of energy supply and demand, namely 
the potential breaking of the link between GDP and energy. Figure 1-7 shows the United 
States real GDP (in constant 2000 dollars)5 and gross energy consumption trend indexed 
to the value 1993 = 1.00. From the year 1996 onward, the two trends diverge with real 
GDP continuing to grow rapidly (30% over the period 1996–2004), while growth in 
energy slows (just 7% over the same period). A number of factors may have contributed 
to this situation, including the rise of the information economy (which may generate 
wealth with relatively less use of energy), the use of telecommuting in place of physical 
travel to work, the effect of more efficient technology on industrial and residential 
energy use, the departure of energy-intensive manufacturing to overseas trading 
partners,6 and so on. It is possible that countries such as China may soon reach a point 
where they, too, can shift to a path of economic growth that does not require major 
increases in energy consumption. One must be careful, however, not to overstate the 
significance of the trend since 1996. It is possible that the break between GDP and 
energy is temporary and that future values will show a return to a closer correlation 
between energy and GDP; furthermore, even in the period 1996–2004, the value of 
energy use per capita for the United States is very high and could not be sustained if it 
were applied to the world’s population of over 6 billion, given current technology.

5The distinction between “constant” and “current” dollars is as follows. An amount given in current 
dollars is the face value of the dollar amount in the year in which it is given. An amount given in 
constant dollars has been adjusted to reflect the declining purchasing power of a dollar over time. For 
example, the 1993 and 2000 U.S. GDP in current dollars was $6.66 billion and $9.82 billion, respectively. 
However, the value of a 2000 dollar was 88% of a 1993 dollar, so adjusting the GDP values to 2000 
constant dollars gives $7.53 and $9.82 billion, respectively.
6Caveat: If, in fact, the shifting of manufacturing overseas was shown to be the main contributor to the 
slowdown in the growth of energy consumption in the USA, it could be argued that in fact there is no 
breaking of the link between GDP and energy growth, since the energy consumption would still be 
taking place, but accounted for under the energy balances of other countries.
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FIGURE 1-6 An example of rapid technological transformation in China. 

Upper photograph: Chinese steam locomotive in regular service, Guangdong Province, 1989. 
Lower photograph: Maglev train in Shanghai, 2006. Just 17 years separate these two photographs. 
Although the adoption of modern technology has generally increased energy consumption in China, 
it has also increased effi ciency in some cases, as happened with the phasing out of the use of 
ineffi cient steam locomotives by the mid-1990s. (Photograph: Jian Shuo Wang, wangjianshuo.com 
(lower image). Reprinted with permission.)
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1-4-2 Pressure on CO2 Emissions
Negative effects of energy use do not come directly from the amount of gross energy 
consumption itself, but rather from the amount of nonrenewable resources consumed 
in order to deliver the energy, the side effects of extracting energy resources, the total 
emissions of pollution and greenhouse gases emitted from the use of that energy, and 
so on. We can examine the case of CO2 emissions by looking at the trend for these emis-
sions for industrial and emerging countries, as shown in Fig. 1-8. The pattern is similar 
to the one for energy consumption shown in Fig. 1-4, with emissions from emerging 
countries growing faster than those for the industrial countries. One difference is that in 
the year 2004, the industrial countries consumed the majority of the energy, but the 

FIGURE 1-7 Relative values of energy use and real GDP in United States indexed to 1993 = 1.00, 
1993–2004.
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emerging countries for the first time emitted the majority of the CO2. Another way of 
saying this is that the industrial countries emit less CO2 per unit of energy consumed 
(53 kg/109 J, versus 69 kg/109 J for the emerging countries). The industrial countries 
have an advantage both because they convert energy resources to energy products 
more efficiently, and because they have greater access to low-CO2 and zero-CO2 energy 
resources. 

At the worldwide level, emissions of CO2 per GJ of energy consumed declined 
slightly from 1980 to 2004, by about 6%, using the data from Figs. 1-4 and 1-8. Worldwide 
emissions of CO2 per capita have also declined since 1980, after doubling between 1950 
and 1980,7 although it remains to be seen whether the transformation of the emerging 
countries may eventually drive them upward again.

In conclusion, trends in Fig. 1-8 suggest that there is reason for concern regarding 
CO2 emissions in the short to medium term. First, while the value of CO2 per unit of 
energy or per capita may be stable, it is still high, and furthermore since both total 
energy use and total world population are climbing, total CO2 emissions will climb with 
them. In addition, since 2002 there has been a slight upturn in CO2 emissions per unit of 
energy, perhaps connected to changing conditions in emerging countries such as China. 
If this trend were to continue, total CO2 emissions might in fact accelerate.

1-4-3 Observations about Energy Use and CO2 Emissions Trends
Two observations round out the discussion of energy and CO2. The first observation is 
in regard to the distinct roles of the industrial and emerging countries in addressing the 
energy challenges of the present time. At first glance, it might appear from Fig. 1-4 that 
the emerging countries are not doing as much as the industrial countries in using energy 
as efficiently as possible, and from Fig. 1-5 that China in particular is not doing its part 
to address the sustainable use of energy. This type of thinking is incomplete, however. 
Countries such as China, and the emerging countries in general, consume much less 
energy per capita than do the industrial countries. Therefore, in creating a global solu-
tion for energy, the countries of the world must recognize that while one factor is a 
sustainable overall level of energy use, another factor is the right of emerging countries 
to expand their access to energy in order to improve the everyday well-being of their 
citizens. A possible solution is one in which the industrial countries greatly increase 
their efficiency of energy use so as to decrease both energy use and CO2 emissions per 
capita, while the emerging countries work toward achieving a quality of life equal to 
that of the industrial countries, but requiring significantly less energy and CO2 emis-
sions per capita than the current values for the industrial countries.

The second observation is in regard to the overall trend in energy and CO2 emissions 
and how it should best be addressed. Looking at Figs. 1-4, 1-5, and 1-8, it is clear that the 
growth in energy consumption and CO2 emissions has been continuous over many 
years. Even if the industrial countries were to begin to curb their growth, emerging 
countries are in a position to continue to push the trend upward. A key factor is therefore 
to enable increased energy use without increasing negative impact on the environment, 
through technology. It will be shown in this book that a great deal of physical potential 
exists to deliver energy in the substantial amounts needed, and without emitting 
correspondingly large amounts of CO2 to the atmosphere, using sources that we already 

7See Marland, et al. (2003): ~0.64 metric tonnes in 1950, 1.23 t in 1980, 1.03 t in 2000.



I n t r o d u c t i o n  15

understand reasonably well. The challenge lies in developing the technology to deliver 
the energy without degrading the environment. Renewable resources are available 
worldwide in quantities that dwarf current worldwide energy consumption by humans, 
and resources for certain types of nuclear energy are available in such large quantities 
as to be almost limitless. Fossil fuels are available in amounts that could last for two or 
three centuries as well, if they can be extracted safely and combusted without emitting 
CO2 to the atmosphere. The most likely outcome is some combination of these three 
resources.

1-4-4 Discussion: Contrasting Mainstream and Deep Ecologic 
Perspectives on Energy Requirements
Underlying the previous discussion of addressing world poverty and global CO2 emis-
sions is a fundamental premise, namely, that increased access to energy per capita is a 
requirement for wealth, and that increased wealth will lead to improvements in human 
well-being. Based on earlier figures (Fig. 1-2 for GDP or Fig. 1-3 for HDI), the correla-
tion between energy consumption and economic indicators support the idea that, as 
poor countries increase their access to energy, their position will rise along the wealth 
or HDI curve. Success in the area of wealth or HDI, it is reasonable to assume, will in 
turn lead to success in providing quality of life. By this logic, the wealthy countries of 
the world should not reduce their per capita energy consumption, since this would 
imply a loss of quality of life. Instead, these countries should make environmentally 
benign the inputs and outputs of energy systems. As long as this is done, the environ-
ment is protected at whatever level of energy consumption emerges, and the mix of 
activities in which their citizens engage (manufacturing, commerce, retailing, tourism, 
mass media entertainment, and the like) is no longer a concern. The technologies and 
systems thus developed can be made available to the emerging countries so that they 
too can have greater access to energy consumption and achieve a high quality of life in 
a sustainable way.

This “mainstream” perspective has been widely adopted by economists, engineers, 
and political leaders, but it is not the only one. Another approach is to fundamentally 
rethink the activities in which humans engage. Instead of allowing the mix of activities 
to continue in its present form, activities and lifestyles are chosen to reduce energy and 
raw material requirements as well as waste outputs so that the effect on the environment 
is reduced to a sustainable level. This approach is called deep ecology. By implication, it 
criticizes the mainstream approach of being one of “shallow ecology,” which only 
addresses the surface of the ecological crisis by making technical changes to resource 
extraction and by-product disposal, and does not address the core problem of excessive 
interference in the natural systems of the world. 

For example, in the case of energy systems, instead of extracting energy resources 
or generating energy at the same rate but in a more environmentally friendly way, the 
deep ecologist seeks to change people’s choices of end uses of energy so that much less 
energy is required. A primary target of this effort is “consumer culture,” that is, the 
purchase especially by middle- and upper-class citizens of goods and services, that are 
beyond what is necessary for basic existence, but that are thought to improve quality of 
life. Deep ecologists seek to reorient purchases and consumption away from consumer 
culture toward focusing on essential goods and services. In the long term, many among 
this group also advocate gradually reducing the total human population so as to reduce 
resource consumption and pollution.
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The difference between the mainstream and deep ecologic approach can be illustrated 
using different countries’ energy consumption per capita values, and considering how 
they might change in the future in each case. Earlier it was stated that the country of 
Bangladesh was on the low end of the energy per capita spectrum, with a value of 
4.3 × 109 J/person (4.1 million BTU/person). From Table 1-1, the equivalent value for the 
U.S. is 3.9 × 1011 J/person (372 million BTU/person). Both approaches agree that the low 
value of energy per capita limits the human potential of Bangladesh, since it implies 
difficulty in delivering adequate food, medical care, or other basic necessities. However, 
they diverge on what should be the correct target for energy intensity. In the mainstream 
approach, there is no restriction on Bangladesh eventually rising to the level of energy 
intensity of the United States, so long as the requirement for protecting the environment is 
met. By contrast, the deep ecologic approach envisions both countries aspiring to some 
intermediate value, perhaps on the order of 5 × 1010 to 1 × 1011 J/person (50 to 100 million 
BTU/person), due to improved access to environmentally friendly energy sources in 
Bangladesh and changes in lifestyle choices in the United States.

The deep ecologic alternative incorporates not only some attractive advantages but 
also some significant challenges. The reduction of energy and resource consumption 
obtained by following the deep ecologic path can yield real ecologic benefits. With less 
consumption of energy services, the rate of coal or oil being mined, renewable energy 
systems being produced and installed, CO2 being emitted to the atmosphere, and so on, 
is reduced. In turn, reducing the throughput of energy, from resource extraction to 
conversion to the management of the resulting by-products, can simplify the challenge 
of reconciling energy systems with the environment. This problem is made more 
difficult in the mainstream case, where the throughput rate is higher.

However, in the short- to medium-term, the deep ecologic approach would challenge 
society because many of the activities in a modern service economy that appear not to 
be essential from a deep ecologic perspective are nevertheless vital to the economic well-
being of individuals who earn their living by providing them. If demand for these 
services disappeared suddenly, it might reduce energy consumption and emissions but 
also create economic hardship for many people. Therefore, the adoption of a deep 
ecologic approach for solving the energy problem would require a transformation of 
the way in which economies in wealthy countries provide work for their citizens, which 
could only be carried out over a period measured in years or decades.

Already the ideas of deep ecology have started to influence the choices of some 
individual consumers. Understanding the environmental impact of choices concerning 
size of home, consumer purchases, travel decisions, and so on, these consumers choose 
to forego purchases that are economically available to them, so as to reduce their 
personal environmental footprint. The influence of deep ecologic thinking has already 
led to some curbing of growth in energy consumption in the industrialized countries 
among certain segments of society, for example, those who identify themselves as 
“environmentalists.” It is likely that its influence will grow in the future, as will its impact 
on energy demand.

1-5 Units of Measure Used in Energy Systems
Many units of measure used in energy systems are already familiar to readers, and 
some, namely the watt, joule, and BTU, have been used in the preceding sections. Units in 
common use throughout this book are defined here, while some units unique to specific 
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technologies are defined later in the book where they arise. It is assumed that the reader 
already understands basic metric units such as the meter, gram, seconds, and degrees 
Celsius.

1-5-1 Metric (SI) Units
The system of measure in use in most parts of the world is the metric system, which is 
sometimes also referred to as the SI system (an abbreviation for International System). 
For many quantities related to energy, the United States does not use the metric system; 
however, the unit for electricity in the United States, namely, the watt, is an SI unit.

The basic unit of force in the metric system is the newton (N). One newton of force is 
sufficient to accelerate the motion of a mass of 1 kg × 1 m/s in 1 s, that is

 1 N = 1 kg·m/s2 (1-5)

The basic unit of energy in the metric system is the joule (J), which is equivalent to 
the exertion of 1 N of force over a distance of 1 m. Thus

 1 J = 1 N·m (1-6)

The basic unit of power, or flow of energy per unit of time, is the watt (W), which is 
equivalent to the flow of 1 J of energy per second. Therefore

 1 W = 1 J/s (1-7)

A convenient alternative measure of energy is the flow of 1 W for an hour, which is 
denoted 1 watthour (Wh). A commonly used measure of electrical energy is the 
kilowatthour, which is abbreviated kWh and consists of 1000 Wh. Since both joules and 
watthours are units of energy, it is helpful to be able to convert easily between the two. 
The conversion from watthours to joules is calculated as follows:

 ( )1 3600
1

3600Wh
s
h

J/s
W

J⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠ =  (1-8)

In other words, to convert watthours to joules, multiply by 3600, and to convert 
joules to watthours, divide by 3600.

The quantity of energy in an electrical current is a function of the current flowing, 
measured in amperes (A), and the change in potential, measured in volts (V). The 
transmission of 1 W of electricity is equivalent to 1 A of current flowing over a change 
in potential of 1 V, so

 1 W = 1 VA (1-9)

The unit voltampere (VA) may be used in place of watts to measure electrical 
power. 

Metric units are adapted to specific applications by adding a prefix that denotes a 
multiple of 10 to be applied to the base unit in question. Table 1-2 gives the names of the 
prefixes from micro- (10-6) to giga- (1018), along with abbreviations, numerical factors, 
and representative uses of each prefix in energy applications. A familiarity with the 
practical meaning of each order of magnitude can help the practitioner to avoid errors 
in calculation stemming from incorrect manipulation of scientific notation. For instance, 
the annual output of a coal- or gas-fired power plant rated at 500 MW should be on the 
order of hundreds or thousands of GWh, and not hundreds or thousands of MWh.
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Prefix Symbol Factor Example

Micro- μ 10−6 Microns (used in place of “micrometers”) ~ 
wavelength of visible light

Milli- m 10−3 Milliampere ~ current flow from a single 
photovoltaic cell

Kilo- k 103 Kilowatthour ~ unit of sale of electricity to a 
residential customer

Mega- M 106 Megawatt ~ maximum power output of the largest 
commercial wind turbines

Giga- G 109 Gigawatthour ~ measure of the annual output 
from a typical fossil-fuel-powered electric power 
plant

Tera- T 1012 Terawatt ~ measure of the total rated capacity of all 
power plants in the world

Peta- P 1015 Petajoule ~ measure of all the energy used by the 
railroads in the United States in 1 year

Exa- E 1018 Exajoule ~ measure of all the energy used by an 
entire country in 1 year

Large amounts of mass are measured in the metric system using the metric ton, which equals 1000 kg; 
hereafter it is referred to as a tonne in order to distinguish it from U.S. customary units. The tonne is 
usually used for orders of magnitude above 106 g and units based on the tonne such as the kilotonne 
(1000 tonne, or 109 g), megatonne (106 tonne), and gigatonne (109 tonne) are in use. The abbreviation 
“MMT” is sometimes used to represent units of million metric tonnes.

TABLE 1-2 Prefixes Used with Metric Units

As an example of conversion between units involving metric units that have 
prefixes, consider the common conversion of kWh of energy to MJ, and vice versa. The 
conversion in Eq. (1-6) can be adapted as follows:
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In other words, to convert kWh to MJ, multiply by 3.6, and to convert MJ to kWh, 
divide by 3.6.

Example 1-1 A portable electric generator that is powered by diesel fuel produces 7 kWh of electricity 
during a single period of operation. (A) What is the equivalent amount of energy measured in MJ? 
(B) Suppose the fuel consumed had an energy content of 110 MJ. If the device were 100% efficient, 
how much electricity would it produce?

Solution

 (A)  7 kWh × 3.6 MJ/kWh = 25.2 MJ

 (B)  110 MJ/3.6 MJ/kWh = 30.6 kWh
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1-5-2 U.S. Standard Customary Units
The basic units of the U.S. customary units (sometimes referred to as standard units) 
are the pound mass (lbm) or ton for mass; the pound force (lbf) for force; the degree 
Fahrenheit (F) for temperature; and the inch (in), foot (ft.), or mile (mi) for distance. One 
pound is equivalent to 0.454 kg. One standard ton, also known as a short ton, is equal to 
2000 lb and is equivalent to 907.2 kg or 0.9072 tonnes. One pound force is equivalent to 
4.448 N. A change in temperature of 1°F is equivalent to a change of 0.556°C.

The most common unit of energy is the British Thermal Unit, or BTU. One BTU is 
defined as sufficient energy to raise the temperature of 1 lbm of water by 1°F at a starting 
temperature of 39.1°F, and is equivalent to 1055 J. At other starting temperatures, the 
amount of heat required varies slightly from 1 BTU, but this discrepancy is small and is 
ignored in this book. A unit of 1 quadrillion BTU (1015 BTU) is called a quad. The units 
BTU/second (equivalent to 1.055 kW) and BTU/hour (equivalent to 3.798 MW) can 
be used to measure power. Typical quantities associated with increasing orders of 
magnitude of BTU measurements are given in Table 1-3.

An alternative unit for power to the BTU/hour or BTU/second is the horsepower, 
which was developed in the late 1700s by James Watt and others as an approximate 
measure of the power of a horse. The inventors of the unit recognized that no two 
horses would have exactly the same output, but that a typical horse might be able to 
raise the equivalent of 33,000 lb by 1 ft of height in the time interval of 1 min, which is 
equivalent to 746 W. 

In the United States, the unit used to measure the average efficiency of electric 
power production is a hybrid standard-metric unit known as the heat rate, which is the 
average amount of heat supplied in thermal power plants, in BTUs, needed to provide 
1 kWh of electricity. For example, a heat rate of 3412 BTU/kWh is equivalent to 100% 
efficiency, and a more realistic efficiency of 32% would result in a heat rate of 10,663 
BTU/kWh.

1-5-3 Units Related to Oil Production and Consumption
In some cases, the energy content of crude oil is used as a basis for making energy com-
parisons. A common measure of oil is a barrel, which is defined as 42 U.S. gallons of oil, 
or approximately the volume of a barrel container used to transport oil. (Note that the 
U.S. gallon is different from the imperial gallon used in Britain, one imperial gallon 

Number of BTUs Typical Measurement

Thousand BTUs Output from portable space heater in 1 h

Million BTUs Annual per capita energy consumption of various countries

Billion BTUs Annual energy consumption of an office park in 
United States

Trillion BTUs Total annual energy consumption of all railroads in 
United States or European Union from train and 
locomotive movements

Quadrillion BTUs (quads) Annual energy consumption of an entire country

TABLE 1-3 Orders of Magnitude of BTU Measurements and Associated Quantities
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containing approximately 1.2 U.S. gallons.) A unit in common use for measuring the 
energy content of large quantities of energy resources is the tonne of oil equivalent, abbre-
viated “toe,” which is the typical energy content of a tonne of oil. One barrel of oil has 
0.136 toe of energy content, and one toe is equivalent to 42.6 GJ of energy. National and 
international energy statistics are sometimes reported in units of toe, ktoe (1000 toe), or 
mtoe (million toe), in lieu of joules; the International Energy Agency, for example, 
reports the energy balances of member countries in ktoe in its website.

1-6 Summary
Modern energy supplies, whether in the form of electricity from the grid or petroleum-
based fuels for road vehicles, have a profound influence on human society, not only in 
the industrialized countries but also in the industrializing and less developed countries. 
While humanity began to develop these systems at the dawn of recorded history, their 
evolution has greatly accelerated since the advent of the industrial revolution around 
the year 1800. Today, energy use in the various countries of the world is highly corre-
lated with both the GDP and HDI value for that country, and as countries grow wealthier, 
they tend to consume more total energy and energy per capita. This situation creates a 
twin challenge for the community of nations, first of all, to provide sufficient energy to 
meet growing demand and secondly, to reduce the emission of CO2 to the atmosphere. 
There are two systems for measuring quantities of energy use in the world, namely, the 
metric system, used by most countries, and the U.S. customary system used in the 
United States; some common units are joules or BTUs for energy or watts for power.
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Exercises
1. Use the internet or other resources to chart the development of an energy technology, from 
its earliest beginnings to the present day. Did the roots of this technology first emerge prior to the 
start of the industrial revolution? If so, how? If not, when did the technology first emerge? In what 
ways did the industrial revolution accelerate the growth of the technology? More recently, what 
has been the impact of the information age (e.g., computers, software, electronically controlled 
operation, and the internet, and the like) on the technology?

2. For a country of your choosing, obtain time series data for total energy consumption, CO2 
emissions, population, and GDP and/or HDI. If possible, obtain data from 1980 to the most 
recent year available, or if not, obtain some subset of these yearly values. These data can be 
obtained from the U.S. Energy Information Agency (www.eia.doe.gov), the International Energy 
Agency (www.iea.org), or other source. Compare the trend for this country for measures such 
as energy use per capita and GDP earned per unit of energy to that of the United States or 
China. In what ways is your chosen country similar to the United States and/or China? In 
what ways is it different?

3. The country of Fictionland has 31 million population and consumes on average 12.09 exajoule 
(EJ), or 11.46 quads, of energy per year. The life expectancy of Fictionland is 63 years, and the GDP 
per capita, on a PPP basis, is $13,800. The eligible and actual student enrollments for primary, 
secondary, and college/university levels of education are given in the table below:

Eligible Enrolled

Primary 2,500,000  2,375,000 

Secondary 2,100,000  1,953,000 

University 1,470,000  558,600 

 a. Calculate the HDI for Fictionland.
b.  How does Fictionland’s HDI to energy intensity ratio compare to that of the countries 

in the scatter charts in Figs. 1-4 and 1-5? Is it above, below, or on a par with these other 
countries?

4. Regression analysis of population, economic and environmental data for countries of the 
world. For this exercise, download from the internet or other data source values for the population, 
GDP in either unadjusted or PPP form, energy consumption, and land surface area of as many 
countries as you can find. Then answer the following questions:

www.eia.doe.gov
www.iea.org
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a.  From the raw data you have gathered, create a table of the countries along with their GDP 
per capita, energy use per capita, and population density in persons per square kilometer 
or square mile. 

 b.  In part (a), did your data source allow you to include figures for all three measures for all 
the major countries of all the continents of the world? If not, what types of countries was it 
not possible to include, and why do you suppose this might be the case?

 c.  Using a spreadsheet or some other appropriate software, carry out a linear regression 
analysis of energy consumption per capita as a function of GDP per capita. Produce a scatter 
chart of the values and report the R2 value for the analysis. 

 d.  One could also speculate that population density will influence energy consumption, since 
a densely populated country will require less energy to move people and goods to where 
they are needed. Carry out a second regression analysis of energy consumption per capita 
as a function of population density. Produce a scatter chart of the values and report the R2 
value for the analysis. 

 e.  Discussion: Based on the R2 value from parts (c) and (d), how well do GDP per capita and 
population density predict energy consumption? What other independent variables might 
improve the model? Briefly explain. 

 f.  Given the global nature of the world economy, what are some possible flaws in using energy 
consumption figures broken down by country to make statements about the relative energy 
consumption per capita of different countries?

5. According to the U.S. Department of Energy, in 2005 the United States’ industrial, transportation, 
commercial, and residential sectors consumed 32.1, 28.0, 17.9, and 21.8 quads of energy, respectively. 
What are the equivalent amounts in EJ?

6. From Fig. 1-8, the energy consumption values in 2000 for the United States, Japan, China, 
and India are 104, 23.7, 40.9, and 14.3 EJ, respectively. What are these same values converted to 
quads?

7. Also for 2000, the estimated total CO2 emissions for these four countries were 5970 MMT, 1190 
MMT, 2986 MMT, and 1048 MMT, respectively. Create a list of the four countries, ranked in order 
of decreasing carbon intensity per unit of energy consumed. Give the units in either tonnes CO2 
per terajoule (TJ) or tons per billion BTU consumed.

8. Convert the energy consumption values for the countries of Australia, Brazil, Israel, Portugal, 
and Thailand from Table 1-1 into units of million toe.

9. Use the description of the derivation of the horsepower unit by James Watt and others to show 
that 1 hp = 746 W, approximately.



CHAPTER 2
 Systems Tools for Energy 

Systems

2-1 Overview
The goal of this chapter is to present and explore a number of systems tools that are 
useful for understanding and improving energy systems. We first discuss the differ-
ence between conserving existing energy sources and developing new ones, as well as 
the contemporary paradigm of sustainable development. Next, we introduce the ter-
minology for understanding systems and the systems approach to implementing an 
energy technology or project. The remainder of the chapter reviews specific systems 
tools. Some are qualitative or “soft” tools, such as conceptual models for describing 
systems or the interactions in systems. Other tools are quantitative, including life-
cycle analysis, multi-criteria analysis, and energy return on investment. 

2-2 Introduction
Energy systems are complex, often involving combinations of thermal, mechanical, 
and electrical energy, which are used to achieve one or more of several possible 
goals, such as electricity generation, climate control of enclosed spaces, propulsion 
of transportation vehicles, and so on. Each energy system must interact with input 
from human operators and with other systems that are connected to it; these inputs 
may come from sources that are distributed over a wide geographic expanse. Energy 
systems therefore lend themselves to the use of a systems approach to problem 
solving.

When engineers make decisions about energy systems, in many instances they must 
take into account a number of goals or criteria that are local, regional, or global in nature. 
These goals can be grouped into three categories:

 1. Physical goals: Meeting physical requirements that make it possible for the 
system to operate. For example, all systems require primary energy resources 
that power all end uses. For renewable energy systems, this means the wind, 
sun, tide, water, and the like, from which mechanical or electrical energy is 
extracted. For nonrenewable energy systems, this means the fossil fuels, fissile 
materials for nuclear fission, and the like. Any type of energy system must 
function efficiently, reliably, and safely.
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 2. Financial goals: Monetary objectives related to the energy system. For a privately 
held system (small-scale renewable energy system, electric generating system in a 
factory or mill, and so on), the goal may be to reduce expenditures on the purchase 
of energy products and services, for example, from an electric or gas supplier. For 
a commercial energy system, the goal may be to return profits to shareholders by 
generating energy products that can be sold in the marketplace.

 3. Environmental goals: Objectives related to the way in which the energy system 
impacts the natural environment. Regional or global impacts include the 
emissions of greenhouse gases that contribute to climate change, air pollutants 
that degrade air quality, and physical effects from extracting resources used 
either for materials (e.g., metals used in structural support of a solar energy 
system) or energy (e.g., coal, uranium, and wood). Goals may also address 
impacts in the physical vicinity of the energy system, such as noise and 
vibrations, thermal pollution of surrounding bodies of water, the land footprint 
of the system, or disruption of natural habitats.

Depending on the size of the energy system, not all objectives will be considered in 
all cases. For example, a private individual or small private firm might only consider 
the financial goals in detail when changing from one energy system to another. On the 
other hand, a large-scale centralized electric power plant may be required by law to 
consider a wide range of environmental impacts, and in addition be concerned with the 
choice of primary energy resource and the projections of costs and revenues over a 
plant lifetime that lasts for decades.

2-2-1 Conserving Existing Energy Resources versus 
Shifting to Alternative Resources
Physical, financial, and environmental objectives can be achieved by choosing from a 
wide range of energy options. In general, these options can be grouped into one of four 
categories:

1. Conserving through personal choice: An individual or group (business, government 
agency, or other institution) chooses to use existing energy technology options 
in a different way in order to achieve objectives. Turning down the thermostat 
in the winter or choosing to forego an excursion by car in order to reduce energy 
consumption are both examples of this option.

 2. Conserving by replacing end-use technology: The primary energy source remains 
the same, but new technology is introduced to use the energy resource more 
efficiently. For example, instead of turning down the thermostat, keeping it at 
the same temperature setting but improving the insulation of a building so that 
it loses heat more slowly, whereby less energy is required to keep the building 
at the same temperature. Switching to a more efficient automobile (conserves 
gasoline or diesel fuel) is another example.

 3. Conserving by replacing energy conversion technology: Continue to rely on the same 
primary source of energy (e.g., fossil fuels), but conserve energy by replacing 
the energy conversion device with a more efficient model. For example, replace 
a furnace or boiler with a more efficient current model (conserves natural gas 
or heating oil).
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 4. Replacing existing energy sources with alternatives: Total amount of end-use energy 
consumption is not changed, but a change is made at the energy source. For 
example, an organic food processing plant might switch to a “green” electricity 
provider (one that generates electricity from renewable sources and sells it over 
the grid) in order to reduce the environmental impact of its product and 
promote an environmentally friendly image. In principle, this change can be 
made without addressing the amount of electricity consumed by the plant: 
whatever amount of kWh/month was previously purchased from a conventional 
provider is now provided by the green provider.

 The definition of “energy conservation” used here is a broad interpretation cover-
ing both technological and behavioral changes, as in points one and two. In other con-
texts, the term “conservation” may be used to refer strictly to changing habits to reduce 
energy (option 1 above), or strictly to upgrading technologies that affect consumption 
of conventional energy resources (options 2 and 3 above). Also, the three options are not 
mutually exclusive, and can be used in combination to achieve energy goals. For exam-
ple, a homeowner might upgrade a boiler and insulation, turn down thermostat set-
tings, and purchase some fraction of their electricity from a green provider, in order to 
reduce negative consequences from energy use.

A useful concept in considering steps to reduce the effects of energy use or other 
activities that affect the environment is the distinction between eco-efficiency and eco-
sufficiency. Eco-efficiency is the pursuit of technologies or practices that deliver more of 
the service that is desired per unit of impact, for example, a vehicle that drives further 
per kilogram of CO2 emitted. Eco-sufficiency is the pursuit of the combination of tech-
nologies and their amount of use that achieves some overall target for maximum envi-
ronmental impact. For example, a region might determine a maximum sustainable 
amount of CO2 emissions from driving, and then find the combination of more efficient 
vehicles and programs to reduce kilometers driven that achieves this overall goal. In 
general, eco-sufficient solutions are also eco-efficient, but eco-efficient solutions may or 
may not be eco-sufficient.

2-2-2 The Concept of Sustainable Development
One of the best-known concepts at the present time that considers multiple goals for the 
various economic activities that underpin human society, among them the management 
of energy systems, is “sustainable development.” The sustainable development move-
ment is the result of efforts by the World Commission on Environment and Development 
(WCED) in the 1980s to protect the environment and at the same time eradicate poverty. 
The report that resulted from this work is often referred to as the Brundtland report, after 
its chair, the Norwegian prime minister and diplomat Gro Harlem Brundtland. Accord-
ing to the report,

“Sustainable development is development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs.”

(WCED, 1987, p.43)

The Brundtland report has influenced the approach of the community of nations to 
solving environmental problems in the subsequent years. Within its pages, it considers 
many of the same goals that are laid out for energy systems at the beginning of this 
chapter. Three goals stand out as being particularly important: 
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 1. The protection of the environment: The Brundtland report recognized that the 
growing world population and increased resource and energy consumption 
was adversely affecting the natural environment in a number of ways, which 
needed to be addressed by the community of nations.

 2. The rights of poor countries to improve the well-being of their citizens: This goal is implied 
by the words “to meet present needs” in the quote above. The report recognized 
that all humans have certain basic needs, and that it is the poor for whom these 
needs are most often not being met. The report then outlined a number of concrete 
steps for addressing poverty and the quality of life in poor countries.

 3. The rights of future generations: According to the report, not only did all humans 
currently living have the right to a basic quality of life, but the future generations 
of humanity also had the right to meet their basic needs. Therefore, a truly 
sustainable solution to the challenge of environmentally responsible economic 
development could not come at the expense of our descendents.

These three components are sometimes given the names environment, equity, and 
intertemporality. The effect of the sustainable development movement was to raise envi-
ronmentalism to a new level of awareness. Advocates of environmental protection, 
especially in the rich countries, recognized that the environment could not be protected 
at the expense of human suffering in poor countries. These countries were guaranteed 
some level of access to resources and technology, including energy technology, which 
could help them to improve economically, even if these technologies some undesirable 
side effects. It was agreed that the rich countries would not be allowed to “kick the lad-
der down behind themselves,” that is, having used polluting technologies to develop 
their own quality of life, they could not deny other countries access to them. On the 
other hand, the Brundtland report sees both poor and rich countries as having a respon-
sibility to protect the environment, so the poor countries do not have unfettered access 
to polluting technologies. The report does not resolve the question of what is the opti-
mal balance between protecting the environment and lifting the poor countries out of 
poverty, but it does assert that a balance must be struck between the two, and this asser-
tion in itself was an advance.

The rise of the sustainable development movement has boosted efforts to protect 
and enhance the natural environment by invoking a specific objective, namely, that the 
environment should be maintained in a good enough condition to allow future genera-
tions to thrive on planet Earth. National governments were encouraged to continue to 
monitor present-time measures of environmental quality, such as the concentration of 
pollutants in air or water, but also to look beyond these efforts in order to consider long-
term processes whose consequences might not be apparent within the time frame of a 
few months or years, but might lead to a drastic outcome over the long term. Indeed, 
many of the possible consequences of increased concentration of CO2 in the atmosphere 
are precisely this type of long-term, profound effects.

Sustainable Development in the Twenty-First Century
Since its inception in the 1980s, many people have come to divide the term sustainable 
development into three “dimensions” of sustainability:

 1. Environmental sustainability: Managing the effects of human activity so that they 
do not permanently harm the natural environment.
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 2. Economic sustainability: Managing the financial transactions associated with 
human activities so that they can be sustained over the long term without 
incurring unacceptable human hardship.

 3. Social/cultural sustainability: Allowing human activity to proceed in such a way 
that social relationships between people and the many different cultures around 
the world are not adversely affected or irreversibly degraded.

Some people use variations on this system of dimensions, for example, by modi-
fying the names of the dimensions, or splitting social and cultural sustainability into 
two separate dimensions. In all cases, the intent of the multidimensional approach to 
sustainable development is that in order for a technology, business, community, or 
nation to be truly sustainable, they must succeed in all three dimensions. For exam-
ple, applied to energy systems, this requirement means that a renewable energy sys-
tem that eliminates all types of environmental impacts but requires large subsidies 
from the government to maintain its cash flow is not sustainable, because there is no 
guarantee that the payments can be maintained indefinitely into the future. Similarly, 
a program that converts a country to completely pollution-free energy supply by con-
fiscating all private assets, imposing martial law, and banning all types of political 
expression might succeed regarding environmental sustainability, but clearly fails 
regarding social sustainability! 

The business world has responded to the sustainable development movement by 
creating the “triple bottom line” for corporate strategy. In the traditional corporation, 
the single objective has been the financial “bottom line” of generating profits that can 
be returned to investors. The triple bottom line concept keeps this economic objective, 
and adds an environmental objective of contributing to ecological recovery and enhance-
ment, as well as a social objective of good corporate citizenship with regard to employ-
ees and the community. Thus the triple bottom line of economics, environment, and 
society is analogous to the three dimensions of sustainable development. A growing 
number of businesses have adopted the triple bottom line as part of their core practice.

2-3 Fundamentals of the Systems Approach

2-3-1 Initial Definitions
In Sec. 2-2, we have introduced a number of concepts that support a systems-wide per-
spective on energy. We have discussed the existence of multiple goals for energy sys-
tems. We have also considered how the presence of different stakeholders that interact 
with each other (such as the rich countries and the poor countries) or influence one 
another (such as the influence of the current generation on the future generations), 
favors thinking about energy from a systems perspective. The following definitions are 
useful as a starting point for thinking about systems.

First, what is a system? A system is a group of interacting components that work 
together to achieve some common purpose. Each system has a boundary, either physical 
or conceptual, and entities or objects that are not part of system lie outside the bound-
ary (see example of a system in Fig. 2-1). The area outside the boundary is called the 
environment, and inputs and outputs flow across the boundary between the system and 
its environment. The inputs and outputs may be physical, as in raw materials and waste 
products, or they may be virtual, as in information or data. Also, each component within 
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a system can (usually) itself be treated as a system (called a subsystem), unless it is a 
fundamental element that cannot be further divided into components. Furthermore, 
each system is (usually) a component in a larger system. Take the case of the electric 
grid. Each power plant is a subsystem in the grid system, and the power plant can be 
further subdivided into supporting subsystems, such as the boiler, turbine, generator, 
and pollution control apparatus, and the like. Going in the other direction, the broadest 
possible view of the grid system is the complete set of all national grids around the 
globe. Even if they are not physically connected, the various regional grids of the world 
are related to one another in the world because they draw from the same world fossil 
fuel resource for the majority of their electricity generation. One could conceivably 
argue that the world grid is a subsystem in the system of all electric grids in the uni-
verse, including those on other planets in other galaxies that support life forms that 
have also developed electrical grids, but such a definition of system and subsystem 
would serve no practical purpose (!). Failing that, the world grid system is the broadest 
possible system view of the grid.

In the field of systems engineering, a distinction is made between the term “system” 
as a concept and the systems approach, which is the process of conceptualizing, model-
ing, and analyzing objects from a systems perspective in order to achieve some desired 
outcome. When implementing the systems approach, the purpose, components, and 
boundary of a system are usually not preordained, but rather defined by the person 
undertaking the analysis. This definition process can be applied to physical systems, 
both in a single physical location (e.g., power plant) or distributed over a large distance 
(the electrical grid). Systems can also be purely conceptual, or mixtures of physical and 
conceptual, for example, the energy marketplace system with its physical assets, energy 
companies, government regulators, and consumers.

Environment

Institutional
infrastructure

Physical
infrastructure

Information flows

Physical flows System boundary

FIGURE 2-1 Conceptual model of built infrastructure system, surrounded by natural environment.

The built infrastructure system consists of all physical infrastructure built and controlled by 
humans. It has two components, institutional infrastructure and physical infrastructure. The 
institutional infrastructure represents the functioning of human knowledge in a conceptual sense; 
it receives information fl ows from the environment and the physical infrastructure about the 
current condition of each, and then transmits information to the physical infrastructure, usually in 
the form of commands meant to control the function of the physical infrastructure. The boundary 
shown is conceptual in nature; in physical space, the human physical infrastructure and natural 
environment are interwoven with each other. (Source: Vanek (2002).)
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A system can be “abstracted” to whatever level is appropriate for analysis. For 
example, a large central power plant may, as a system, consist of mechanical, electri-
cal/electronic, safety, and pollution control subsystems. If an engineer needs to solve a 
problem that concerns primarily just one of these subsystems, it may be a legitimate 
and useful simplification to create an abstract model of the power plant system as being 
a single system in isolation. In other words, for electrical and electronics systems, the 
plant could be treated as consisting only of an electrical network and computer net-
work. This abstracting of the system can be enacted provided that by doing so no criti-
cal details are lost that might distort the results of the analysis. 

It can be seen from the power plant example that two different meanings for the 
term “subsystem” are possible. On the one hand, each major component of the power 
plant is a subsystem, such as the turbine, which has within its boundaries mechanical 
components (axis, blades, and so on), electrical components (sensors, wires, and so on), 
and components from other systems. Other subsystems such as the boiler, generator, 
and so on, could be viewed in the same way. This definition of subsystem is different 
from isolating the entire electrical subsystem in all parts of the plant, including its pres-
ence in the turbine, boiler, generator, and all other areas of the plant, as a subsystem of 
the plant. Neither definition of subsystems is “correct” or “incorrect”; in the right con-
text, either definition can be used to understand and improve the function of the plant 
as a whole.

In regard to identifying a boundary, components, and purpose of a system, there are 
no absolute rules that can be followed in order to implement the systems approach the 
right way. This approach requires the engineer to develop a sense of judgment based on 
experience and trial-and-error. In many situations, it is, in fact, beneficial to apply the 
systems model in more than one way (e.g., first setting a narrow boundary around the 
system, then setting a broad boundary) in order to generate insight and knowledge from 
a comparison of the different outcomes. It may also be useful to vary the number and 
layers of components recognized as being part of the system, experimenting with both 
simpler and more complex definitions of the system.

2-3-2 Steps in the Application of the Systems Approach
The engineer can apply the systems approach to a wide range of energy topics, ranging 
from specific energy projects (e.g., a gas-fired power plant or wind turbine farm) to 
broader energy programs (e.g., implementing a policy to subsidize energy efficiency 
and renewable energy investments). The following four steps are typical:

 1. Determine stakeholders: Who are the individuals or groups of people who have a 
stake in how a project or program unfolds? Some possible answers are 
customers, employees, shareholders, community members, or government 
officials. What does each of the stakeholders want? Possible answers include a 
clean environment, a population with adequate access to energy, a return on 
financial investment, and so on.

 2. Determine goals: Based on the stakeholders and their objectives, determine a list 
of goals, such as expected performance, cost, or environmental protection. Note 
that not all of the objectives of all the stakeholders need to be addressed by 
the goals chosen. The goals may be synergistic with each other, as is often the 
case with technical performance and environmental protection—technologies 
that perform the best often use fuel most efficiently and create the smallest 
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waste stream. The goals may also be in conflict with each other, such as level of 
technical performance and cost, where a high-performing technology often 
costs more.

 3. Determine scope and boundaries: In the planning stage, decide how deeply you 
will analyze the situation in planning a project or program. For example, for the 
economic benefits of a project, will you consider only direct savings from 
reduced fuel use, or will you also consider secondary economic benefits to the 
community of cleaner air stemming from your plant upgrade? It may be difficult 
to decide the scope and boundaries with certainty at the beginning of the 
project, and the engineer should be prepared to make revisions during the 
course of the project, if needed (see step 4).

 4. Iterate and revise plans as project unfolds: Any approach to project or program 
management will usually incorporate basic steps such as initial high-level 
planning, detail planning, construction or deployment, and launch. For a large 
fixed asset such as a power plant, “launch” implies full-scale operation of the 
asset over its revenue lifetime; for a discrete product such as a microturbine or 
hybrid car, “launch” implies mass production. Specific to the system approach 
is the deliberate effort to regularly evaluate progress at each stage and, if it is 
judged necessary, return to previous stages in order to make corrections that will 
help the project at the end. For example, difficulties encountered in the detail 
planning stage may reflect incorrect assumptions at the initial planning stage, 
so according to the systems approach one should revisit the work of the initial 
stage and make corrections before continuing. This type of feedback and iteration 
is key in the systems approach: in many cases, the extra commitment of time 
and financial resources in the early stages of the project is justified by the 
increased success in the operational or production stages of the life cycle.

The exact details of these four steps are flexible, depending in part on the applica-
tion in question, and the previous experience of the practitioner responsible for imple-
menting the systems approach. Other steps may be added as well.

The Systems Approach Contrasted with the Conventional Engineering Approach
The opposite of the systems approach is sometimes called the unit approach. Its central 
tendency is to identify one component and one criterion at the core of a project or prod-
uct, generate a design solution in which the component satisfies the minimum require-
ment for the criterion, and then allow the component to dictate all other physical and 
economic characteristics of the project or product. For a power plant, the engineer 
would choose the key component (e.g., the turbine), design the turbine so that it meets 
the criterion, which in this case is likely to be technical performance (total output and 
thermal efficiency), and then design all other components around the turbine.

In practice, for larger projects it may be impossible to apply the unit approach in 
its pure form, because other criteria may interfere at the end of the design stage. Con-
tinuing the example of the power plant, the full design may be presented to the 
customer only to be rejected on the grounds of high cost. At that point the designer iter-
ates by going back to the high-level or detail design stages and making revisions. From 
a systems perspective, this type of iteration is undesirable because the unproductive 
work embedded in the detail design from round 1 could have been avoided with suf-
ficient thinking about high-level design versus cost at an earlier stage. In practice, this 
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type of pitfall is well recognized by major engineering organizations, which are cer-
tain to carry out some type of systems approach at the early stages in order to avoid 
such a financial risk.

While the systems approach may have the advantages discussed, it is not appropriate 
in all situations involving energy. The systems approach requires a substantial commit-
ment of “administrative overhead” beyond the unit approach in the early stages in gath-
ering additional information and considering trade-offs. Especially in smaller projects, 
this commitment may not be merited. Take the case of an electrician, who is asked to wire 
a house once the customer has specified where they would like lights and electrical out-
lets. The wiring requirements may be specified by the electrical code in many countries, 
so the electrician has limited latitude to optimize the layout of wires under the walls of the 
house. She or he might reduce the amount of wiring needed by using a systems approach 
and discussing the arrangement of lights, outlets, switches, and wires with the customer 
so as to reduce overall cost. However, the homeowner or architect has by this time already 
chosen the lighting and electrical outlet plan that they desire for the house, and they are 
likely not interested in spending much extra time revisiting this plan for saving a rela-
tively small amount of money on wiring. In short, there may be little to learn from a sys-
tems approach to this problem. A “linear” process may be perfectly adequate, in which 
the electrician looks at the wiring plan, acquires the necessary materials, installs all neces-
sary wire, and bills the customer or the general contractor at the end of her or his work, 
based either on a fixed contract price or the cost of time and materials.

Examples of the Systems Approach in Action
The following examples from past and current energy problem-solving reflect a sys-
tems approach. In some cases, the players involved may have explicitly applied sys-
tems engineering, while in others they may have used systems skills without even 
being aware of the concept (!).

Example 1 Demand-side management. Demand-side management (DSM) is an 
approach to the management of producing and selling electricity in which the electric 
utility actively manages demand for electricity, rather than assuming that the demand 
is beyond its control. Demand-side management was pioneered in the 1970s by Amory 
Lovins of the Rocky Mountain Institute, among others, and has played a role in energy 
policy since that time.

The distinction in energy decision making with and without DSM is illustrated in 
Fig. 2-2. The shortcoming for the utility in the original case is that system boundary is 
drawn in such a way that the customer demand for electricity is outside the system 
boundary. Not only must the utility respond to the customer by building expensive new 
assets in cases that consumer demand increases, but there is a chance that consumer 
demand will be highly peaked, meaning that some of the utility’s assets only run at peak 
demand times and therefore are not very cost-effective to operate (they have a high fixed 
cost, but generate little revenue). This outcome is especially likely in a regulated electric-
ity market where the consumer is charged the same price per kWh no matter what the 
time of day is or the total amount of demand on the system at the time.

In the DSM system, the boundary has been redrawn to incorporate consumer 
demand for electricity. The new input acting from outside the boundary is labeled “con-
sumer lifestyle”; in the previous system this input did not appear, since the only aspect 
of the consumer seen by the system was her/his demand for electricity. The effect of 
consumer lifestyle on the system is important, because it means that the consumer has 
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the right to expect a certain quality of life, and the system cannot meet its needs by 
arbitrarily cutting off power to the customer without warning. Within the system, a 
new arrow has been added between demand and electric supply, representing the sup-
plier’s ability to influence demand by varying prices charged with time of day, encour-
aging the use of more efficient light bulbs and appliances, and so on. This tool is given 
the name “invest in DSM,” and has been added to the preexisting tool of “invest in 
generating assets.”

Example 2 Combined energy production for electricity and transportation. This example 
involves a comparison of the generation of electricity for distribution through the elec-
tric grid and liquid fuels (gasoline, diesel, and jet fuel) for transportation. Currently, 
power plants that generate electricity do not also provide fuels for transportation, and 
refineries used to produce liquid fuels do not also generate electricity for the grid in a 
significant way. 

With the current demand for new sources of both electricity and energy for transpor-
tation, engineers are taking an interest in the possibilities of developing systems that are 
capable of supporting both systems. This transition is represented in Fig. 2-3. The 
“original” boundaries represent the two systems in isolation from each other. When a 
new boundary is drawn that encompasses both systems, many new solutions become 
available that were not previously possible when the two systems were treated in 
 isolation. For example, an intermittent energy source such as a wind farm might sell 
electricity to the grid whenever possible, and at times that there is excess production, 
store energy for use in the transportation energy system that can be dispensed to vehi-
cles later. Plug-in hybrid vehicles might take electricity from the grid at night during 
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FIGURE 2-2 System boundaries and function: (a) conventional case, (b) case with DSM.
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off-peak generating times, thereby increasing utilization of generating assets and at the 
same time reducing total demand for petroleum-based liquid fuels. Also, new vehicle-
based power sources such as fuel cells might increase their utilization if they could plug in 
to the grid and produce electricity during the day when they are stationary and not in use.

Example 3 Modal shifting among freight modes. In the transportation arena, an attrac-
tive approach to reducing energy consumption is shifting passengers or goods to more 
energy efficient types of transportation, also known as “modes” of transportation (see 
Chap. 14). This policy goal is known as modal shifting. In the case of land-based freight 
transportation, rail systems have a number of technical advantages that allow them to 
move a given mass of goods over a given distance using less energy than movement by 
large trucks. 

How much energy might be saved by shifting a given volume of freight from 
truck to rail? We can make a simple projection by calculating the average energy con-
sumption per unit of freight for a given country, or the total amount of freight moved 
divided by the total amount of energy consumed, based on government statistics. 
Subtracting energy per unit freight for rail from that of truck gives the savings per 
unit of modal shifting achieved. The upper diagram in Fig. 2-4 represents this view of 
modal shifting. 

This projection, however, overstates the value of modal shifting because it does not 
take into account differences between the movement of high-value, finished goods and 
bulk commodities in the rail system. The latter can be packed more densely and moved 
more slowly than high-value products, which customers typically expect delivered rap-
idly and in good condition. The movement of high-value goods also often requires the 
use of trucking to make connections to and from the rail network, further increasing 
energy use. In the lower diagram in Fig. 2-4, the rail system is divided into two subsys-
tems, one for moving high-value goods and one for moving bulk commodities. Con-
necting the modal shifting arrow directly to the high-value goods subsystem then 
makes the estimation of energy savings from modal shifting more accurate. A new 
value for average energy consumption of high-value rail can be calculated based on 
total movements and energy consumption of this subsystem by itself, and the differ-
ence between truck and rail recalculated. In most cases, there will still be energy savings 
to be had from modal shifting of freight, but the savings are not as great as in the initial 
calculation—and also more realistic.
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Transportation
energy

Electricity
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Transportation
energy

Boundary Boundary
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FIGURE 2-3 Electricity and transportation energy as two systems in isolation, and combined into 
a single larger system.



34 C h a p t e r  T w o

2-3-3 Stories, Scenarios, and Models
The terms stories, scenarios, and models describe perspectives on problem solving that 
entail varying degrees of data requirements and predictive ability. Although these terms 
are widely used in many different research contexts as well as in everyday conversa-
tion, their definitions in a systems context are as follows. A story is a descriptive device 
used to qualitatively capture a cause-and-effect relationship that is observed in the real 
world in certain situations, without attempting to establish quantitative connections. 
A story may also convey a message regarding the solution of energy systems problems 
outside of cause-and-effect relationships. A scenario is a projection about the relation-
ship between inputs and outcomes that incorporates quantitative data, without prov-
ing that the values used are the best fit for the current or future situation. It is common 
to use multiple scenarios to bracket a range of possible outcomes in cases where the 
most likely pathway to the future is too difficult to accurately predict. Lastly, a model is 
a quantitative device that can be calibrated to predict future outcomes with some mea-
sure of accuracy, based on quantitative inputs. Note that the term model used in this 
context is a quantitative model, as opposed to a conceptual model such as the conceptual 
model of the relationship between institutional infrastructure, physical infrastructure, 
and the natural environment in Fig. 2-1. 

The relationship between the three terms is shown in Fig. 2-5. As the analysis 
 proceeds from stories to scenarios to models, the predictive power increases, but the 
underlying data requirements also increase. In some situations, it may not be possible 
to provide more than a story due to data limitations. In others, the full range of options 
may be available, but it may nevertheless be valuable to convey a concept in a story in 
order to provide an image for an audience that can then help them to understand a 
scenario or model. In fact, in some situations, a modeling exercise fails because the 
underlying story was not clear or was never considered in the first place.
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FIGURE 2-4 Two views of modal shifting of freight: (a) rail treated as uniform system, (b) rail 
divided into two subsystems.
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Examples of Stories in an Energy Context
The following examples illustrate the use of stories to give insight into our current situ-
ation with energy. When using stories like these, it is important to be clear that stories 
are devices that help us to conceptualize situations and problems, but that they are not 
necessarily the solutions to the problems themselves.

 1. A rising tide lifts all boats: Improvements in the national or global economy will 
improve the situation for all people, and also make possible investments in 
environmental protection including cleaner energy systems. This story does 
not address the question of whether the improvements in well-being will be 
spread evenly or unevenly, or whether some “boats” will be left behind entirely. 
However, it describes with some accuracy the way in which economic resources 
of the wealthy countries (North America, Europe, and Japan) lifted newly 
industrialized countries such as Taiwan or Korea to the point where they have 
recently been spending more on environmental protection.

 2. Deck chairs on the Titanic (also sometimes referred to as string quartet on the 
Titanic): If one system-wide goal of the world economy is to lift all countries 
through the interactions of a global marketplace, another goal is to be certain to 
address the most important problems so as to avoid any major setbacks. As in 
the case of the Titanic, there is no point in determining the best ways to arrange 
the deck chairs, or to perfect the performance of the string quartet on board the 
ship, if the threat of icebergs is not addressed. Similarly, for a given energy 
system or technology, there may be little value in finding a solution to some 
narrowly-defined problem related to its performance, if it has fundamental 
problems related to long-term availability of fuel or greenhouse gas emissions.

 3. Bucket brigade on the Titanic: The metaphor of the sinking of the Titanic is useful 
for another story. In the actual disaster in 1912, another ship in the vicinity 
arrived on the scene too late to rescue many of the passengers. Suppose there 
had been sufficient buckets available on the Titanic to create a bucket brigade 
that could keep the ship afloat long enough to allow time for the rescue ship to 
arrive. In such a situation, it would make sense to allocate all available people 
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FIGURE 2-5 Predictive ability versus data requirements for stories, scenarios, and models.
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to the brigade to insure its success. Likewise, in the situation with the current 
threat to the global natural environment, it may be wise to reallocate as much 
human talent as possible to solving ecological problems, so as to accelerate the 
solution of these problems and avert some larger disaster prior to the regaining 
of ecological equilibrium.

 4. The tipping point: According to this story, the ecological situation of systems 
such as the global climate or the world’s oceans is balanced on a tipping point 
at the edge of a precipice. If the ecological situation gets too far out of balance, 
it will pass the tipping point and fall into the precipice, leading to much greater 
ecological damage than previously experienced. For example, in the case of 
climate, it is possible that surpassing certain threshold levels of CO2 will “turn 
on” certain atmospheric mechanisms that will greatly accelerate the rate of 
climate change, with severe negative consequences.

 5. The infinite rugby/American football game: Many readers are familiar with the 
rules of the games rugby or American football, in which opposing teams 
attempt to move a ball up or down a field toward an “endline” in order to score 
points, within a fixed length of time agreed for the game. In this story, the eco-
logical situation can be likened to a game in which the goal is to make forward 
progress against an opponent, but with no endline and no time keeping. The 
opponent in this game is “environmental degradation,” and the “home team” is 
ourselves, the human race. If we are not successful against the opponent, then we 
are pushed further and further back into a state of environmental deterioration. 
Since there is no endline at our end of the field, there is the possibility that the 
environmental deterioration can continue to worsen indefinitely. However, if our 
team is successful, we can make forward progress to an area of the unbounded 
field where the ecological situation is well maintained. Since there is no time 
clock that runs out, the presence of environmental degradation as an opponent is 
permanent, and the commitment to the game must similarly be permanent. 
However, a successful strategy is one that gets us to the desirable part of the field 
and then keeps us there.

 6. The airplane making an emergency landing: The current challenge regarding 
energy is likened to an airplane that is running out of fuel and must make an 
emergency landing. If the pilot is impatient and attempts to land the plane 
too quickly, there is a danger of crashing; however, if the pilot stays aloft too 
long, the plane will run completely out of fuel and also be in danger of 
crashing because it will be difficult to control. Similarly, draconian action 
taken too quickly in regard to changing the energy system may lead to social 
upheaval that will make it difficult for society to function, but if action is 
taken too slowly, the repercussions to the environment may also have a critical 
effect on the functioning of society.

It should be noted that some of these stories contradict each other. In story 4, the 
emphasis is on a point of no return, whereas in story 5, there is no tipping point on 
which to focus planning efforts. However, it is not necessary to subscribe to some sto-
ries and not to others. From a systems perspective, stories are tools that can be used in 
specific situations to gain insights. Thus it may be perfectly acceptable to use the tip-
ping point story in one situation, and the rugby game story in another, as circumstances 
dictate.
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An Example of Stories, Scenarios and Models Applied 
to the “Boats in the Rising Tide”
It is possible to build scenarios and models based on many of the stories in the previous 
section. Take story 1, the rising tide lifting all boats. At the level of a story, we describe 
a connection between the growing wealth of the rich countries, the growing market for 
exports from the industrializing “Asian Tigers” (Taiwan, Korea, and so on), the grow-
ing wealth of these industrializing countries, and their ability to begin to invest in envi-
ronmental protection. All of this can be done verbally or with the use of a flowchart, but 
it need not involve any quantitative data.

At the other extreme of gathering and using data, we might build an economic model 
of the relationship between the elements in the story. In this model, as wealth grows in the 
rich countries, imports also grow, leading to increased wealth in the industrializing coun-
tries and the upgrading of the energy supply to be cleaner and more energy efficient. The 
model makes connections using mathematical functions, and these are calibrated by adjust-
ing numerical parameters in the model so that they correctly predict performance from the 
past up to the present. It is then possible to extrapolate forward by continuing to run the 
model into the future. If the rate of adoption of clean energy technology is unsatisfactory, 
the modeler may introduce the effect of “policy variables” that use taxation or economic 
incentives to move both the rich and industrializing countries more quickly in the direction 
of clean energy. Again, these policy variables can be calibrated by looking retrospectively at 
their performance in past situations.

 While mathematical models such as these are powerful tools for guiding decisions 
related to energy systems, in some situations the connections between elements in the 
model may be too complex to capture in the form of a definitive mathematical function 
that relates the one to the other. As a fallback, scenarios can be used to create a range of 
plausible outcomes that might transpire. Each scenario starts from the present time and 
then projects forward the variables of interest, such as total economic growth, demand for 
energy, type of energy, technology used, and total emissions. A mathematical relationship 
may still exist between variables, but the modeler is free to vary the relationship from sce-
nario to scenario, using her or his subjective judgment. Some scenarios will be more opti-
mistic or pessimistic in their outcome, but each should be plausible, so that, when the 
analysis is complete, the full range of scenarios brackets the complete range of likely out-
comes for the variables of interest. In the rising tide example, a range of scenarios might be 
developed that incorporate varying rates of economic growth among the emerging econo-
mies, the economic partners that import goods from these economies, and rates of improve-
ment in clean energy technology, in order to predict in each scenario a possible outcome for 
total emissions in some future year. Also, a distinction might also be made between sce-
narios with and without the “policy intervention” to encourage clean energy sources.

2-4 Other Systems Tools Applied to Energy
One prominent feature of human use of energy is that energy resources must often be 
substantially converted from one form to another before they can be put to use. This 
conversion can be captured in a conceptual model by considering various energy “cur-
rencies.” These are intermediate energy products that must be produced by human 
effort for eventual consumption in energy end uses.

The steps in the model are shown in Fig. 2-6. The initial input is an energy 
resource, such as a fossil fuel. At the conversion stage, a conversion technology is 
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used to create a “currency” from the energy resource. Although the conversion to a 
currency inevitably incurs losses, these losses are sustained in order to gain the 
benefits of transmitting or storing a currency, which is easier to handle and manipu-
late. The ultimate aim of the conversion process is not to deliver energy itself but to 
deliver a service, so a service technology is employed to create a service from the 
currency. Examples of alternative currencies are given in Table 2-1. Not all energy 
systems use a currency. For instance, a solar cooking oven uses thermal energy from 
the sun directly to cook food.

2-4-1 Systems Dynamics Models: Exponential Growth, 
Saturation, and Causal Loops
A conceptual model such as the currency model above describes functional relation-
ships between different parts of the energy system, but it does not incorporate any 
temporal dimension by which the changing state of the system could be measured over 
time, nor does it incorporate any type of feedback between outputs and inputs. This 
section presents time-series and causal loop models to serve these purposes.

Exponential Growth
In the case of energy systems, exponential growth occurs during the early stages of 
periods of influx of a new technology, or due to a human population that is growing at 
an accelerating rate. Exponential growth is well known from compound interest on 
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FIGURE 2-6 Currency model of energy conversion.

Energy 
Resource

Conversion
Technology Currency Service Technology

Service (typical 
example)

Coal Power plant Electricity Washing machine Washing clothes

Crude oil Refinery Gasoline Car with internal 
combustion engine

Transportation

Natural gas Steam reforming 
plant

Hydrogen Car with hydrogen 
fuel cell stack

Transportation

Note that the pathways to meeting the service needs are not unique; for example, the need for clothes washing 
could also be met by hand washing, which does not require the use of a currency for the mechanical work of 
washing and wringing the clothes.

TABLE 2-1 Examples of Energy Currencies
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investments or bank accounts, in which an increasing amount of principal accelerates 
the growth from one period to the next. Exponential growth in energy consumption 
over time can be expressed as follows:

E(t) = a⋅exp(bt) (2-1)

where t is the time in years, E(t) is the annual energy consumption in year t, and a and 
b are parameters that fit the growth to a historic data trend. Note that a may be con-
strained to be the value of energy consumption in year 0, or it may be allowed other 
values to achieve the best possible fit to the observed data. Example 2-1 illustrates the 
application of the exponential curve to historical data, where a and b are allowed to take 
best-fit values.

Example 2-1 The table below provides annual energy consumption values in 10-year increments for 
the United States from 1900 to 2000. Use the exponential function to fit a minimum-squares error 
curve to the data, using data points from the period 1900 to 1970 only. Then use the curve to calculate 
a project value for the year 2000, and calculate the difference in energy between the projected and 
actual value.

Year Actual

1900  9.6

1910 16.6

1920 21.3

1930 23.7

1940 25.2

1950 34.6

1960 45.1

1970 67.8

1980 78.1

1990 84.7

2000 99.0

Solution For each year, the estimated value of the energy consumption Eest(t) is calculated based on 
the exponential growth function and the parameters a and b. Let t = y – 1900, where y is the year of the 
data. Then Eest(year) is calculated as Eest (year) � a⋅exp(b(year � 1900))

The value of the squared error term (ERR)2 in each year is 

(ERR)2 � [Eactual (year) � Eest (year)]2

Finding the values of a and b that minimize the sum of the errors for the years 1900 through 
1970 gives a = 10.07 and b = 0.02636, as shown in the next table. For example, for the year 1970, 
we have

Eest ( ) . exp( . ( ))1970 10 07 0 02636 1970 1900 63= ⋅ − = ..

( ) [ . . ] .

7

67 8 63 7 17 02 2ERR = − =
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Creating a table for actual energy, estimated energy, error, and square of error gives the following:

Year Actual Estimated Error (Error)^2

1900  9.6 10.1 −0.5  0.2

1910 16.6 13.1  3.5 12.0

1920 21.3 17.1  4.3 18.4

1930 23.7 22.2  1.5  2.2

1940 25.2 28.9 −3.7 13.6

1950 34.6 37.6 −3.0  9.0

1960 45.1 49.0 −3.9 15.0

1970 67.8 63.7  4.1 17.0

Finally, solving for year = 2000 using Eq. (2-1) gives an estimated energy value of 140.5 quads. Thus the 
projection overestimates the 2000 energy consumption by 140.5 – 99.0 = 41.5 quads, or 42%. The actual and 
estimated curve can be plotted as shown in Fig. 2-7.

Asymptotic Growth, Saturation, Logistics Function, and Triangle Function
The result from Example 2-1 shows that the predicted energy consumption value of 
140.5 quads for the year 2000 is substantially more than the actual observed value. 
Compared to the prediction, growth in U.S. energy use appears to be slowing down. 
Such a trend suggests asymptotic growth, in which the growth rate slows as it approaches 
some absolute ceiling in terms of magnitude. Since the planet earth has some finite car-
rying capacity for the number of human beings, and since there is a finite capacity for 
each human being to consume energy, it makes sense that there is also a limit on total 
energy consumption that is possible. 

Just as the exponential function considers growth without impact of long-term 
limits, two other mathematical functions, the logistics curve and the triangle function, 

FIGURE 2-7 Comparison of actual and estimated energy curves.
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explicitly include both accelerating growth near the beginning of the model lifetime 
and slowing growth as the limits are approached near the end. Taking the first of 
these, the logistics function is an empirically derived formula that has found to fit 
many observed real-world phenomena ranging from the penetration of a disease into 
a population to the conversion of a market over to a new technology (e.g., the pene-
tration of personal computers into homes in the industrialized countries). It has the 
following form:
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(2-2)

Here t is the value of time in appropriate units (e.g., years, months), p(t) is either the 
population (in absolute units) or the percentage (out of the entire population) in time t, 
and a, b, and x are positive-valued parameters used to shape the function. Since the 
ratio a/b is the ultimate population or percentage value as time grows without bound, 
these parameters are used to set the final outcome of the logistics curve. For applica-
tions using the percentage value, setting a = b = 1 gives an outcome of 100% penetration 
of the new technology or trend into the base population, or up to the maximum possible 
value of the asymptote. The value of x is used to accelerate or slow the path of the logis-
tics function; as x grows in value, the value of p(t) increases more slowly with t.

Unlike the logistics function, where the value of p(t) approaches but never actually 
achieves the limiting value a/b, in the triangle function the user sets in advance the time 
period at which 100% penetration or the cessation of all further growth will occur. In the 
triangle function, the value of p is the percentage relative to the completion of growth, 
which can be multiplied by an absolute quantity (e.g., maximum amount of energy at 
the end of growth phase measured in EJ or quads) to compute the absolute amount of 
energy. Let a and b be the start and end times of the transition to be modeled. The tri-
angle function then has the following form:
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(2-3)

For times less than a, p(t) = 0, and for times greater than b, p(t) = 1.
To compare the logistics and triangle functions, in the former case, the logistics 

curve can be fit to the initial values in order to project when the population will get 
within some increment of full saturation. It is also possible to plot the penetration into 
the population to have a desired time requirement by adjusting the parameter x (e.g., to 
assure that 99.9% of the growth will be completed after 30 years). With the triangle 
function, the values of a and b are set at the endpoints (e.g., 30 years apart) in order to 
estimate the likely population at intermediate stages. Example 2-2 illustrates the appli-
cation of both the logistics and triangle functions.

Example 2-2 Automobile production in a fictitious country amounts to 1 million vehicles per year, 
which does not change over time. Starting in the year 1980, automobiles begin to incorporate fuel 
injection instead of carburetors in order to reduce energy consumption. Compute future penetration 
of fuel injection as follows:
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 1. Using the logistics function: Suppose we treat 1980 as year 0, and that 5000 vehicles are produced with 
fuel injection in this year. In 1981, the number rises to 20,000 vehicles. The expected outcome is 100% 
saturation of the production of vehicles with fuel injection. How many vehicles are produced with 
fuel injection in 1983?

 2. Using the triangle function: Suppose now that only the total time required for a full transition to 
fuel injection is known, and that this transition will be fully achieved in the year 1990. How 
many vehicles are produced with fuel injection in 1983, according to the triangle model?

Solution

 1. Logistics function: Since the new technology is expected to fully penetrate the production of 
vehicles, we can set a = b = 1. In 1980, or year t = 0, the value of p0  is p0  = 5 × 103/1 × 106 = 5 × 
10−3. We are given that in 1981, p(1) = 2 × 104/1 × 106 = 2 × 10−2. We can therefore solve the 
following equation for x:
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 Solving gives x = 0.7135. Then substituting x = 0.7135 and t = 3 into the logistics curve gives p(3) = 
0.252, so the prediction is that 252,000 cars will be made with fuel injection in 1983.

 2 Triangle function: We adopt the same convention as in part 1, namely, t = 0 in 1980, t = 1 in 1981, 
and so forth. Therefore a = 0, b = 10, and (a + b)/2 = 5. Since t = 3 < (a + b)/2, we use p(t) = 
((t – a)/(b – a))2 which gives p(3) = 0.18 and a prediction that 180,000 cars are built with fuel 
injection in 1983.

The two curves from Example 2-2 are plotted in Fig. 2-8. Notice that the logistics 
function in this case has reached 85% penetration in the year 1985, when the triangle 
function is at 50%, despite having very similar curves for 1980–1982. A triangle curve 
starting in 1980 and ending in 1987 (a = 0, b = 7) would have a more similar shape to 
the logistics function.

FIGURE 2-8 Projection of infl ux of fuel injection technology using logistics and triangle functions.
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Causal Loop Diagrams
The cause-and-effect relationships underlying the trend in the fuel injection influx 
example can be described as follows. After the initial start-up period (years 1980 and 
1981), the industry gains experience and confidence with the technology, and resis-
tance to its adoption lessens. Therefore, in the middle part of either of the curves 
used, the rate of adoption accelerates (1982–1985). As the end of the influx approaches, 
however, there may be certain models which are produced in limited numbers or 
which have other complications, such that they take slightly longer to complete the 
transition. Thus the rate of change slows down toward the end. Note that the transi-
tion from carburetors to fuel injection is not required to take the transition path shown, 
it is also possible that that transition could end with a massive transition of all the 
remaining vehicles in the last year, for example, in the year 1986 or 1987 in this exam-
ple. However, experience shows that the “S-shaped” curve with tapering off at the 
end is a very plausible alternative.

These types of relationships between elements and trends in a system can be cap-
tured graphically in causal loop diagrams. These diagrams map the connections between 
components that interact in a system, where each component is characterized by some 
quantifiable value (e.g., temperature of the component, amount of money possessed by 
an entity, and the like). As shown in Fig. 2-9, linkages are shown with arrows leading 
from sending to receiving component and, in most cases, either a positive or negative 
sign. When an increase in the value of the sending component leads to an increase in the 
value of the receiving component, the sign is positive, and vice versa. Often the sending 
component receives either positive or negative feedback from a loop leading back to it 
from the receiving component, so that the systems interactions can be modeled. A com-
ponent can influence, and be influenced by, more than one other component in the 
model.

FIGURE 2-9 Causal loop diagram relating outdoor climate and indoor use of climate control devices.
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In Fig. 2-9, the symbol in the middle of the loop (“B” for balancing or “R” for rein-
forcing) indicates the nature of the feedback relationship around the loop. On the left-
hand side, increasing average temperature leads to reduced emissions of CO2 from the 
combustion of fossil fuels in furnaces, boilers, and the like, so the loop is balancing. On 
the right, increased CO2 increases the need for the use of air conditioning, which further 
increases CO2 concentration. The diagram does not tell us which loop is the more dom-
inant, and hence whether the net carbon concentration will go up or down. Also, it only 
represents two of the many factors affecting average CO2 concentration in the atmo-
sphere; more factors would be required to give a complete assessment of the expected 
direction of CO2 concentration. Thus it is not possible to make direct numerical calcula-
tions from a causal loop diagram. Instead, its value lies in identifying all relevant con-
nections to make sure none are overlooked, and also in developing a qualitative under-
standing of the connections as a first step toward quantitative modeling.

The causal loop diagram in Fig. 2-10 incorporates two new elements, namely, a dis-
crepancy relative to a goal and a delay function. In this case, a goal for the target annual 
CO2 emissions is set outside the interactions of the model; there are no components in the 
model that influence the value of this goal, and its value does not change. The “discrep-
ancy” component is then the difference between the goal and the actual CO2 emissions. 
Here we are assuming that these emissions initially exceed the goal, so as they increase, 
the discrepancy also increases. Since the target does not change, it does not have any abil-
ity to positively or negatively influence the discrepancy, so there is no sign attached to the 
arrow linking the two. The discrepancy then leads to the introduction of policies that 
reduce CO2 emissions toward the goal. As the policies take hold, emissions decline in the 
direction of the target, and the discrepancy decreases, so that eventually the extent of 
emissions reduction policies can be reduced as well. The link between policy and actual 
emissions is indicated with a “delay,” in that reducing emissions often takes a long lead 
time in order to implement new policies, develop new technologies, or build new infra-
structures. It is useful to explicitly include such delays in the causal loop diagram since 
they can often lead to situations of overshoot and oscillation.

Global annual
CO2 emissions to
atmosphere from
energy production

+

–

+

Extent of policies
that reduce CO2

emissions to
atmosphere from

energy

Target
amount CO2
emissions

Discrepancy
BDelay

FIGURE 2-10 Causal loop diagram incorporating a goal, a discrepancy, and a delay: the 
relationship between CO2 emissions and energy policy.
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The simple examples of causal loop diagrams presented here can be incorporated 
into larger, more complete diagrams that are useful for understanding interactions 
among many components. The individual components and causal links themselves are 
not complex, but the structures they make possible allow the modeler to understand 
interactions that are quite complex.

2-5 Other Tools for Energy Systems
The remainder of this chapter discusses a range of tools used in analyzing energy sys-
tems and making decisions that best meet the goals of developing energy resources that 
are economical and sustainable. While these tools are diverse, they have a common 
theme in that they all emphasize taking a systems view of energy, in order to not over-
look factors that can turn an attractive choice into an unattractive one.

2-5-1 Kaya Equation: Factors that Contribute to Overall CO2 Emissions
The Kaya equation was popularized by the economist Yoichi Kaya as a way of disag-
gregating the various factors that contribute to the overall emissions of CO2 of an indi-
vidual country or of the whole world. It incorporates population, level of economic 
activity, level of energy consumption, and carbon intensity, as follows:
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If this equation is applied to an individual country, then P is the population of the 
country, GDP/P is the population per capita, E/GDP is the energy intensity per unit of 
GDP, and CO2/E is the carbon emissions per unit of energy consumed. Thus the latter 
three terms in the right hand side of the equation are performance measures, and in 
particular the last two terms are metrics that should be lowered in order to benefit the 
environment. The measure of CO2 in the equation can be interpreted as CO2 emitted to 
the atmosphere, so as to exclude CO2 released by energy consumption but prevented 
from entering the atmosphere, a process known as “sequestration.” Because the terms 
in the right-hand side of the equation multiplied together equal CO2 emitted, it is some-
times also called the “Kaya Identity.”

 The key point of the Kaya equation is that a country must carefully control all the 
measures in the equation in order to reduce total CO2 emissions or keep them at current 
levels. As shown in Table 2-2, values for five of the major players in determining global 

P
(million)

GDP/P
($1000/person)

E/GDP
(GJ/$1000GDP)

CO2/E
(tonnes/GJ)

CO2

(million tonne)

China 1298.8   $1,725 28.05 0.075 4,707

Germany 82.4   $34,031 5.53 0.056  862

India 1065.1   $740 20.65 0.068 1,113

Japan 127.3   $35,998  5.21 0.053 1,262

United States 293.0   $42,846  8.44 0.056 5,912

TABLE 2-2  Kaya Equation Values for Selection of Countries, 2004



46 C h a p t e r  T w o

CO2 emissions, namely, China, Germany, India, Japan, and United States, vary widely 
between countries. Although it would be unreasonable to expect countries with the 
largest populations currently, namely, China and India, to reduce their populations to be 
in line with the United States or Japan, all countries can contribute to reducing CO2 emis-
sions by slowing population growth or stabilizing population. China and India have low 
GDP per capita values compared to the other three countries in the table, so if their GDP 
per capita values are to grow without greatly increasing overall CO2 emissions, changes 
must be made in either E/GDP, or CO2/E, or both. As for Germany, Japan, and United 
States, their values for E/GDP and CO2/E are low relative to China and India, but because 
their GDP/P values are high, they have high overall CO2 emissions relative to what is 
targeted for sustainability. This is true in particular of the United States, which has the 
highest GDP/P in the table and also an E/GDP value that is somewhat higher than that 
of Japan or Germany. Using these comparisons as an example, individual countries can 
benchmark themselves against other countries or also track changes in each measure 
over time in order to make progress toward sustainable levels of CO2 emissions. 

From a systems perspective, one issue with the use of these measures is that they 
may mask a historic transfer of energy consumption and CO2 emissions from rich to 
industrializing countries. To the extent that some of the products previously produced 
in United States or Europe but now produced in China and India are energy intensive, 
their transfer may have helped to make the industrial countries “look good” and the 
industrializing countries “look bad” in terms of E/GDP. Arguably, however, the rich 
countries bear some responsibility for the energy consumption and CO2 emissions from 
these products, since it is ultimately their citizens who consume them. 

2-5-2 Life-Cycle Analysis and Energy Return on Investment
The preceding example about CO2 emissions from products manufactured in one country 
and consumed in another illustrates an important point about taking into account all of the 
phases of the “life cycle” of either an energy conversion system or product. In this example, 
boundaries were drawn within the overall “system” of countries such that one stage of the 
product’s life cycle, namely the manufacturing stage, appeared in the energy consumption 
total of one country but the final purchase and consumption of another. Life cycle analysis, or 
LCA, is a technique that attempts to avoid such pitfalls by including all parts of the life 
cycle. Although LCA is applied to energy consumption in this book, it can also be applied 
to other types of environmental impacts or to cash flow. In this section, we focus on LCA 
applied to energy consumption as a single dimension. In the next section, we incorporate 
multiple criteria, so as to compare the effects on energy with effects on other objectives.

LCA can help the practitioner overcome at least two important problems in mea-
suring and comparing energy consumption:

• Incomplete information about the true impact of a technology on energy efficiency: If 
only one stage of the life cycle, or some subset of the total number of stages, is 
used to make claims about energy savings, the analysis may overlook losses or 
quantities of energy consumption at other stages that wash out projected 
savings. For example, in the case of comparing vehicle propulsion systems, one 
propulsion system may appear very efficient in terms of converting stored 
energy on board the vehicle into mechanical propulsion. However, if the process 
that delivers the energy to the vehicle is very energy intensive, the overall 
energy efficiency of the entire process from original source may be poor.
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• Savings made at one stage may be offset by losses at another stage: This effect can 
occur in the case of a manufactured product that has one or more layers of both 
manufacturing and shipping before it is delivered to a consumer as a final 
product. It is often the case that concentrating manufacturing operations in a 
single large facility may improve manufacturing efficiency, since large versions 
of the machinery may operate more efficiently, or the facility may require less 
heating and cooling per square foot of floor space. However, bringing raw 
materials to and finished goods from the facility will, on average, incur a larger 
amount of transportation than if the materials were converted to products, 
distributed, and sold in several smaller regional systems. In this case, gains in 
the manufacturing stage may be offset, at least in part, by losses in the 
transportation stage.

The eight steps in the life cycle shown in Table 2-3 can be applied to both energy 
products, such as electricity or motor fuels, as well as manufactured products such as 
appliances and automobiles. The list of examples of each stage shown in the right 
column is not necessarily exhaustive, but does provide a representative list of the 
type of activities that consume energy in each stage. Some energy resources, such as 
coal, may be converted to currencies (electricity) after the raw material stage and 
therefore cease to exist in a physical form. Other energy resources, such as motor 
vehicle fuels, require extensive refining, distribution, and retailing before they are 
consumed. Consumer products generally depend on several “chains” of conversion 
of raw materials to components before final assembly, such as a motor vehicle, which 
incorporates metal resources and wires, plastics, fabrics, and other inputs, all arising 
from distinct forms of resource extraction. Energy is consumed to greater or lesser 
degrees in all of these stages, as well as in the building of the infrastructure required 
to support the system, and the energy consumed in commercial enterprises needed to 
control the system.

In theory, one could estimate energy consumption values for each stage of the life 
cycle, allocate these quantities among different products where there are multiple prod-
ucts relying on a single activity (e.g., energy consumed in office used to administer 
product), and divide by the number or volume of products produced to estimate an 
energy consumption value per unit. In practice, it may prove extremely laborious to 
accurately estimate the energy consumed in each activity of each stage. Therefore, as a 
practical simplification, the engineer can “inspect” stages for which energy consump-
tion values are not easily obtained. If they can make a defensible argument that these 
stages cannot, for any range of plausible values, significantly affect the life cycle of total 
energy consumption, then they can either include a representative fixed value resulting 
from an educated guess of the actual value, or explicitly exclude the component from 
the life-cycle analysis.

For energy resources, it is important not only to understand the life-cycle energy 
consumption, but also to verify that end-use energy derived from the resource justifies 
energy expended upstream in its extraction, conversion, and delivery. On this basis, 
we can calculate the energy return on investment, or EROI, which is the energy delivered 
at the end of the life cycle divided by the energy used in earlier stages. For example, it 
would not make sense to expend more energy on extracting some very inaccessible 
fossil fuel from under the earth than the amount of energy available in the resource, on 
a per tonne basis. Similarly, the manufacture and deployment of some renewable 
energy device that requires more energy in resource extraction, manufacturing, and 
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Activity category Typical activities

Resource 
extraction

Machinery used for mining, quarrying, and so on, of coal, metallic 
ores, stone resources
Energy consumed in pumping crude oil and gas
Energy consumption in forestry and agriculture to maintain and 
extract crops, including machinery, chemical additives, and so on

Transportation of 
raw materials

Movement of bulk resources (coal, grain, bulk wood products) by 
rail, barge, truck
Movement of oil and gas by pipeline
Intermediate storage of raw materials

Conversion of 
raw materials 
into semi-finished 
materials and 
energy products

Refining of crude oil into gasoline, diesel, jet fuel, other petroleum 
products
Creation of chemical products from oil, gas, and other feedstocks
Extraction of vegetable oils from grain
Production of bulk metals (steel, aluminum, and so on) from ores
Creation of bulk materials (fabric, paper, and so on) from crop and 
forest feedstocks

Manufacturing
and final 
production

Mass production of energy-consumption-related devices (steam and 
gas turbines, wind turbines, motorized vehicles of all types, and so on)
Mass production of consumer goods
Mass production of information technology used to control energy 
systems

Transportation of 
finished products

Transportation by truck, aircraft, rail, or marine
Intermediate storage and handling of finished products in warehouses, 
regional distribution centers, airports and marine ports, and so forth

Commercial 
“overhead” 
for system 
management

Energy consumed in management of production/distribution 
system (office space)
Energy consumed in retail space for retail sale of individual 
products

Infrastructure 
construction and 
maintenance

Construction of key components in energy system (power plants, 
grid, and so on)
Construction of resource extraction, conversion, and 
manufacturing plants
Construction of commercial infrastructure (office space, shopping 
malls, car dealerships, and so on)
Construction of transportation infrastructure (roads, railroads, 
airports, marine ports)
Energy consumed in maintaining infrastructure

Demolition/
disposal/recycling

Disposal of consumer products and vehicles at end of lifetime
Dismantling and renovation of infrastructure
Recycling of raw materials from disposal/demolition back into 
inputs to resource extraction stage

Note: Activities are given in approximately the order in which they occur in the life cycle of an energy 
product or manufactured good.

TABLE 2-3  Examples of Energy Use within Each Category of Energy Consumption Life Cycle
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installation than it can deliver in its usable lifetime would fail the EROI test. Practitio-
ners may also use the term “energy payback,” meaning the amount of energy returned 
from the use of an energy system after expending energy on manufacture, installation, 
and so on.

2-5-3 Multi-Criteria Analysis of Energy Systems Decisions
The previous section presented the use of LCA using a single measure, namely, that of 
energy consumption at the various stages of the life cycle. The focus on energy con-
sumption as a sole determinant of the life cycle value of a product or project may be 
necessary in order to complete an LCA with available resources, but care must be taken 
that other factors that are even more critical than energy use are not overlooked. For 
example, a project may appear attractive on an energy LCA basis, but if some other 
aspect that causes extensive environmental damage is overlooked, for example, the 
destruction of vital habitat, the natural environment may end up worse off rather than 
being improved.

Multi-criteria analysis of decisions provides a more complete way to incorporate 
competing objectives and evaluate them in a single framework. In this approach, the 
decision maker identifies the most important criteria for choosing the best alternative 
among competing projects or products. These criteria may include air pollution, water 
pollution, greenhouse gas emissions, or release of toxic materials, as well as direct 
economic value for money. The criteria are then evaluated for each alternative on some 
common basis, such as the dollar value of economic benefit or economic cost of differ-
ent types of environmental damage, or a qualitative score based on the value for a 
given alternative relative to the best or worst competitor among the complete set of 
alternatives. An overall multi-criteria “score” can then be calculated for alternative i as 
follows:

 
Score ,i c ic

c

w x i= ∀∑  (2-5)

Here scorei is the total score for the alternative in dimensionless units, wc is the 
weight of criterion c relative to other criteria, and xic is the score for alternative i in 
terms of criterion c. At the end of the multi-criteria analysis, the alternative with the 
highest or lowest score is selected, depending on whether a high or low score is 
desirable.

Naturally, how one weights the various criteria will have an important impact on 
the outcome of the analysis, and it is not acceptable to arbitrarily or simplistically assign 
weights, since the outcome of the decision will then appear itself arbitrary, or worse, 
designed to reinforce a preselected outcome. One approach is therefore to use as weight 
sets of values that have been developed using previous research, and which those in the 
field already widely accept. Table 2-4 gives relative weights from two widely used studies 
from the U.S. Environmental Protection Agency and from Harvard University. In the 
tables, the category most closely related to energy consumption is global warming, 
since energy consumption is closely correlated with CO2 emissions. This category has 
the highest weight in both studies (tied with indoor air quality in the case of EPA), but 
other types of impact figure prominently as well. In both studies, acidification (the 
buildup of acid in bodies of water), nutrification (the buildup of agricultural nutrients 
in bodies of water), natural resource depletion, and indoor air quality all have weights 
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of at least 0.10. Only solid waste appears to be a less pressing concern, according to the 
values from the two studies. In order to use either set of weights from the table cor-
rectly, the scoring system for the alternatives should assign a higher score to an inferior 
alternative, so that the value of scorei will correctly select the alternative with the lowest 
overall score as the most attractive. 

In one possible approach, the decision maker can adopt either EPA or Harvard val-
ues as a starting point for weights and then modify values using some internal process 
that can justify quantitative changes to weights. In Table 2-4, the weights shown add up 
to 1.00 in both cases. As long as value of weights relative to one another correctly reflects 
the relative importance of different criteria, it is not a requirement for multi-criteria 
analysis that they add up to 1. However, it may be simplest when adjusting weights to 
add to some while taking away from others, so that sum of all the weights remains 1. 

2-5-4 Choosing among Alternative Solutions Using Optimization
In many calculations related to energy systems, we evaluate a single measure of perfor-
mance, either by solving a single equation (e.g., the multi-criteria score evaluated in the 
previous example), or by solving a system of equations such that the number of equa-
tions equals the number of unknown variables, and the value of each unknown is there-
fore uniquely identified. In other situations, there may be a solution space in which an 
infinite number of possible combinations of decision variable values, or solutions, can 
satisfy the system requirements, but some solutions are better than others in terms of 
achieving the system objective, such as maximizing financial earnings or minimizing 
pollution. Optimization is a technique that can be used to solve such problems.

We first look at optimization in an abstract form before considering examples that 
incorporate quantitative values for components of energy systems. In the most basic 
optimization problem relevant to energy systems, the decision variables regarding out-
put from facilities can be written as a vector of values x1, x2,…xn. from 1 to n. These 
facilities are constrained to meet demand for energy, that is, the sum of the output from 
the facilities must be greater than or equal to some demand value a. There are then con-
straints on the values of xi, for example, if the ith power plant can not produce more 
than a certain amount of power bi in a given time period, this might be written xi < bi. 
Then the entire optimization problem can be written 

Category EPA Weight Harvard Weight

Global warming 0.27 0.28

Acidification 0.13 0.17

Nutrification 0.13 0.18

Natural resource depletion 0.13 0.15

Indoor air quality 0.27 0.12

Solid waste 0.07 0.10

Source for data: USEPA (1990) and Norberg-Bohm (1992), as quoted in Lippiatt (1999).

TABLE 2-4 Comparison of USEPA and Harvard Weights for Important Environmental 
Criteria
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In Eq. (2-6), the top line is called the objective function, and the term “minimize” 
indicates that the goal is to find the value of Z that is as low as possible. The vector 
of parameters ci are the cost coefficients associated with each decision variable xi. 
For example, if the objective is to minimize expenditures, then cost parameters with 
units of “cost per unit of xi” are necessary so that Z will be evaluated in terms of 
monetary cost and not physical units. The equations below the line “subject to” are 
the constraints for this optimization problem. Note that in the objective function, 
we could also stipulate that the value of Z be maximized, again subject to the equa-
tions in the constraint space. For example, the goal might be to maximize profits, 
and instead of costs per unit of production, the values ci might represent the profits 
per unit of production from each plant. Also, the nonnegativity constraint xi > 0 does 
not appear in all optimization problems, however, in many problems, negative val-
ues of decision variables do not have any useful meaning (e.g., negative values of 
output from a power plant) so this constraint is required in order to avoid spurious 
solutions.

Example 2-3 illustrates the application of optimization to an energy problem that 
is simple enough to be solved by inspection, and also to be represented in two-
dimensional space, so that the function of the optimization problem can be illus-
trated graphically.

Example 2-3 An energy company has two power plants available to meet energy demand, plant 1 
that produces power for a cost of $0.015/kWh and has a capacity of 6 GW, and plant 2 that produces 
power for a cost of $0.03/kWh and has a capacity of 4 GW. What is the minimum cost at which the 
company can meet a demand of 8 GW for 1 h?

Solution From inspection, the company will use all 6 GW from plant 1 and then produce the remaining 
2 GW with plant 2. It is convenient to convert costs to costs per GWh, that is, c1 = $15,000/GWh and 
c2 = $30,000/GWh. The minimum total cost is then $120,000.

To arrive at the same solution using a formal optimization approach, Eq. (2-6) can now be rewritten 
for the specifi c parameters of the problem as follows:
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Note that the third constraint equation says that the output from the two plants combined must be 
at least 8 GW. 

Next, it is useful to present the problem graphically by plotting the feasible region for the solution 
space on a two-dimensional graph with x1 and x2 on the respective axes, as shown in Fig.2-11. The 
constraint x1 + x2 > 8 is superimposed on the graph as well, and only combinations of x1 and x2 
above and to the right of this line are feasible, that is, able to meet the power requirements. Two 
isocost lines are visible in the figure as well; and combination of x1 and x2 on each line will have the 
same total cost, for example, $150,000 or $180,000 in this case. The intersection of the constraint 
line with the isocost line c1x1 + c2x2 = $150,000 gives the solution to the problem, namely, that since 
one cannot go to a lower isocost line without leaving the feasible space, the solution is at the point 
(x1 = 6, x2 = 2).

Although it is possible to solve for a larger optimization problem by hand, it is usually more convenient 
to use a computer software algorithm to find the solution. The general goal of any such algorithm is to 
first find a feasible solution (i.e., a combination of decision variables that is in the decision space) and 
then move efficiently to consecutively improved solutions until reaching an optimum, where the value 
of Z cannot be improved. At each feasible solution, a “search direction” is chosen such that movement 
in that direction is likely to yield the largest improvement in Z compared to any other direction. The 
energy system analyst can accelerate the solution process by providing an initial feasible solution. For 
instance, suppose the initial feasible solution given were (x1 = 4, x2 = 4) in this example. The algorithm 
might detect that there were two search directions from this point, either along the curve x1 + x2 = 8 or 
the curve x2 = 4. Of the two directions, the former decreases the value of Z while the latter increases 
it, so the algorithm chooses the former direction and moves along it until reaching the constraint x1 = 6, 
which is the optimum point. If no initial solution is provided, the algorithm may start at the origin 
(i.e., all decision variables equal to zero) and first test for feasibility of the this solution. If it is feasible, 
the algorithm moves toward consecutively improved solutions until finding the optimal. If not, it 
moves in consecutive search directions until arriving at the boundary of the feasible space, and then 
continuing the optimization.

The problem presented in Example 2-3 is small enough that it can be presented in 
a visual form. Typical optimization problems are usually much larger than can be 
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FIGURE 2-11  Graphical representation of allocation of power production to plant 1 and plant 2.
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presented in 2-D or 3-D space. For example, suppose the problem consisted of n energy 
generating units, and output from each needed to be determined for m time periods. 
The total number of dimensions in this problem is n x m, which is a much larger number 
than three, the largest number that can be represented graphically.

Optimization can be applied to a wide array of energy systems problems. As pre-
sented in Example 2-3, one possibility is the optimal allocation of energy production 
from different plants, where the cost per unit of production may or may not be con-
stant. Another is the allocation of different energy resources to different finished 
products so as to maximize the expected profit from sales of the product. Optimiza-
tion may also be applied to the efficient use of energy in networks, such as the optimal 
routing of a fleet of vehicles so as to minimize the projected amount of fuel that they 
consume.

Lastly, one of the biggest challenges with successful use of optimization is the 
need to create an objective function and set of constraints that reproduce the real-
world system accurately enough for the recommendations output from the problem 
to be meaningful. An optimization problem formulation that is overly simplistic 
may easily converge to a set of decision variables that constitute a recommendation, 
but the analyst can see in a single glance that the result cannot in practice be applied 
to the real-world system. In some cases, adding constraints may solve this problem. 
In other cases, it may not be possible to capture in mathematical constraints all of 
the factors that impact on the problem. If so, the analyst may use the optimization 
tool for decision support, that is, generating several promising solutions to the 
problem, and then using one or more of them as a basis for creating by hand a best 
solution that takes into account subtle factors that are missing from the mathematical 
optimization.

2-5-5 Understanding Contributing Factors to Time-Series Energy 
Trends Using Divisia Analysis
A common problem in the analysis of the performance of energy systems is the need 
to understand trends over time up to the most recent year available, in order to evalu-
ate the effectiveness of previous policies or discern what is likely to happen in the 
future. Specifically, if energy intensity of alternative technologies and the share of 
each technology in the overall market stay constant, one will most likely arrive at a 
different overall level of energy consumption than in the real world, in which both 
factors of energy intensity and market share are changing over time. In such situa-
tions, the energy systems analyst would like to know the contribution of the factors to 
the quantitative difference between the actual energy consumption value and the 
trended value, which is the amount that would have been consumed if factors had 
remained constant. Divisia analysis, also known as Divisia decomposition, is a tool that 
serves this purpose. (LaSpeyres decomposition is a related tool; for reasons of brevity, it 
is not presented here, but the reader may be interested in learning about it from other 
sources.1)

1For example, see Appendix at the end of Schipper, et al. (1997).
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In a typical application of Divisia analysis, there are multiple sources or sectors 
that contribute to overall energy production or consumption, each with a quantita-
tive value of conversion efficiency or some other measure of performance that 
changes with time. Hereafter production or consumption is referred to as activity, 
denoted A, and the various contributors are given the subscript i. The share of activ-
ity allocated to the contributors also changes with time. Thus a contributor may be 
desirable from a sustainability point of view because of its high energy efficiency, 
but if its share of A declines over time, its contribution to improving overall system 
performance may be reduced.

The contribution of both efficiency and share can be mathematically “decomposed” 
in the following way. Let Et be the total energy consumption in a given time period t.
The relationship of Et to At is then the following:
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We have now divided overall intensity into the intensity of contributors eit, and also 
defined the share of contributor i in period t as sit, which is measured in units of (activity 
allocated to i in period t)/(total activity in t). 

Next, we consider the effect of changes in intensity and share between periods t – 1 
and t. By the product rule of differential calculus, we can differentiate the right-hand 
side of Eq. (2-8):
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The differential in Eq. (2-10) can be replaced with the approximation of the change 
occurring at time t, written Δet /Δt, which gives the following:
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The change in contributors’ intensity and share is now rewritten as the difference in 
value between periods t − 1 and t, and the current intensity and share values are rewrit-
ten as the average between the two periods, giving:
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It is the value of the two separate summations in Eq. (2-12) that is of particular inter-
est. The first summation is called the “intensity term,” since it considers the change in 
intensity for each i between t – 1 and t, and the second term is called the “structure 
term,” since it has to do with the relative share of the various contributors.

The steps in the Divisia analysis process are (1) for each time period t (except the first), 
calculate the values of the summations for the intensity and structure terms and (2) for 
each time period (except the first and second), to calculate the cumulative value of the 
structure term by adding together values of all previous intensity and structure terms. 
The cumulative values in the final time period then are used to evaluate the contribution 
of each term to the difference between the actual and trended energy consumption value 
in the final period. Example 2-4 demonstrates the application of Divisia analysis to a rep-
resentative data set with intensity and structure terms and three time periods.

Example 2-4  The activity levels and energy consumption values in the years 1995, 2000, and 2005 
for two alternative sources of a hypothetical activity are given in the table below. (The amount of the 
activity is given in arbitrary units; actual activities that could fit in this mode include units of a product 
produced by two different processes, kilometers driven by two different models of vehicles, and so 
on.) Construct a graph of the actual and trended energy consumption, showing the contribution of 
changes in structure and intensity to the difference between the two.

Source Year Activity (million units) Energy (GWh)

1 1995     15 300

1 2000 14.5 305

1 2005 14.3 298

2 1995     22 350

2 2000 25.5 320

2 2005 26.5 310

Solution The first step in the analysis process is to calculate total energy consumption and activity, 
since these values form a basis for later calculations. The following table results:

Year Activity (million units) Energy (GWh)

1995      37 650

2000      40 625

2005 40.8 608
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From this table, the average energy intensity in 1995 is (650 GWh)/(3.7 × 107) = 17.6 kWh/unit, which 
is used to calculate the trended energy consumption values of 703 GWh and 717 GWh for the years 
2000 and 2005, respectively.

The energy intensity eit is calculated next using the energy consumption and activity data in the first 
table, and the share sit is calculated from the first and second table by comparing activity for i to overall 
activity. Both factors are presented for the two sources as follows:

Year Source 1 Source 1 Source 2 Source 2

 Intensity Share Intensity Share

1995  20.0 40.5%  15.9 59.5%

2000  21.0 36.3%  12.5 63.8%

2005  20.8 35.0%  11.7 65.0%

The intensity and structure terms for the years 2000 and 2005 are now calculated for each source using 
Eq. (2-12). It is convenient to create a table for each source, as follows:

For Source 1:

 eit sit (et � et � 1)i (st � st � 1)i (et � et − 1)i/2 (st � st − 1)i/2 Intensity Structure

1995 20.0 40.5% — — — — — —

2000 21.0 36.3% 1.03 −4.29% 20.5 38% 0.397 (0.880)

2005 20.8 35.0% (0.20) −1.20% 20.9 36% (0.070) (0.251)

For Source 2:

 eit sit (et � et � 1)i (st � st � 1)i (et � et − 1)i/2 (st � st − 1)i/2 Intensity Structure

1995 15.9 59.5% — — — — — —

2000 12.5 63.8% (3.36) 4.29% 14.2 61.6% (2.070) 0.611

2005 11.7 65.0% (0.85) 1.20% 12.1 64.4% (0.548) 0.146

Next, the overall intensity and structure term for each year is calculated by adding the values for 
sources 1 and 2. For example, for 2000, the intensity term is 0.397 – 2.070 = −1.673. The cumulative 
value for 2005 is the sum of the values for 2000 and 2005 for each term. A table of the incremental and 
cumulative values gives the following:

 Incremental Values Cumulative Values

Year  Intensity Structure  Intensity Structure

2000  (1.673)  (0.270)  (1.673)  (0.270)

2005  (0.617)  (0.106)  (2.290)  (0.376)

The effect on energy consumption in the intensity and structure of the sources can now be measured 
by multiplying activity in 2000 or 2005 by the value of the respective terms. Units for both intensity 
and structure terms are in kWh per unit. Therefore, the effect of intensity in 2000 and 2005 is 
calculated as

Year 2000: unit kWh/unit)(10-6( )( .4 10 1 6737× − GGWh/kWh) GWh

Year 2005: unit

= −

×

66 9

4 08 107

.

( . )(( . .− = −2 29 93 4kWh/unit)(10 GWh/kWh) GWh-6



S y s t e m s  T o o l s  f o r  E n e r g y  S y s t e m s  57

Using a similar calculation for the effect of structural changes, we can now show that the cumulative 
effect of both changes accounts for the difference in actual and trended energy consumption, as shown 
in the table below:

Factor 2000 2005

E(Trended), GWh  702.70  716.76 

Intensity, GWh  (66.9)  (93.4)

Structure, GWh  (10.8)  (15.3)

E(Actual), GWh  625.00  608.00 

This information can also be presented in graphical form, as shown in Fig.2-12: 

In conclusion, from the preceding table and figure, both intensity and structure factors contribute to 
the reduction in energy consumption relative to the trended value, with the intensity factor accounting 
for most of the change, and the structure factor accounting for a smaller amount.

One practical example of the use of Divisia analysis is the decomposition of the contri-
bution of different types of power generation to total CO2 emissions, with activity measured 
in kWh generated, and CO2 emissions by source used in place of energy consumption in 
Example 2-4. Another example is the contribution of different types of vehicles to total 
transportation energy consumption. A wide variety of other applications are also possible.

2-6 Summary
During the course of the twenty-first century, energy systems will be required to 
meet several important goals, including conformance with the environmental, eco-
nomic, and social goals of sustainable development. The existence of multiple goals, 
multiple stakeholders, and numerous available technologies lends itself to the use of 
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a “systems approach” to solving energy problems, which emphasizes additional effort 
in the early conceptual and design stages in order to achieve greater success during the 
operational lifetime of a product or project. Qualitative systems tools available to the 
decision maker include the use of “stories” or causal loop diagrams to describe systems 
interactions. Quantitative tools include exponential, logistics, and triangle functions to 
project rates of growth or market penetration of energy technologies. They also include 
scenario analysis and quantitative modeling to estimate the future situation of energy-
related measures such as consumption or pollution, and life-cycle analysis, energy 
return on investment, multi-criteria analysis, and optimization to determine whether a 
particular technology is acceptable or to choose among several competing technologies 
or solutions. Lastly, Divisia analysis provides a means of understanding the contribu-
tion of underlying factors to overall energy consumption or CO2 emissions trends. 
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Exercises
1. Consider a technical project with which you have been involved, such as an engineering design 
project, a research project, or a term project for an engineering course. The project can be related 
to energy systems, or to some other field. Consider whether or not the project used the systems 
approach. If it did use the approach, describe the ways in which it was applied, and state whether 
the use of the approach was justified or not. If it did not use the approach, do you think it would 
have made a difference if it had been used? Explain. 

2. Causal loop diagrams: in recent years, one phenomenon in the private automobile market 
of many countries of the world, especially the wealthier ones, has been the growth in the 
number of very large sport utility vehicles and light trucks. Create two causal loop diagrams, 
one “reinforcing” and one “balancing,” starting with “number of large private vehicles” as the 
initial component.

3. It is reasonable to expect that given growing wealth, the emergence of a middle class, access 
to modern conveniences, and so forth, the “emerging” countries of the world may experience 
exponential growth in energy consumption over the short to medium term. From data introduced 
earlier, these countries consumed 136 EJ of energy in 1990 and 198 EJ in 2004. Use these data points 
and the exponential curve to predict energy consumption in the year 2020. Discuss the implications 
of this prediction.

4. From Fig. 1-1 in Chap. 1, the values of world energy consumption are given below. Calculate 
a best-fit curve to the six data points 1850–1975, and then use this curve to predict the value of 
energy consumption in 2000. If the actual value in 2000 is 419 EJ, by how much does the projected 
answer differ from the actual value?

1850 25 EJ

1875 27 EJ

1900 37 EJ

1925 60 EJ

1950 100 EJ

1975 295 EJ

5. Current global energy consumption trends combined with per capita energy consumption of 
some of the most affluent countries, such as the United States, can be used to project the future 
course of global energy demand over the long term. 

a.  Using the data in Table 2-2, calculate per capita energy consumption in United States in 
2004, in units of GJ per person.

 b.  If the world population ultimately stabilizes at 10 billion people, each with the energy 
intensity of the average U.S. citizen in 2004, at what level would the ultimate total annual 
energy consumption stabilize, in EJ/year?

 c.  From data introduced earlier, it can be seen that the world reached the 37 EJ/year mark in 
1900, and the 100 EJ/year mark in 1950. Using these data points and the logistics formula, 
calculate the number of years from 2004 until the year in which the world will reach 97% of 
the value calculated in part (b).

d.  Using the triangle formula, pick appropriate values of the parameters a and b such that the 
triangle formula has approximately the same shape as the logistics formula.

e.  Plot the logistics and triangle functions from parts (c) and (d) on the same axes, with year 
on the x axis and total energy consumption on the y axis.

 f.   Discussion: The use of the United States as a benchmark for the target for world energy 
consumption has been chosen arbitrarily for this problem. If you were to choose a different 
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country to project future energy consumption, would you choose one with a higher or lower 
per capita energy intensity than United States? What are the effects of choosing a different 
country?

6. Multi-criteria decision making: A construction firm is evaluating two building materials in 
order to choose the one that has the least effect on the environment. The alternatives are a traditional 
“natural” material and a more recently developed “synthetic” alternative. Energy consumption in 
manufacturing is used as one criterion, as are the effect of the material on natural resource depletion 
and on indoor air quality, in the form of off-gassing of the material into the indoor space. Cost per 
unit is included in the analysis as well. The scoring for each criterion is calculated by assigning 
the inferior material a score of 100, and then assigning the superior material a score that is the 
ratio of the superior to inferior raw score multiplied by 100. For example, if material A emits half 
as much of a pollutant as material B, then material B scores 100 and material A scores 50. Using 
the data given below, choose the material that has the overall lower weighted score. (Note that 
numbers are provided only to illustrate the technique and do not indicate the true relative worth 
of synthetic or natural materials.)

Data for problem 6:

Units Natural Synthetic Weight

Energy MJ/unit 0.22 0.19 0.24

Natural
resource

kg/unit 1000 890 0.15

Indoor AQ g/unit 0.1 0.9 0.21

Cost $/unit  $1.40  $1.10 0.40



CHAPTER 3 
Economic Tools for 

Energy Systems

3-1 Overview
This chapter gives an overview of economic tools related to energy systems. The differ-
ence between current and constant monetary amounts are first introduced, followed by 
two types of economic evaluation of energy projects, both with and without discount-
ing of cash flows to take into account the time value of money. The latter part of the 
chapter considers direct versus external costs, and ways in which governments at times 
intervene in energy-related decision making in order to further social aims such as 
diversity of energy supply or a clean environment.

3-2 Introduction
As already mentioned in the previous chapter, if the engineer wishes to take a systems 
approach to energy, then the financial dimension of energy systems cannot be omitted. 
The economics of energy systems includes the initial cost of delivering components that 
function in the system (turbines, high-voltage transmission lines, and so forth); ongoing 
costs associated with fuel, maintenance, wages, and other costs; and the price that can 
be obtained in the market for a kWh of electricity or a gallon of gasoline equivalent of 
vehicle fuel. Energy economics is itself a highly specialized and elaborate field with a 
very large body of knowledge in support, and a full treatment of this field is beyond the 
scope of this chapter. However, the engineer can use a basic knowledge of the interface 
between energy technology and energy economics presented here to good advantage.

As a starting point before delving into the details of quantitative evaluation of the 
costs, revenues, and benefits of energy systems, we should consider two important 
functions of economics related to those systems. The first is project specific, namely, that 
most energy projects are scrutinized for cost-effectiveness, unless they are designated 
for some other demonstrative or experimental purpose. Any such economically driven 
energy projects must either convince the owner/operator that they are a good use of 
internally held resources, or convince an external funding source that they are worthy 
of financial backing. The second function is the relationship between society’s collective 
choices about energy systems and the cost of energy products and services. Excessive 
investment in overly expensive energy projects will lead to higher energy costs for 
the public, but so will underinvestment in and neglect of the existing stock of energy 
infrastructure, so society must strike a careful balance. Whether it is to a large industrial 
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corporation in one of the rich countries or to a villager in a poor country considering the 
cost of a bundle of firewood, the cost of energy is in fact one of the most important 
determinants of our well-being among the many types of economic prices that we pay. 

3-2-1 The Time Value of Money
As consumers, we hardly need reminding that the face value of our money in most 
industrialized economies is declining all the time. For most products and services, the 
amount that can be purchased by 1 dollar, 1 euro, or 100 yen is slightly less than it was 
a few years ago, due to inflation. In addition, investors who have money available for 
investment expect a return on their funds beyond the rate of inflation whenever possi-
ble, so that money invested in any opportunity, including an energy project, should 
meet these expectations. On this basis, money returned in the future is not worth as 
much as money invested today. The change in value of money over time due to these 
two trends is given the name time value of money. 

Taking the role of inflation first, many national governments track the effect of 
inflation on prices by calculating an annual price index composed of the average price 
of a representative collection of goods. Measuring the change in the price of this col-
lection from year to year provides an indicator of the extent to which inflation is 
chang ing prices over time. For individual consumers, a measure of the overall cost of 
living is of the greatest interest, whereas for manufacturers and other businesses, a 
measure of the cost of goods and other expenditures needed to stay in business is 
desired. Therefore, governments typically publish both consumer price indices (CPI) 
and producer price indices (PPI) for these respective purposes. The CPI and PPI values 
for the United States for the period 1997–2006 are shown in Table 3-1, along with the 

Consumer Price 
Index (CPI), U.S.

Producer Price 
Index (PPI), U.S.

Consumer Price
Index (CPI), U.K.

1997 87.4 95.5 96.3

1998 94.7 94.7 97.9

1999 96.7 96.4 99.1

2000 100.0 100.0 100.0

2001 102.8 102.0 101.2

2002 104.5 100.7 102.5

2003 106.9 103.8 103.9

2004 109.7 107.6 105.3

2005 113.4 112.8 107.4

2006 117.1 116.2 109.9

Indexed to Year 2000 = 100 
Source: U.S. Bureau of Labor Statistics (2007), for United States; U.K. National Statistics 
(2007), for United Kingdom. Note that PPI values shown are the values for finished 
goods, not seasonally adjusted.

TABLE 3-1 CPI and PPI for United States, and CPI for United Kingdom 1997 to 2006
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CPI values for the United Kingdom for the same period for comparison. It can be observed 
from this table that consumer prices grew more slowly in the United Kingdom than in the 
United States for this period.

Using the CPI or PPI value, we can make a distinction between prices that are taken 
at their face value in the year they are given, and prices that are adjusted for inflation. 
A price given in current dollars is worth the given value in unadjusted dollars that year. 
A constant year-Y dollar is worth the same amount in any year, and enables direct com-
parison of costs evaluated in different years. Comparisons made between costs given in 
constant dollars are sometimes said to be given in real terms, since the effect of inflation 
has been factored out. The difference is illustrated in Example 3-1.

Example 3-1 A particular model of car costs $17,000 in 1998 and $28,000 in 2005, given in current 
dollars for each year. How much are each of these values worth in constant 2002 dollars? Use the U.S. 
CPI values from Table 3-1. 

Solution Values from the table are used to convert to constant 2002 dollars, for $17,000 in 1998 dollars 
and $28,000 in 2005 dollars, respectively:

 

$ ,
.

.
$ ,

$ ,
.

17 000
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94 7

18 763

28 000
104 5
1

⎛
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⎞
⎠⎟

=

113 4
24 986

.
$ ,⎛

⎝⎜
⎞
⎠⎟

=

1998 dollars × (104.5)/(94.7) = $18,763 

Thus even after factoring out inflation, the cost of this car model has risen considerably in real terms.

In order to simplify the economic analysis, all costs are given in constant dollars in 
the remainder of this book unless otherwise stated, and we give no further consider-
ation to the effect of inflation.1

Turning to the second source of time value of money, much of the funding for invest-
ment in energy projects comes from private investors or government funding sources, 
which are free to consider other options besides investment in energy. Each investment 
option, including the option of keeping money in hand and not investing it, has an 
opportunity cost associated with the potential earnings foregone from investment oppor-
tunities not chosen. There is an expectation that investments will do more than keep 
pace with inflation, and will in fact return a profit that exceeds the inflation rate. This 
expectation can be incorporated in economic calculations through discounting, or count-
ing future returns, when measured in real terms, as worth less than the same amount of 
money invested in the present.

3-3 Economic Analysis of Energy Projects and Systems
We now turn from the question of individual prices and costs to the economic analysis 
of entire energy projects, which is based on a comprehensive treatment of the various 
cost and revenue components of the project. Since it adds complexity to the calcula-
tions, the time value of money is incorporated in some economic analyses but ignored 
in others, depending on the context. 

1For the interested reader, full-length texts on engineering economics such as De Garmo, et al. (1993) 
treat this topic in greater detail.
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3-3-1 Definition of Terms
Whether time value is considered or not, the following terms are used in economic 
analysis of projects:

• Term of project: Planning horizon over which the cash flow of a project is to be 
assessed. Usually divided into some number of years N.

• Initial cost: A one-time expense incurred at the beginning of the first compound-
ing period, for example, to purchase some major asset for an energy system.

• Annuity: An annual increment of cash flow related to a project; typically these 
increments repeat each year for several years, as opposed to a one-time quantity 
such as the initial cost. Annuities can either be positive (e.g., annual revenues 
from the sales of energy from a project) or negative (e.g., annual expenditure on 
maintenance). They may also be reported as the net amount of flow after 
considering both positive and negative flow; any energy investment must have 
a net positive annuity in order to repay the investment cost. In this book, 
annuities are given as net positive flows after subtracting out any annual costs, 
unless otherwise stated. 

• Salvage value: A one-time positive cash flow at the end of the planning horizon 
of a project due to sale of the asset, system, and the like, in its actual condition 
at the end of the project. Salvage values are typically small relative to the initial 
cost.

3-3-2 Evaluation without Discounting
Although the time value of money is an important element of many financial calcula-
tions, in some situations it is reasonable to deal only with face value monetary amounts, 
and ignore discounting. This is especially true for projects with a shorter lifetime, where 
the impact of discounting will be small. Two terms are considered: simple payback and 
capital recovery factor (CRF).

Simple payback is calculated by adding up all cash flows into and out of a project, 
including initial costs, annuities, and salvage value amounts; this value is known as 
the net present value (NPV). If the NPV of the project is positive, then it is considered to 
be financially viable. In the case of multiyear projects with a positive simple payback, 
the breakeven point is the year in which total annuities from the project surpass initial 
costs, so that the initial costs have been paid back.

The capital recovery factor (CRF), as applied to the generation of electricity,2 is a 
measure used to evaluate the relationship between cash flow and investment cost. It 
can be applied to short-term investments of less than 10 years. In this case, current dol-
lar values are used.

In order to calculate CRF, we start with NPV of the project, the yearly annuity, and 
the term in years N. The CRF is then 

 
CRF

ACC
NPV

=
 

(3-1)

2The definition of CRF for electric utilities is different from CRF for other types of investments, where 
CRF is the ratio of a capital value to its annualized amount under discounting, as in Eq. (3-4).
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where ACC is the annual capital cost calculated as 

 
ACC annuity

NPV= −
N  

(3-2)

In the United States, the Electric Power Research Institute (EPRI) recommends a 
maximum CRF value of 12%; in cases with higher values, the ratio of the annual cost of 
capital (as defined in Eq. [3-2]) to net value of the project is too high.

3-3-3 Discounted Cash Flow Analysis
Discounting of cash flow analysis starts with the premise that the value of money is 
declining over time and that therefore values in the future should be discounted rela-
tive to the present. Two additional terms are added that pertain in particular to dis-
counted cash flow:

• Interest rate: Percent return on an investment, or percent charged on a sum of 
money borrowed at the beginning of a time horizon. Unless otherwise stated, 
interest is compounded at the end of each year, that is, the unit of 1 year is 
referred to as the “compounding period.”

• Minimum attractive rate of return (MARR): The minimum interest rate required 
for returns from a project in order for it to be financially attractive, which is set 
by the business, government agency, or other entity that is making a decision 
about the investment.

Suppose there is a project that is expected to include initial cost, constant annuity, and 
salvage value during the course of its lifetime of N years. We can represent the planning 
horizon for this project in a cash flow diagram as shown in Fig. 3-1.

Investment:
$10,0000

Annuity: $2,000 $2,000 $2,000 $2,000 $2,000 $2,000

Salvage: $500

1 65432

Years

FIGURE 3-1 Example of cash fl ow diagram for project with initial cost, constant annuity, and 
salvage value.
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Equations for Relating Present, Annual, and Future Values
As a basis for incorporating the time value of money, it is useful to be able to make con-
versions between the present, annual, and future values of elements in a cash flow 
analysis. We begin with the conversion between present and future values of a single 
cash flow element. Given interest rate i, time horizon of N years, and a present value P
of an amount, the future value of that amount F is given by 

F P i N= +( )1 (3-3)

It is also possible to translate a stream of equal annuities forward or backward to 
some fixed point at present or in the future. Given a stream of annuities of equal size A
over a period of N years, the equivalent present value P is 

P A
i

i i

N

N= + −
+

( )
( )

1 1
1

 (3-4)

Also, given the same annuity stream and time horizon, the future value F of the 
annuity at the end of the Nth year can be calculated as

F A
i
i

N

= + −( )1 1  (3-5)

Equations (3-4) and (3-5) assume a constant value of the annuity A; the case of irreg-
ular annuities is considered below.

These formulas can be inverted when needed, for example, if one knows F and 
wishes to calculate P, then Eq. (3-1) can be rewritten P = F/(1 + i)N, and so on. Also, it is 
convenient to have a notation for the conversion factor between known and unknown 
cash flow amount, and this is written (P/F, i%, N), (P/A, i%, N), and so on, where the 
term P/F is read “P given F.”

Example 3-2 A cash flow stream consists of an annuity of $100,000 earned for 10 years at 7% interest. 
What is the future value of this stream at the end of term? What is the value of the factor (F/A, i%, N)
in this case?

Solution Substituting A = $100,000, N = 10, and i = 7% into Eq. (3-3) and solving to the nearest dollar 
gives

F = + − =$ ,
( . )

.
100 000

1 0 07 1
0 07

10

$1,381,645

Then (F/A, 7%, 10) = $1,381,645/$100,000 = 13.82.

Financial Evaluation of Energy Projects: Present Worth Method
The discounting equations in the previous section provide a way to compare costs and 
benefits of a project while taking into account the time value of money. The present worth
method is one approach where all elements of the financial analysis of the project are 
discounted back to their present worth, except for initial costs since these are already 
given in present terms. The positive and negative elements of the cash flow are then 
summed, and if the NPV is positive, then the investment is financially attractive. In 
cases where an annuity does not begin in year 1 of a project, the stream of annuities can 
be discounted to their present worth in the first year of the annuity, and then this single 
sum can be treated as a future value, and discounted to the beginning of the project.
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When evaluating financial viability using the time value of money, we incorporate 
the chosen MARR for the project by using this value as the interest rate for discounting 
annuities and future values. As MARR increases, the present equivalent of a future 
single sum payment or annuity decreases, and it becomes more difficult for a project to 
generate a sufficient return to offset initial costs.

Similarly to the present worth method, we can also calculate the annual worth of a 
project by discounting all cost components to their equivalent annual value, summing 
up positive and negative components, and adopting a project if the overall value is 
positive.

Example 3-3 A municipality is considering an investment in a small-scale energy system that will 
cost $6.5 million to install, and then generate a net annuity of $400,000/year for 25 years, with a 
salvage value at the end of $1 million. (a) Calculate the net worth of the project using simple payback. 
(b) Suppose they set the MARR at 5%, what is the net present worth of the project by this approach?

Solution (a) The net worth of the project by the simple payback method is the total value of the 
annuities, plus the salvage value, minus the initial cost of the project, or 

25 × ($400,000) + $1,000,000 − $6,500,000 = $4,500,000

(b) Using discounting, the following factors are needed: (P/A, 5%, 25) = 14.09 and (P/F, 5%, 25) = 0.295. 
The NPV is then

14.09 × ($400,000) + 0.295 × ($1,000,000) − $6,500,000 = −$567,119 EU

Thus the project is not viable at an MARR of 5%.

Discussion The comparison of simple payback and present worth analysis using discounting 
illustrates the potential effect of even a relatively low MARR on financial viability over a long period 
such as 25 years. In this case, a project in which returns from annuity and salvage value exceed 
initial costs by 69% using simple payback, is not viable when discounting is taken into account. This 
effect can be large on renewable energy projects, where the initial capital cost is often high per unit 
of productive capacity, relative to the annual output, so that these projects are likely to have a long 
payback period.

Nonuniform Annuity and Discounted Cash Flow Return on Investment (DCFROI)
In Eqs. (3-2) and (3-3), annuities are represented as remaining constant over the project 
lifetime. It is also possible to discount a nonuniform set of annuities to its equivalent 
present worth value PW by treating each annuity as a single payment to be discounted 
from the future to the present:

 PW
( )

= +=
∑ A

i
n

n
n

N

11

 (3-6)

Here An is the value of the annuity predicted in each year n from 1 to N. Predicted 
costs that vary from year to year can be converted to present value in the same way. 

Along with the NPV of a project at a given MARR, it is also useful to know the inter-
est rate at which a project breaks even exactly at the end of its lifetime. This rate is 
known as the discounted cash flow return on investment (DCFROI), sometimes also 
referred to as the internal rate of return (IRR). For a project with either uniform or non-
uniform annuities, it is convenient to calculate the DCFROI by setting up a table in an 
appropriate software package that calculates the NPV of the project as a function of 
interest rate, and then solving for the interest rate that gives NPV = 0.
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Example 3-4 Calculate the DCFROI for the investment in Example 3-3. 

Solution In order to solve using a numerical solver, set up a table in the chosen software package with 
the following headings: “Year,” “Capital Expense or Revenue,” “Net Flow,” “Discounted Net Flow,” and 
“Cumulative NPV,” as shown. The cumulative NPV is the sum of the cumulative NPV from the previous 
year plus the discounted net flow for the current year. Start in year “0” and consider the capital cost of the 
project to be incurred in year 0. The salvage value can be considered capital revenue in year 25. The values 
in the table are calculated using the initial interest rate of i = 5%, given in units of thousands of dollars.

Year

Capital Expense 
or Revenue 
(� $1000)

Annuity
(� $1000)

Net Flow
(� $1000)

Discounted
Net Flow

(� $1000)

Cumulative
NPV 

(� $1000)

0 −6500 0 −6500 −6500 −6500

1 0 400 400 384 −6119

2 0 400 400 369 −5756

3 0 400 400 354 −5411

etc. etc. etc. etc. etc. etc.

25 1000 400 1400 504 −567

Solving for the value that gives NPV = 0 gives i = 4.2%. In other words, in year 25 the cumulative NPV 
is −$567,000 as shown in the table with i = 5%; this value is $0 with i = 4.2%. 

The cumulative NPV by year for the investment in Example 3-4 with interest rate 
i = 4.2% is shown in Fig. 3-2. The value plotted for each gives the NPV for all years up 
to that point. With each passing year, the value of the annuity is reduced due to dis-
counting, so the slope of the NPV curve decreases.

3-3-4 Levelized Cost of Energy
Practitioners in the energy field may at times make cost comparisons between different 
options for delivering energy to customers. Where markedly different technologies 
compete for selection to a project, a method is needed that incorporates the role of both 
initial capital costs and ongoing operating costs. This is especially true in the case of the 
comparison between fossil and renewable technologies, since the former have a signifi-
cant ongoing cost for fuel, whereas the latter have relatively low ongoing costs but high 
initial costs.

FIGURE 3-2 Net present value of energy investment at MARR = 4.2%.
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The levelized cost per unit of energy output provides a way to combine all cost  factors 
into a cost-per-unit measure that is comparable between technologies. We will use the 
example of electricity generation in this case. If a predicted average output of electricity 
in kWh is known for a project, we can sum up all costs on an annual basis and divide 
by the annual output to calculate a cost per kWh value that will exactly pay for capital 
repayment, ongoing costs, and return on investment (ROI) at the end of the life of the 
project. Thus,

 Levelized cost
total annual cost
annual ou

=
ttput

(in units of kWh)  (3-7)

where
Total annual cost = annualized capital cost + operating cost + ROI
Here annualized capital cost is calculated using the interest rate for the project and 

the project lifetime applied to (A/P, i%, N). Operating cost includes cost for fuel, main-
tenance, wages of plant employees, taxes paid on revenues, insurance, cost of real estate, 
and so on. This model of levelized cost is simplified in that taxes are not treated sepa-
rately from other operating costs, and ROI is treated as a lump sum. In a more complete 
calculation of levelized cost, taxes are levied on revenues after deducting items such as 
fuel, plant depreciation, and interest on capital repayment, while ROI is calculated as a 
percentage of net revenues from operations.

Example 3-5 An electric plant that produces 2 billion kWh/year has an initial capital cost of $500 
million and an expected lifetime of 20 years, with no remaining salvage value. The capital cost of the 
plant is repaid at 7% interest. Total operating cost at the plant is $25 million/year, and annual return 
to investors is estimated at 10% of the operating cost plus capital repayment cost. What is the levelized 
cost of electricity, in $/kWh?

Solution First, annualize the capital cost using (A/P, 7%, 20) = 0.0944. The annual cost of capital is then 
(5 × 108)(0.0944) = $47.2 million. Total annual cost is therefore $72.2 million, and return to investors is 
$7.22 million. Then levelized cost is

[($72.2 million) + ($7.22 million)] / 2 billion kWh = $0.0397/kWh 

For comparison, the average electrical energy price in the United States in 2004 across all types of 
customers was $0.0762/kWh, including the cost of transmission. Thus depending on the average price 
paid for transmission, this plant would be reasonably competitive in many parts of the U.S. market.

3-4 Direct versus External Costs and Benefits
In Example 3-5, the levelized cost of electricity was calculated based on capital repay-
ment costs and also operating costs including energy supply, labor, and maintenance 
costs. These are all called direct costs since they are borne directly by the system opera-
tor. In addition, there may be external costs incurred such as health costs or lost agricul-
tural productivity costs due to pollution from the energy system. These costs are con-
sidered external because although they are caused by the system, the system operator 
is not required to pay them, unless some additional arrangement has been made. On 
the other side of the economic ledger for the system are the direct benefits, which are the 
revenues from selling products and services. It is also possible to have external benefits 
from energy systems. For example, an unusual or interesting energy technology might 
draw visitors to the surrounding region or generate tourism revenue. This revenue 
stream is not passed along to the system operator and is therefore a form of external 
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benefit. External benefits from energy systems, where they exist, are small relative to 
direct benefits and direct or external costs, and will not be considered further here.

In cases where external costs are not borne by the system operator, the operator may 
make choices that are suboptimal from the perspective of society. Take the case of a 
plant that combusts fossil fuels to generate electricity, resulting in some quantity of pol-
lution and significant external cost. Suppose also that the direct benefits from sales of 
electricity exceed direct cost, but are less than the sum of direct and external costs. Since 
the economics of the plant are positive in the absence of any consideration of external 
costs, the plant operator chooses to operate the plant, even though the economics would 
have been reversed had the external costs been internalized. Economists call this situa-
tion a “market failure” because plant operators are not seeing the true costs, and there-
fore the market is not functioning efficiently.

Much effort has been exerted over the years to correct for this type of market failure. 
One of the most common approaches is to use regulation to require emissions control 
technology on power plants. This policy has the effect of pushing costs and benefits 
closer to their true values. Costs go up for the operator, since the addition of pollution 
control equipment is a significant added capital cost that must be repaid over time. 
Also, the equipment requires ongoing maintenance (e.g., periodically removing accu-
mulated pollutants) which adds to operating costs. At the same time, the benefits of 
operation are decreased slightly due to the energy losses from operating the pollution 
control equipment on plant output. 

More recently, many governments have favored the use of pollution “markets” in 
lieu of “command and control” emissions regulations that require specific technologies. 
When participating in a pollution market system, plant operators are free to meet emis-
sions targets in the way that is most economically advantageous for them—purchase 
“credits” from other operators if they fall short, or exceed their target, and sell the excess 
credits in the marketplace. The United States, among other countries, has since 1995 
allowed for trading of SO2 (sulfur dioxide) emissions reduction credits in the market-
place, and this approach is seen as a possible model for reducing CO2 emissions in the 
future.

3-5 Intervention in Energy Investments to Achieve Social Aims
Energy investments are able to give attractive returns to investors; they also have the 
potential of creating significant externality costs that are borne by society. Many national 
and regional governments have responded by “intervening” in the energy marketplace, 
either legal requirements or financial incentives and disincentives, in order to give 
“desirable” energy options a financial advantage, or at least to lessen their financial 
disadvantage relative to other energy options. In this section we refer to these options 
as “clean energy” alternatives since the main intention of these alternatives is to reduce 
pollution or greenhouse gas emissions, and thereby reduce externality costs.

There are at least two reasons to intervene on behalf of energy investments that 
reduce externality costs. The first is in order to give such projects credit for reducing 
externalities that cannot be given by the marketplace as it currently functions. For 
example, the operator of a project of this type may pay higher costs in order to repay 
capital loans, for cleaner input fuels, and so on. However, they may not be able to pass 
these higher costs along when they sell their energy product, or in cases where they are 
able to add a surcharge for a “green” energy product, the added revenue may not 
be adequate to cover the additional costs. Government intervention can help to reduce 
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the costs of such an operation and thereby make them more competitive, so that overall 
sales of these reduced-externality options increase. From the government’s perspective, 
it may appear that the choice is between making payments for reduced externalities or 
making payments for the results of the externalities themselves, such as higher health 
costs and reduced productivity due to pollution-related illnesses. On this basis, they 
choose the former option.

The second reason to intervene is to allow fledgling technologies a chance to grow 
in sales volume so that they can, over time, become less expensive per unit of capacity 
and better able to compete in the marketplace. Private investors may recognize that, 
over the long term, certain clean energy technologies may hold great promise; how-
ever, they may be unwilling to invest in these technologies since the return on invest-
ment may come only in the distant future, if at all. In this situation, there is a role for 
government to allocate part of the tax revenues (which are drawn in some measure 
from all members of the taxpaying population, both individual and corporate) to 
advance a cause in which all members of society have an interest for the future, but for 
which individuals find it difficult to take financial risks. With government support, 
pioneering companies are able to improve the new technologies and sell them in 
increasing amounts, and as they become more competitive, the government can with-
draw the financial incentives.

3-5-1 Methods of Intervention in Energy Technology Investments

Support for Research & Development (R&D)
Governments commonly support the introduction of new energy technologies by pay-
ing for R&D during the early stages of their development. This can be done through a 
mixture of R&D carried out in government laboratories, sponsorship of research at uni-
versities, or direct collaboration with private industry. Once the energy technology 
reaches certain performance or cost milestones, government can make the underlying 
know-how available to industry to further develop and commercialize. Since the end of 
World War II, many governments around the world have sponsored diverse energy 
research activities, ranging in application from nuclear energy to solar, wind, and other 
renewables, to alternative fuels for transportation.

Support for Commercial Installation and Operation of Energy Systems
In addition to R&D support, governments can also provide support for commercial use 
of energy, ranging from support for fixed infrastructure assets to support for clean fuels. 
Examples of this type of support include the following: 

• Direct cost support: The government pays the seller of energy equipment or 
energy products part of the selling cost, so that the buyer pays only the cost 
remaining. This type of program can be applied to energy-generating assets, 
such as the case of the “million roofs” program in Japan. The Japanese gov-
ernment set a target of 1 million roofs with household-sized solar electric 
 systems, and provided partial funding to help homeowners purchase the sys-
tems. Direct support can also be applied to energy products, such as the 
 support for biodiesel in the United States. Here the U.S. government provides 
a fixed amount for each unit of biodiesel purchased, in order to make it more 
cost-competitive with conventional diesel.



72 C h a p t e r  T h r e e

• Tax credits: Governments can also reduce tax payments required of individuals 
and businesses in return for installation or purchase of clean energy. Under such 
a program, a clean energy purchaser is allowed to reduce their tax payment by 
some fraction of the value of the energy system or expenditure on clean energy 
resources. In cases of infrastructure purchases, government may allow the 
credit to be broken up over multiple years, until the full value has been credited. 
The government must set the credit percentage carefully in such a program. If 
the percentage is too low, there may be little participation; however, if it is too 
high, the taxpaying public may join the program in such numbers that the loss 
of tax revenue to the government may be too great. From the purchaser’s 
perspective, breaking up the receipt of tax credits over multiple tax years will 
introduce some amount of complication in the cash flow of the project, since 
they may need to finance the amount of the tax credit for a period of time until 
they receive the credit.

• Interest rate buydown: In cases where the purchaser must borrow money to 
acquire an energy system, the government can assist the loan program by 
“buying down” some fraction of the interest payments. In New York, the New 
York State Energy Research & Development Authority (NYSERDA) has a 
buydown program in which they reduce the interest payment by 4% from the 
starting interest rate. This program reduces the monthly payment required of 
the purchaser and makes investments in energy efficiency or alternative energy 
more affordable.

Governments can also intervene in the commercial market legislatively, without pro-
viding financial support. For example, the German government provides a price 
guarantee for solar-generated electricity sold to the grid. The grid operator must pur-
chase any such electricity at a fixed price, which is above the market price. This mech-
anism allows solar system purchasers to afford systems that otherwise would be 
financially unattractive. Also, in practice, since solar generating capacity is only 
added to the grid slowly via this program, the grid operator does not become sud-
denly overwhelmed with high-price electricity for which it is difficult to pass on costs 
to consumers.

Example 3-6 Recalculate NPV in Example 3-3 using the following adjustments to reflect government 
support programs for the project:

 1. A rebate of $200/rated kW, if the system is rated at 5000 kW.

 2. An operating credit of $0.025/kWh, if the system produces on average 1.8 million kWh/year.

 3. An interest rate buydown such that the MARR for the project is reduced to 3%.

Solution

 1. The rebate is worth $200/kW × 5000 kW = $1 million. Therefore, the net capital cost of the 
project is now $5.5 million, and the NPV of the project is now $432,881, so it is viable.

 2. The annual operating credit is worth $0.025/kWh × 1.8 × 106 kWh = 45,000 EU/year. The 
annuity is therefore increased to $445,000/year. Recalculating the present worth of the annuity 
gives $6.27 million, and the NPV of the project is now $67,108, so it is marginally viable.

 3. With the reduced MARR, we recalculate the conversion factor for the annuity of (P/A, 3%, 25) = 
17.41. The present worth of the annuity is now $6.97 million, and the NPV of the project is now 
$942,865, so it is viable.
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3-5-2 Critiques of Intervention in Energy Investments
As with other types of government subsidy program and intervention in the tax code, 
it is perhaps inevitable that intervention programs can be intentionally misused or send 
economic signals into the marketplace that turn out to be counterproductive. The 
 purchaser of an energy system might receive the support or tax benefit from the 
 government, but the clean energy system or product performs poorly—or worse, not at 
all!—so society gets little or no reduction in externality costs in return for the expendi-
ture. A widely cited example of this is the launch of wind power in California in the 
early 1980s, where the government provided large amounts of financial support to 
launch wind energy in the state. Some wind turbines installed at that time were poorly 
designed and did not function well, but nevertheless were sold to owners who then 
received generous benefits just for having purchased the systems. System owners had 
little incentive to maintain the device, and when the benefits program went away, these 
manufacturers soon went out of business. While it is true that other manufacturers 
made more successful products and were able to survive and in the long run make 
wind power a permanent presence in the state, the early stages might have gone more 
smoothly with a more carefully designed public funding program.

In terms of avoiding monetary waste, payments for output of clean energy supplies as 
opposed to installation of clean energy infrastructure may have an advantage. Payments 
for output, such as a production credit for the annual production of electricity from a wind-
farm, give the system operator an incentive to stay in the production business in order to 
recoup the initial investment in the asset. Payments for the installation, on the other hand, 
such as a rebate program for part of the cost of a small-scale renewable energy system, give 
an incentive for purchasing the asset, but not for using it, so the operator may in some cases 
not have adequate motivation to maintain the system properly or repair it if it breaks.

Even when a program is designed to motivate clean energy production as opposed 
to the initial purchase of clean energy assets, and the level of financial support is set 
carefully in order to keep out those who are seeking to exploit a tax loophole, it may not 
be possible to root out all possible misapplication of government funding programs, 
whether they are willful or not. Constant vigilance is the only recourse. Administrators 
of such programs should keep in communication with those receiving the support, 
learn how to train them to use the programs as effectively as possible, and preempt 
abusers wherever possible.

3-6 Summary
Two important premises of economic evaluation of energy systems are (1) the value of 
money depends on time, due to inflation and expectation of return on investments and 
(2) there are both direct and external costs from the operation of energy systems, and 
the engineer should be aware of the latter costs, even if they are not directly incorpo-
rated in evaluation. When analyzing energy investments, it is important to take into 
account the time value of money, especially for longer projects (of at least 8 to 10 years 
in length), since discounting of returns many years in the future can greatly reduce their 
value at present, and thereby alter the outcome of the analysis. Lastly, it is difficult for 
private individuals and private enterprises to spend money unilaterally on reducing 
external costs, since such investments may not be rewarded in the market place. There-
fore, there is a role for government intervention to use financial incentives to encourage 
emerging energy technologies, since the financial burden associated with these incen-
tives is spread across all those who pay taxes to the government.
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Exercises
1. A power plant operator is considering an investment in increased efficiency of their plant 
that costs $1.2 million and lasts for 10 years, during which time it will save $250,000/year. 
The investment has no salvage value. The plant has an MARR of 13%. Is the investment 
viable?

2. A municipality is considering an investment in a small renewable energy power plant with 
the following parameters. The cost is $360,000, and the output averages 50 kW year-round. The 
price paid for electricity at the plant gate is $0.039/kWh. The investment is to be evaluated over 
a 25-year time horizon, and the expected salvage value at the end of the project is $20,000. The 
MARR is 6%.
 a. Calculate the NPV of this investment. Is it financially attractive?
 b.  Calculate the operating credit per kWh which the government would need to give to 

the investment in order to make it break even financially. Express your answer to the 
nearest 1/1000th of dollars.

3. An electric utility investment has a capital cost of $60 million, a term of 8 years, and an annuity 
of $16 million. What is the CRF for this investment?

4. An energy project requires an investment in year 0 of $8 million, and has an investment horizon 
of 10 years and an MARR of 7%. If the annuities in years 1 through 10 are as shown in the table, 
what is the NPV?

Year Annuity

1  $ 1,480,271 

2  $ 1,165,194 

3  $ 1,190,591 

4  $ 1,286,144 

5  $ 1,318,457 

6  $ 973,862 

7  $ 1,108,239 

8  $ 1,468,544 

9  $ 1,105,048 

10  $ 851,322 

www.statistics.gov.uk
www.statistics.gov.uk
www.bls.gov
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5. An interest buydown program offers to reduce interest rates by 4% from the base rate. Suppose 
the base rate for a loan of $8000 is 8% for 10 years. What is the monthly payment before and after 
the buydown? In this case, use monthly compounding, that is, the term is 120 payment periods, 
and the interest per month is 0.667% before and 0.333% after the buydown.

6. One concern held by some scientists is that while investments required to slow global climate 
change may be expensive, over the long term the loss of “ecosystem services” (pollination of 
crops, distribution of rainfall, and so on) may have an even greater negative value. Consider an 
investment portfolio which calls for $100 billion/year invested worldwide from 2010 to 2050 in 
measures to combat climate change. The value per year is the net cost after taking into account 
return from the investments such as sales of clean energy in the marketplace. If the investments 
are carried out, they will prevent the loss of $2 trillion in ecosystems services per year from 2050 
to 2100. Caveats: the analysis is simplified in that: (a) in 2050 the loss of ecosystem services jumps 
from $0 to $2 trillion, when in reality it would grow gradually from 2010 to 2050 as climate change 
becomes more widespread, (b) the world could not ramp up from $0 to $100 billion in investment 
in just 1 year in 2010, and (c) there is no consideration of what happens after the year 2100. Also, 
the given value of investment in technology to prevent a given value of loss of ecosystem services 
is hypothetical. The potential loss of ecosystem services value is also hypothetical, although at a 
plausible order of magnitude relative to a published estimate of the value of ecosystem services 
(Costanza, R. et al. 1997).
 a.  Calculate the NPV of the investment in 2010, using a discount rate of 3% and of 10%, 

and also using simple payback.
 b. Discuss the implications of the results for the three cases.
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 CHAPTER 4
 Climate Change and 

Climate Modeling

4-1 Overview 
This chapter considers one of the fundamental drivers for changing the worldwide 
energy system at the present time, namely, climate change due to increasing volumes of 
greenhouse gases in the atmosphere. Greenhouse gases benefit life on earth, up to a 
point, since without their presence, the average temperature of the planet would be 
much colder than it is. However, as their presence increases in the atmosphere, changes 
to the average temperature and other aspects of the climate have the potential to create 
significant challenges for both human and nonhuman life on earth. The community of 
nations is starting to take action on this issue through both local and national action as 
well as through the United Nations, even as scientists continue to learn more about the 
issue and are better able to predict its future course.

4-2 Introduction
Climate change has been called the most pressing environmental challenge of our time, 
and it is one of the central motivations for the discussion of energy systems in this book. 
Numerous public figures, from political leaders to well-known entertainers, have joined 
leading scientists in calling for action on this issue. To quote former U.S. President Bill 
Clinton, “The most profound security threat we face today is global warming . . . climate 
change has the capacity to change the way all of us live on earth.”1 Along the same lines, 
former U.K. Prime Minister Tony Blair has warned that “the evidence supporting the 
connection between greenhouse gases and climate change is now overwhelming. If the 
predictions of scientists are correct, then the results will be disastrous, and they will 
occur soon, and not in some distant ‘science fiction’ future.”2

Energy use in all its forms, including electricity generation, space and process heat, 
transportation, and other uses, is the single most important contributor to climate 
change. While other human activities, such as changing land use practices, make 
important contributions as well, the single most important action society can take to 
combat climate change is to alter the way we generate and consume energy.

1Speaking in Glasgow, Scotland, May 16, 2006.
2Speaking in British Parliament, Oct. 26, 2006.
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For the engineer, climate change poses some particularly complex and difficult 
problems, due to the nature of the fossil fuel combustion and CO2 emissions process. 
Unlike air pollutants such as nitrogen oxide (NOx), CO2 cannot be converted into a 
more benign by-product using a catalytic converter in an exhaust stream. Also, due to 
the volume of CO2 generated during the combustion of fossil fuels, it is not easy to 
capture and dispose of it in the way that particulate traps or baghouses capture particles 
in diesel and power plant exhausts (although such a system is being developed for CO2, 
in the form of carbon sequestration systems; see Chap. 7). At the same time, CO2 has an 
equal impact on climate change regardless of where it is emitted to the atmosphere, 
unlike emissions of air pollutants such as NOx, whose impact is location and time 
dependent. Therefore, a unit of CO2 emission reduced anywhere helps to reduce climate 
change everywhere.

4-2-1 Relationship between the Greenhouse Effect 
and Greenhouse Gas Emissions 
The problem of climate change is directly related to the “greenhouse effect,” by which 
the atmosphere admits visible light from the sun, but traps reradiated heat from the 
surface of the earth, in much the same way that a glass greenhouse heats up by admitting 
light but trapping heat. Gases that contribute to the greenhouse effect are called 
greenhouse gases (GHGs). Some level of GHGs are necessary for life on earth as we know 
it, since without their presence the earth’s temperature would be on average below the 
freezing temperature of water, as discussed in Sec. 4-3. However, increasing concentration 
of GHGs in the atmosphere may lead to widespread negative consequences from 
climate change.

Among the GHGs, some are biogenic, or resulting from interactions in the natural 
world, while others are anthropogenic, or resulting from human activity other than 
human respiration. The most important biogenic GHG is water vapor, which constitutes 
approximately 0.2% of the atmosphere by mass, and is in a state of quasi-equilibrium in 
which the exact amount of water vapor varies up and down slightly, due to the 
hydrologic cycle (evaporation and precipitation). The most important anthropogenic 
GHG is CO2, primarily from the combustion of fossil fuels but also from human activities 
that reduce forest cover and release carbon previously contained within trees and plants 
to the atmosphere. Other important GHGs include methane (CH4), nitrous oxide (N2O), 
and various human-manufactured chlorofluorocarbons (CFCs). While the contribution 
to the greenhouse effect of these other GHGs per molecule is greater than that of CO2, 
their concentration is much less, so overall they make a smaller contribution to the 
warming of the atmosphere.

4-2-2 Carbon Cycle and Solar Radiation
Looking more closely at the carbon cycle that brings CO2 into and out of the atmosphere, 
we find that both short-term and long-term cycles are at work (see Fig. Fig. 4-1). The collection 
of plants and animals living on the surface of the earth exchange CO2 with the atmosphere 
through photosynthesis and respiration, while carbon retained more permanently in 
trees and forests eventually returns to the atmosphere through decomposition. The 
oceans also absorb and emit carbon to the atmosphere, and some of this carbon ends up 
accumulated at the bottom of the ocean. Lastly, human activity contributes carbon to 
the atmosphere, primarily from the extraction of fossil fuels from the earth’s crust, 
which then result in CO2 emissions due to combustion.
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It is noteworthy that the fraction of the total carbon available on earth that resides 
in the atmosphere is small, perhaps on the order of 0.003%, versus more than 99% that 
is contained in the earth’s crust. Nevertheless, this small fraction of the earth’s carbon 
has an important effect on surface and atmospheric average temperature. Changes that 
have a negligible effect on the total carbon under the earth’s surface can significantly 
alter, in percentage terms, the concentration of CO2 in the atmosphere. For example, 
extraction of approximately 7–8 Gt of carbon in fossil fuels per year as currently 
practiced is small relative to the 2 � 107 Gt total in the crust, but may potentially lead to 
a doubling of atmospheric CO2 concentration over decades and centuries.

The role of the atmosphere in transmitting, reflecting, diffusing, and absorbing light 
is shown in Fig. 4-2. Of the incoming shortwave radiation from the sun, some fraction is 
transmitted directly to the surface of the earth. The remainder is either reflected back to 
outer space, diffused so that its path changes (it may eventually reach the surface as 
diffuse light), or absorbed by molecules in the atmosphere. Light that reaches the surface 
raises its temperature, which maintains a surface temperature that allows it to emit 
longwave, or infrared, radiation back to the atmosphere. Some fraction of this radiation 
passes through the atmosphere and reaches outer space; the rest is absorbed by GHGs or 
reflected back to the surface.

4-2-3 Quantitative Imbalance in CO2 Flows into and out of the Atmosphere
Inspection of the quantities of carbon movements in Fig. 4-1 shows that the total amount 
inbound to the atmosphere exceeds the amount outbound by approximately 4 Gt/year. 
Indeed, the figure of 2750 gigatonnes (109 tonnes) concentration of CO2 in the atmosphere 
is not fixed but is in fact gradually increasing due to this imbalance. The imbalance 
between annual flows in and out is itself increasing, driven by CO2 emissions from human 
activity that are rising at this time, as shown on the right side of the figure. Data presented 
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in Chap. 1 showed that worldwide emissions increased from 18 to 27 Gt of CO2 from 1980 
to 2004; the latter quantity represents a thirteenfold increase compared to the approximately 
2 Gt of emissions in 1900. Amounts of CO2 emissions and concentration are sometimes 
given in units of gigatonnes of carbon rather than CO2. In terms of mass of carbon, the 
atmospheric concentration is approximately 750 Gt carbon, and the annual emissions 
from fossil fuels are on the order of 7.5 Gt carbon. The long-term emissions trend from use 
of fossil fuels is shown in Fig. 4-3, along with the contribution of different sources. As 
shown, from approximately 1970 onward, it is the combination of emissions from 
petroleum products and coal that have been the largest contributor of CO2 emissions, 
with a lesser, though not negligible, contribution from natural gas.

Historically, it has been known since the nineteenth century that CO2 contributes to 
warming the surface temperature of the earth, but it took humanity longer to realize 
that increasing CO2 emissions increases CO2 concentration and hence average surface 
temperature. Fourier recognized the greenhouse effect in agricultural glasshouses as 
early as 1827, and in 1869, Tyndall suggested that absorption of infrared waves by CO2 
and water molecules in the atmosphere affects global temperature. In 1896, Arrhenius 
presented a hypothetical analysis that showed that a doubling of CO2 concentration in 
the atmosphere would increase average temperature by 5–6°C. For many decades 
thereafter it was believed that the oceans would absorb any increase in CO2 in the 
atmosphere, so that increased emissions could not significantly alter temperature. Only 
in the 1950s did scientists conclude that the oceans did not have an unlimited capacity 
to absorb “excess” CO2, and that therefore increased anthropogenic release of CO2 
would lead to higher concentration levels in the atmosphere. In 1957, Revelle and Seuss 
initiated the measurement of CO2 concentration on top of Mauna Loa in the Hawaiian 
Islands, shown in Fig. 4-4. They chose this remote location on the grounds that it best 

FIGURE 4-2 Pathways for incident light incoming from sun and longwave radiation emitted 
outward from surface of earth (solid = shortwave from sun, dashed = longwave from earth).
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FIGURE 4-3 Carbon emissions related to fossil fuel use in tonnes carbon, 1750–2000. 

Conversion: 1 tonne carbon = ~3.7 tonnes CO2. (Source: CDIAC, Oak Ridge National 
Laboratories. Reprinted with permission.)
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represented the baseline CO2 concentration, since it is far from major population centers 
or industrial emissions sources. These measurements have a characteristic sawtooth 
pattern, due to increased tree growth during summer in the northern hemisphere, when 
northern forests absorb CO2 at a higher rate. Nevertheless, they show a steady upward 
trend, from approximately 315 parts per million (ppm) in 1960 to approximately 382 
ppm in 2006. Examination of ice core samples from Vostok, Antarctica, shows that the 
current levels are unprecedented in the last 420,000 years.

4-2-4 Consensus on the Human Link to Climate Change: 
Taking the Next Steps
The consensus on the connection between human activity and the increase in average 
global temperature reflects the work of the Intergovernmental Panel on Climate Change 
(IPCC), which is the largest coalition of scientists engaged to work on a single issue of this 
type in history, and the most authoritative voice on climate matters. According to this 
consensus, increasing concentration of CO2 in the atmosphere due to human activity 
caused an increase in temperature of 0.74 + 0.18°C from 1900 to 2000, as illustrated in 
Fig. 4-5, which shows the annual and 5-year average of temperature measurements from 
around the world. Other phenomena, such as the level of solar activity or volcanism, have 
a non-negligible effect, but these by themselves cannot explain the upturn seen in the 
figure, especially since the 1960s. In January 2007, the IPCC concluded “with 90% certainty” 
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that human activity was the cause of global warming. This was the first worldwide 
consensus among scientists representing all members of the community of nations on the 
near-certainty of this connection. For its work, the IPCC was awarded the 2007 Nobel 
Peace Prize, along with former U.S. Vice President Al Gore. 

The strength of the scientific consensus was further bolstered by the conclusion of a 
random sampling of the abstracts of peer-reviewed scientific papers published between 
1993 and 2003 that include “climate change” among their keywords. Out of 928 papers 
sampled, 75% accepted the view that climate change is connected to human activity, 25% 
took no position, and not a single one disagreed with the consensus position of the IPCC.3

Despite this confidence in the link between human activity and climate change, 
much uncertainty remains, both about the quantitative extent of the contribution of 
human activity to climate change, and especially in regard to the degree to which GHG 
emissions will affect the climate in the future. Some authors point to the potential 
benefits of increased CO2 in the atmosphere, such as more rapid plant growth.4 However, 
the prediction shared by most observers is that the net effect of climate change will be 
largely negative, and possibly catastrophically so. According to the IPCC, the increase 
over the period from 1900 to 2100 might range from 1.1 to 6.4°C. Values at the high end 
of this range would lead to very difficult changes that would be worthy of the effort 
required to avoid them. Because we cannot know with certainty how average global 
temperature will respond to continued emissions of GHGs, and because the possibility 
of increases of as much as 5 or 6°C at the high end have a real chance of occurring if no 
action is taken, it is in our best interest to take sustained, committed steps toward 
transforming our energy systems so that they no longer contribute to this problem. 

One could compare the situation to a decision about whether or not to purchase fire 
insurance for a house. The insurance costs extra, but because it protects the homeowner 
against a worst-case outcome, most people in this situation opt to purchase it. In the 
same way, steps taken to prevent the causes of climate change are a good “insurance 
policy” against future hardship.

4-2-5 Early Indications of Change and Remaining Areas of Uncertainty
There are already early indicators of climate change observed in the world, some 
examples of which are given in Table 4-1. They range in scope from widespread decline 
in the amount of surface ice in polar regions to changes in the behavior of plants and 
animals. Any of these events might occur in isolation due to the natural fluctuations in 
amount of solar activity, extent of volcanic ash in the atmosphere, or other factors. 
However, the fact that they are all occurring simultaneously, that they are occurring 
frequently, and that they coincide with increasing GHGs, strongly suggests that they 
are caused by climate change. 

Looking to the future, it is possible to forecast possible pathways for future GHG 
emissions, based on the population forecasts, economic trends, and alternative scenarios 
for how rapidly societies might take steps to lower emissions. Even if the course of 
future GHGs can be predicted within some range, there are three unknowns that are 

3Oreskes (2004). The author points out that the sampling method may have overlooked a small 
number of papers published during the period under study that disagree with the consensus position. 
Nevertheless, the total number of such papers could not have been large, given that so many papers 
were sampled and none came to light that disagreed.
4For example, Robinson, et al. (2007).
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Effect Description

Receding glaciers and 
loss of polar ice

Glaciers are receding in most mountain regions around the 
world. Notable locations with loss of glaciers and sheet ice 
include Mt. Kilimanjaro in Africa, Glacier National Park in North 
America, La Mer de Glace in the Alps in Europe (see Figs. 4-6 
and 4-7), and the glaciers of the Himalaya. Also, the summer 
ice cover on the Arctic Ocean surrounding the north pole is 
contracting each year.

Extreme heat events In the 1990s and 2000s, extreme heat waves have affected 
regions such as Europe, North America, and India. A heat wave 
in the central and western United States in July 2006 set all-time 
record high temperature marks in more than 50 locations.

Change in animal, 
plant, and bird ranges

Due to milder average temperatures in temperate regions, 
flora and fauna have pushed the limit of their range northward 
in the northern hemisphere and southward in the southern 
hemisphere. For instance, the European bee-eater, a bird 
that was once very rare in Germany and instead lived in more 
southern climates, has become much more common.

Coral reef bleaching Coral reef bleaching, in which corals turn white due to declining 
health and eventually die, is widespread in the world’s seas and 
oceans. Along with other human pressures such as overfishing 
and chemical runoff, increased seawater temperature due to 
global warming is a leading cause of the change.

TABLE 4-1 Examples of Early Indications of Climate Change

FIGURE 4-6 Mer de Glace glacier, near Mt. Blanc, France, summer 2007.

Thinning of the glacier at the rate of approximately 1 m/year up to 1994, with an accelerated 
rate of 4 m/year for 2000–2003, has been recorded.
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FIGURE 4-7 As the glacier has contracted in size, operators of the Mer de Glace tourist attraction 
have added temporary staircases to allow tourists to descend to the edge of the glacier. 

particularly important for improving our ability to predict the effect of future emissions 
of CO2 and other GHGs:

 1. The connection between future emissions and concentration: Given uncertainties 
about how the oceans, forests, and other carbon sinks will respond to increased 
concentration of CO2 in the atmosphere, the future path of CO2 concentration is 
not known.

 2. The connection between future concentration and future global average temperature: 
Concentration and average temperature have been correlated for the latter half 
of the twentieth century. Although we expect them to be correlated in the 
twenty-first century, so that average temperature continues to rise, reinforcing 
or mitigating factors that are currently not well understood may come into play, 
so that it is difficult to accurately predict the future course of temperature, even 
if future con centration levels were known.

 3. The connection between future global average temperature and future local climates: 
The real environmental and economic impact from future climate change comes 
not from the average temperature worldwide, but from changes in climate from 
region to region. While some regions may experience only modest change, 
others may experience extreme change due to temperature rises greater than 
the worldwide average. This type of accelerated change is already happening 
at the north and south poles.

Improved modeling of the climate system can help to shed light on some of these 
areas of uncertainty. Section 4-3 provides an introduction to this field.
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4-3 Modeling Climate and Climate Change
In the remainder of this chapter, we consider the mathematical modeling of climate, 
and use the concepts presented to discuss feedback mechanisms that are at work as 
climate changes, in order to shed light on ways in which climate change might slow or 
accelerate over time. As a starting point for calculating solar energy available on earth, 
recall that black-body radiation is the radiation of heat from a body as a function of its 
temperature. Black-body radiation is the primary means by which a planet or star 
exchanges heat with its surroundings. The energy flux from black-body radiation is a 
function of the fourth power of temperature, as follows:

 F TBB = σ 4  (4-1)

where FBB is the flux in W/m2, T is the temperature in kelvin, and s is the Stefan-Boltzmann
constant with value s = 5.67 � 10−8 W/m2K4. 

By treating the sun and the earth as two black bodies, it is possible to calculate 
the expected temperature at the surface of the earth in the absence of any 
atmosphere. The sun has an average observed surface temperature of 5770 K, 
which gives a value of 6.28 � 107 W/m2 using Eq. (4.1). The sun’s diameter is 
approximately 7.0 � 108 m, and the average distance from the center of the sun to 
the earth’s orbit is approximately 1.5 � 1011 m. Since the intensity of energy flux 
per area decays with the square of distance, the average intensity at the distance 
of the earth is 
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This value of 1367 W/m2 is known as the solar constant, and assigned the variable So. 
Two caveats are in order. First, although the name “solar constant” is given, the value 
actually fluctuates slightly over time (see Chap. 9). Secondly, slightly different values 
for So are found in the literature, such as So

 = 1369 W/m2 or So
 = 1372 W/m2. For the 

purposes of calculations in this chapter, choice of value of So
 will not alter the results 

substantially, and the reader is free to use a different value if preferred.
It will now be shown that, if there were no atmosphere present and the energy 

striking the earth due to So and black-body radiation of energy leaving the earth were 
in equilibrium, the average surface temperature should be some 33 K (59°F) lower than 
the long-term average observed value over all of the earth’s surface, as follows. Suppose 
the earth is a black body with no atmosphere and that its only source of heating is the 
energy flux from the sun. (In the case of the actual planet Earth, the only other potential 
source of heating, namely, heat from the earth’s core, has a negligible effect on surface 
temperature because the layer of rock that forms the earth’s crust is a very poor 
conductor.) As shown in Fig. 4-8, the average amount of energy reaching the surface 
must be reduced by a factor of 4 because the flux of So is across the earth’s cross section, 
which has an area of pRE

2, whereas the solar energy is actually falling on the spherical 
surface of the earth, which has an area of 4pRE

2. Here RE is the radius of the earth. In 
addition, some portion of the light reaching the earth is reflected away and does not 
contribute to raising the earth’s temperature; the fraction of light reflected is known as 
the albedo. 
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The energy balance between energy reaching the earth due to solar radiation and 
the energy flowing out due to black-body radiation can then be written

 S To( )/1 4 4− =α σ earth
 (4-2)

Here a is the albedo; the observed value for earth is a = 0.3. Substituting known 
values and solving for Tearth gives 
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This value represents the average temperature of a planet orbiting our sun at the 
same radius as the earth and with the same albedo, but with no atmosphere. The 
observed average temperature, in the absence of recent warming in the period 
1980–2000, is 288 K (i.e., the baseline temperature in Fig. 4-5 where temperature 
anomaly equals 0ºC), so the difference can be attributed to the effect of greenhouse 
gases.

4-3-1 Relationship between Wavelength, Energy Flux, and Absorption
The energy emitted from black-body radiation is the sum of energy of all waves emitted 
by the body, across all wavelengths. Energy contained in an individual wave is a 
function of frequency f of that wave. Let l represent the wavelength in meters, and c 
represent the speed of light (approximately 3 � 108 m/s). Recall that � and f are inversely 
related, with f = c/l. Energy is released in waves as electrons drop to a lower energy 
state; the change in energy �E is proportional to f, that is 

 ΔE hf=  (4-3)

Here h is Planck’s constant, with value h = 6.626 × 10−34 J·s. Although all black bodies 
emit some amount of waves at all wavelengths across most of the spectrum, bodies 
emitting large amounts of energy, such as the sun, release much of the energy in 
waves created by large energy changes, for which f will be larger and l will be smaller. 
For black bodies such as the earth that have a lower surface temperature, f is smaller 
and l is larger.

FIGURE 4-8 Schematic of solar constant traveling from sun and striking earth.
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For both hotter and cooler black bodies, the strength of the total energy flux varies 
with both wavelength and black-body temperature. For given temperature T and l in 
units of meters: 
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Here C1 = 3.742 × 108 Wm3/K, C2 = 1.4387 � 104 mK, and FBB is given in units of W/m2. 
Integrating Eq. (4-4) across all values of l from 0 to 8 for a given temperature T gives 
Eq. (4-1). Based on Eq. (4-4), the wavelength at which FBB reaches a maximum lmax can also 
be expressed as:

 λmax . /= × −2 897 10 3 T  (4-5)

Here lmax is given in units of meters. Example 4-1 illustrates the application of Eq. (4-4) 
at different values of l.

Example 4-1 Using a surface temperature value of 288 K, evaluate FBB(l) at lmax, and also at l = 5 μm 
(5 × 10−6 m) and 25 μm.

Solution Solving for λmax using Eq. (4-5) gives λmax = 1.006 × 10−5 m. Substituting l = 1.001 × 10−5 m 
and T = 288 K into Eq. (4-4) gives 
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Similarly, FBB(5 × 10−6 m) = 5.49 W/m2, and FBB(25 × 10−6 m) = 6.01 W/m2. Comparison of the three 
results shows the decline in energy flux away from lmax. All three points are shown on the graph of 
flux as a function of wavelength in Fig. 4-9.

FIGURE 4-9 Energy fl ux as a function of wavelength for black body at 288 K.
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Contribution of Specific Wavelengths and Gases to Greenhouse Effect
In Sec. 4-3-1, we established that temperature determines the range of wavelengths at 
which peak black-body transmission of energy will occur. To understand the extent of 
climate warming, we must consider two other factors: (1) the ability of different molecules 
to absorb radiation at different wavelengths and (2) the extent to which radiation is already 
absorbed by preexisting levels of gases when concentration of some gases increases.

Addressing the first point, triatomic gas molecules such as H2O or CO2, as well as 
diatomic molecules where the two atoms are different, such as carbon monoxide (CO), 
are able to absorb small increments of energy, due to the structure of the molecular bonds. 
This feature allows these molecules to absorb the energy from waves with wavelength 8 
< λ < 30 μm, compared to diatomic molecules where both atoms are the same, such as O2 
and N2, which can only absorb higher energy waves. Figure 4-10 shows, in the upper half, 
energy transmitted as a function of wavelength for both sun and earth; the lower half of 
the figure shows wavelengths at which atmospheric molecules peak in terms of their 
ability to absorb energy. In particular, the CO2 molecule has a peak absorptive capacity in 
the range from approximately 12 to 14 μm, which coincides with the peaking of the energy 
flux based on the earth’s black-body temperature. H2O has high absorption elsewhere on 
the spectrum, including longer wavelengths (>20 μm) and some of the incoming shorter 
waves from the sun. The mass percent and contribution to heating of the atmosphere of 
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FIGURE 4-10 Distribution of relative energy of emission from sun and earth black bodies by 
wavelength (a), and percent of absorption by greenhouse gases (b). (Source: Mitchell (1989). 
Published by American Geophysical Union. Image is in public domain.)
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Gas Mass Percent

Contribution
to Warming 
(W/m2)

Wavelength Range for 
Peak Contribution* 
(10�6 m)

H2O  0.23% ~100 >20

CO2  0.051% ~50 12–14

Other (CH4, N2O, O3,
CFC11, CFC12, and 
so on)

<0.001% for each <2 for each For N2O: 16
For CFCs: 11

*As shown in Fig. 4-10.
Total atmospheric mass = 5.3 × 1018 kg
Note: mass percent and contribution for CO2 shown is at 750 Gt mass of carbon in atmosphere (2750 
Gt CO2). As CO2 concentration increases per Fig. 4-4, both mass percent and contribution to 
warming increase.

TABLE 4-2 Mass Percent and Contribution to Atmospheric Warming of Major Greenhouse Gases 

H2O, CO2, and other gases is given in Table 4-2. Note that the total contribution of water 
to climatic warming is greater than that of CO2. Although the average concentration of 
water in the atmosphere may increase as a result of climate change, the percent change in 
atmospheric water will not be as great as that of CO2, and hence the effect of changing 
concentration of water will not be as large.

Figure 4-10 also shows the fraction of energy absorbed by atmospheric molecules as 
a function of wavelength. At the longest wavelengths shown (>20 μm), 100% of the 
black-body radiation from the surface of the earth is absorbed. In the range of the 7–20 
μm peak BB radiation from the planet, however, some fraction of radiation remains 
unabsorbed. Therefore, increasing the amount of CO2 in the atmosphere increases the 
absorption percent, leading to a warming of the average temperature of both the 
atmosphere and the earth’s surface. 

As shown in Table 4-2, the 150 W/m2 of atmospheric heating provided by H2O and 
CO2 accounts for most of the 33 K increase in surface temperature due to the greenhouse 
effect, with other GHGs accounting for lesser amounts of the contribution to warming. 
The effect of H2O and CO2 can be understood by considering the warming effect of each 
in isolation, as shown in Example 4-2.

Example 4-2 Suppose that water and CO2 were the only GHGs in the atmosphere. Calculate the 
resulting temperature in each case.

Solution In the absence of the greenhouse effect, flux from the surface would be the black-body 
radiation value at 255 K, or:

FBB = × =−( . )( )5 67 10 255 2408 4 W/m2

For the two cases, the value of the temperature is therefore the following:
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Thus water would increase temperature by 23 K by itself, and CO2 would increase temperature by 
12 K by itself. Note that these values add up to more than the total temperature change ΔT due to the 
greenhouse effect, which must be calculated by first calculating the total contribution to warming 
from all greenhouse gases before calculating the value of ΔT.

The data in Table 4-2 are intended to explain the difference between the surface 
temperature with no atmosphere versus the temperature with an atmosphere composed 
partly of greenhouse gases. Therefore, they do not capture the effect of increasing the 
concentration of greenhouse gases. This point is especially important for the trace
greenhouse gases other than water and CO2 that have a relatively low value of contribution 
to warming given in the table. Two gases in particular, CH4 and N2O, have very high 
energy trapping potential per molecule compared to CO2, with multipliers estimated at 
24.5 and 320, respectively. The concentration in the atmosphere of these two gases has 
also been increasing recently, and although they do not contribute as much to the 
warming of the average temperature of the earth as CO2, their effect is not negligible 
and poses an additional climate change concern.

4-3-2 A Model of the Earth-Atmosphere System
The previously introduced black-body model of the earth-sun system shows how the 
earth without an atmosphere would be colder than what is observed. In this section we 
expand the model to explicitly incorporate the atmosphere as a single layer that interacts 
with both the surface of the earth and with outer space beyond the atmosphere. Such a 
model serves two purposes:

 1. It shows how the incoming solar radiation, atmosphere, and earth’s surface 
interact with one another, and provides a crude mathematical estimate of the 
effect on earth surface temperature of adding an atmospheric layer.

 2. It illustrates the function of much more sophisticated general circulation models 
(GCMs), discussed in Sec. 4-3-3, that are currently used to model climate and 
predict the effect of increased GHGs in the future. (A detailed consideration of 
the mathematics of GCMs is, however, beyond the scope of this chapter.)

The simplifying assumptions for this model are as follows. First, we are considering 
a one-dimensional model where energy is transferred along a line from space through 
the atmosphere to the earth’s surface and back out to space; the lateral transfer of energy 
between adjacent areas of the surface or atmosphere is not included. Secondly, the 
atmosphere is considered to have uniform average temperature Ta, and the earth’s 
surface is considered to have uniform average temperature Ts. Thirdly, only radiation 
and conduction are considered; in the interest of simplicity, convection between surface 
and atmosphere is not included. The goal of the model is to calculate equilibrium 
temperatures of the earth’s surface and atmosphere, respectively, using an energy 
balance equation for each. 

The flow of energy can be explained as follows. Per Fig. 4-11, inbound fluxes from the 
sun are shortwave, while outbound fluxes from the earth are longwave. Radiation reaches 
the atmosphere from the sun, of which part is reflected, part is transmitted, and part is 
absorbed. The transmitted flux reaches the earth, minus a portion that is reflected by the 
earth, and heats it to an equilibrium temperature. The earth then radiates a longwave flux 
back out to space, which the atmosphere again transmits, reflects, or absorbs. In addition, 
conductive heat transfer takes place between the earth and atmosphere due to the 
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temperature difference between the two. Note that the flux reaching the atmosphere is 
taken to be S0/4, not S0, as explained above. Black-body radiation from atmosphere to 
surface, as well as that from surface to atmosphere that is reflected back to the surface, is 
assumed to be completely absorbed by the surface, and the possibility of its reflection at 
the surface is ignored.

In the model, variables and subscripts are defined as follows. Coefficient t 
corresponds to the portion transmitted through the atmosphere either inward or 
outward. Coefficient a is similar to the function of albedo introduced in Sec. 4-3, in that 
it corresponds to the portion reflected. Both the atmosphere and the surface of the earth 
can reflect radiation. Subscripts a and s correspond to “atmosphere” and “surface.” A 
prime symbol (“ ′ ”) denotes flux of longwave radiation, both outward from the earth’s 
surface and reflected back to the surface by the atmosphere. Coefficients without prime 
symbol denote flux of shortwave radiation, either from the sun inward or reflected 
outward by the atmosphere or surface. Initial parameter values that approximate the 
function of the earth-atmosphere system before increases in the level of GHGs are 
shown in Table 4-3. C is the conductive heat transfer coefficient in units of W/m2K. 

FIGURE 4-11 Diagram of simple earth-atmosphere climate model.
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αa t á σTa
4

TABLE 4-3 Initial Parameter Values for Single-Layer Climate Model

Inward flux:
α

s
= 0.11

 t
a

= 0.53
α

a
= 0.3

Outward flux:
 t′a = 0.06
α′a = 0.31

Conductive heat transfer:
C = 2.5 W/m2K
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The intuition behind the parameter values is the following. The value of aa is the 
same as the albedo of the earth, so that incoming radiation has the same probability of 
being reflected by the atmosphere. More than half of the remaining radiation is then 
transmitted by the atmosphere through to the surface of the earth, although some 17% 
is absorbed based on the values of reflection and transmission of the atmosphere. The 
value of as is less than that of aa, since the land and water covering of the earth is less 
likely than the atmosphere to reflect incoming radiation. For outgoing long wave 
radiation, probability of reflection back to earth a'a is slightly higher than the value of aa, 
reflecting the slightly increased tendency of long waves to be reflected. The key feature 
of the greenhouse effect, however, is embodied in the low value of t'a relative to ta, 
since this indicates how the atmosphere is much less likely to transmit long wave 
radiation than short wave. Thus the total absorption of longwaves by the atmosphere 
is higher than that of shortwaves, consistent with Fig. 4-10.

The equations for the surface Eq. (4-6) and atmospheric Eq. (4-7) energy equilibrium 
can be written as follows:

 t S C T T T Ta s s a s a a( ) / ( ) ( )'1 4 1 00
4 4− − − − − + =α σ α σ  (4-6)

 ( ( )) / ( ) ( ' '1 1 4 10
4− − − + − + − −α α σ αa a s s a s a at S C T T T t )) − =2 04σTa  (4-7)

Taking the case of Eq. (4-6) for the surface, the four terms can be explained in the 
following way:

 1. Incoming energy flux from the sun: The amount transmitted by the atmosphere, 
after taking out the amount reflected by the surface

 2. Conductive heat transfer: Energy transferred outward due to the temperature 
difference between surface and atmosphere

 3. Radiative heat transfer outward: Black-body radiation outward, after taking out 
the amount reflected back to the surface by the atmosphere

 4. Radiative heat transfer inward: From atmosphere to surface

Energy flux for the atmosphere, in the Eq. (4-7), can be described in a similar 
manner:

 1. Incoming energy flux from solar gain: The amount retained by the atmosphere, 
after taking out the amount reflected by the atmosphere back to space, and also 
the amount transmitted to the surface, of which a portion is reflected back to 
the atmosphere

 2. Conductive heat transfer: To atmosphere from surface

 3. Radiative heat transfer inward from earth’s surface: Radiation inward, after taking 
out the amount reflected back to the surface and transmitted to space

 4. Radiative heat transfer outward: From atmosphere both to surface and to space

Using the parameter values in Table 4-3, we can solve the system of equations using a 
numerical solver. The resulting outputs from the solver are Ts = 289.4 K, Ta = 248.4 K. Note 
that due to the simplicity of the model, the results do not exactly reproduce the observed 
surface value of 288 K and observed value in the upper atmosphere of 255 K. However, 
the value for the surface temperature is quite close, and the value for the atmosphere is 
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within 7 K as well. These results show how even a simple model that incorporates a role 
for the atmosphere can bring predicted surface temperature much closer to the actual 
value. One possible refinement is to expand the atmosphere into several layers, which will 
tend to create a temperature gradient from the coolest layer furthest from the earth, to the 
warmest layer adjacent to the earth, as occurs in the actual atmosphere.

Given the values calculated above, it is also illustrative to map the values of energy 
flows measured in W/m2 for the base case, as shown in Fig. 4-12. The reader can verify 
that at the equilibrium temperatures, flows of 385 W/m2 in and 385 W/m2 out balance 
each other for the earth’s surface, and flows of 446 W/m2 in and 446 W/m2 out balance 
each other for the atmosphere. Note that due to the absorption of the atmospheric layer, 
the shortwave flux from the sun is reduced from ~240 W/m2 as calculated using Eq. 
(4-2) to 181 W/m2. However, the gain due to the black-body radiation from the 
atmosphere to the surface of 216 W/m2 and the reflection of 123 W/m2 of longwave 
radiation back from the atmosphere to the surface more than compensate, so that overall 
the surface temperature is increased.

Example 4-3 Use an appropriate change in the coefficients in Eqs. (4-6) and (4-7) from the values given 
in Table 4-2 to model the effect of changing characteristics of the atmosphere due to increasing GHGs 
on predicted Ts and Ta.

Solution Since the predicted effect of increased GHGs is to reduce the transmission of longwave 
radiation, we can model this effect by lowering the value of t'a. Changing its value to t'a = 0.04 and 
recalculating using the numerical solver gives Ts = 291.4 K, Ta = 250.5 K. This change is equivalent to 
a 2.0 K increase in earth’s surface temperature. Thus a 33% decrease in the value of t'a in the model is 
equivalent to the predicted effect of an increase of 200 to 300 ppm in the concentration of CO2 in the 
atmosphere, which might happen between the middle and end of the twenty-first century.

Atmosphere

Short wavelengths Long wavelengths

Ta = 248.4

342

Earth’s Surface Ts = 289.4

181 20 103 398 123 216

103 24 216

FIGURE 4-12 Single-layer climate model with representative energy fl ows in W/m2.
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4-3-3 General Circulation Models (GCMs) of Global Climate
General circulation models (GCMs) are the sophisticated computer models of the global 
climate system that are used to predict the effect of changes in GHG concentration on 
climate in the future. They incorporate fluid dynamics, thermodynamics, chemistry, and 
to some extent biology into systems of equations that model changes of state for a three-
dimensional system of grid points over multiple time periods (a typical time increment in 
the model is 1 day). They expand on the simple concepts laid out using the single layer 
model explained above by incorporating the following additional elements:

 1. Dynamic modeling: Whereas the single-layer model is continued to be in static 
equilibrium with no change to the solar constant or Ts and Ta, GCMs are dynamic 
models where quantities of thermal or kinetic energy are retained from one 
time period to the next, and temperatures at specific locations in the models 
vary accordingly in time.

 2. Multiple vertical layers: The atmosphere is modeled as having on the order of 20 
layers, in order to track temperature gradients from the top to the bottom of the 
atmosphere. Also, for portions of the globe covered by oceans, these areas are 
modeled with 15–20 layers, so as to capture the effect of temperature gradients 
in the ocean on CO2 absorption and release, and other factors.

 3. Horizontal matrix of grid points: The globe is covered in a grid of points, so that 
the model can capture the effect of uneven heating of the globe due to the 
movement of the sun, change in reflectance based on changing ice cover in 
different parts of the globe, and other factors. The result is a three-dimensional 
matrix of grid points covering the globe. 

 4. Convection: Heat transfer between grid points due to convection is explicitly 
included in the model.

 5. More sophisticated temperature forcing: In the single-layer model, the forcing 
function is the solar input, which is assumed to be constant. GCMs are able to 
incorporate historic and anticipated future variations in solar input due to 
variations in solar activity, as well as volcanic activity and other deviations.

 6. Biological processes: The models capture the effect of future climate on the 
amount of forest cover, which in turn affects CO2 uptake and the amount of 
sunlight reflected from the earth’s surface.

 7. Changes in ice cover: Similar to biological processes, the models capture the effect 
of changing temperature on the amount of ice cover, which in turn affects the 
amount of sunlight reflected or absorbed in polar or mountain regions where 
ice exists.

GCMs have been developed by a number of scientific programs around the world. 
Some of the best-known models include those of the Center for Climate System Research 
(CCSR), the Hadley Centre, the Max-Planck Institute, and the National Center for 
Atmospheric Research (NCAR). Rather than choose a single model that is thought to 
best represent the future path of the climate, the IPCC, as the international body 
convened to respond to climate change, uses the collective results from a range of GCMs 
to observe the predicted average values for significant factors such as average 
temperature, as well as the “envelope” created by the range of high and low values 
predicted by the models.



96 C h a p t e r  F o u r

In order to be used to predict future climate, GCMs must first be verified by 
evaluating their ability to reproduce past climate using known information about CO2 
concentration, solar activity, and volcanic eruptions. In recent years, validation of 
numerous GCMs over the period from approximately 1850 to 2000 has also provided 
evidence that solar activity and volcanism alone could not explain the increase in mean 
global temperature over the last several decades. Figure 4-13 shows the actual mean 
temperature along with the range of reproduced values from the collection of GCMs. 
Although each GCM does not predict the same temperature each year, the band of 
observed values clearly shows a turning point after approximately 1960. If the rise in 
CO2 concentration is ignored and the only forcing is due to solar activity and volcanism, 
no such turning point emerges. GCMs have also consistently predicted that the most 
rapid temperature rise would be seen in the polar regions, and this prediction has been 
borne out in recent years.

One of the main remaining areas of uncertainty in GCMs is the ability to explicitly 
model the presence of clouds. At the present time, the function of clouds is too poorly 
understood to incorporate them into the models, so instead they are “parametrized,” 
that is, a set of parameters are evaluated at each grid point to represent the presence or 
absence of clouds and their effect on other elements in the model. Fully modeling clouds 
in future GCMs will help scientists resolve some of the uncertainties around feedback 
from climate changes, as discussed in Sec. 4-4.

4-4 Climate in the Future
While climate change has already brought about some changes that affect the human 
population and the natural world, it is likely that larger changes will arise in the future. 
These changes may come about both because the level of GHGs in the atmosphere will 
continue to increase for some time, no matter what policy steps are taken immediately, 
and also because some of the effects of increased GHGs have a long lag time, so that 
past GHG emissions will have an impact some time in the future. At the same time, 
changing the state of the climate leads to feedback that may accelerate or slow climate 
change, as discussed in Sec. 4-4-1.

4-4-1 Positive and Negative Feedback from Climate Change
It is a common observation for systems, including very complicated systems like the 
global climate, that feedback can occur between the output state of the system and the 
effect of the inputs. Positive feedback is that which reinforces or accelerates the initial 
change, while negative feedback counteracts or dampens the change. Figure 4-14 shows 
the case of the feedback relationship between average global temperature, amount of 
ice cover, and amount of cloud cover. Ice and cloud cover have the potential to contribute 
to the amount of sunlight reflected back to space, but ice decreases while clouds increase 
with temperature, so these two factors counteract one another. 

Examples of feedback include the following: 

• (Positive) Loss of ice cover: Per Fig. 4-13, warmer average temperatures lead to 
loss of ice at the poles. This in turn leads to less reflection and more absorption 
of incoming sunlight during the summer, which further increases temperature 
and melts more ice. This example of positive feedback is particularly strong, 
and explains why the strongest effect on average temperature is being felt in 
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FIGURE 4-13 Observed actual global mean temperature and range of reported values from 
GCMs, 1850–2000. (a) Natural: Due to changes in sunspot or volcanic activity, and the like 
(b) Anthropogenic: Due to increasing emissions of GHGs and other human effects on climate 
(c) All forcings: Combination of natural and anthropogenic. (Source: Climate Change 2001: 
Synthesis Report, Intergovernmental Panel on Climate Change. Reprinted with permission.)
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polar regions. The overall effect of reducing ice coverage is to reduce the albedo 
of the earth. The effect of reducing albedo can be approximated using Eq. (4-2), 
where reducing the value from a = 0.3 to a = 0.27 increases the black-body 
temperature by 2.5 K.

• (Positive) Ocean absorption of CO2: As the oceans warm, their ability to absorb 
CO2 decreases, increasing the net amount of CO2 in the atmosphere.

• (Positive) Release of methane from permafrost: As permafrost melts due to warming, 
trapped CH4 is released to the atmosphere, increasing the greenhouse effect.

• (Positive/negative) Increased forest growth: Where it occurs, forest growth increases 
absorption of incoming sunlight and warms planet, but also increases absorption 
of CO2 due to accelerated tree and plant growth. 

• (Positive/negative) Increased cloud cover: Per Fig. 4-13, increased cloud cover 
reflects more incoming radiation to space but also increases absorption of 
longwave radiation. 

• (Positive/negative) Deforestation: Where it occurs, deforestation due to climate 
change releases additional carbon but also increases reflectivity of the planet, 
since deforested areas are typically lighter colored than forests.

• (Negative) Increase in black-body radiation from a hotter planet: Beyond a certain 
point of temperature rise trend, the increase in radiation will outpace the ability 
of GHGs to absorb the additional radiation, so the rate of increase in global 
average temperature will slow. 

Two important observations about feedback arise from the preceding list are the 
following. First, it is of concern that positive effects outnumber the negative effects. 
Although much uncertainty surrounds the way in which feedback effects will play out 
over time, there is a strong likelihood that in the short to medium term, positive effects 

FIGURE 4-14 Causal loop diagram linking global average temperature, cloud or ice cover, and 
absorption of incoming solar energy.
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will outweigh negative effects, and climate change may proceed relatively quickly. 
Human intervention to combat climate change may be effective in slowing it or lessening 
its effects, but it may be difficult to reverse during this stage.

Secondly, in the long term, the most significant type of negative feedback that can 
prevent a “runaway” increase in global average temperature is the last effect, namely, 
longwave black-body cooling. To illustrate this feedback effect, the black-body radiation 
of a surface at 288 K is 390 W/m2. Since radiation increases with the fourth power of 
temperature, the rate of energy flux increases rapidly above this temperature, to 412 W/m2 
at 292 K and 435 W/m2 at 296 K. Thus the average temperature is unlikely to rise much 
beyond these values, even over centuries. Still, the potential risks to many natural systems 
and to worldwide built infrastructure of a long-term rise of 4–8 K are very great, so a rise 
of this magnitude is to be avoided if at all possible.

4-4-2 Scenarios for Future Rates of CO2 Emissions, CO2 Stabilization Values, 
and Average Global Temperature
Given the many uncertainties surrounding the way in which climate responds to the 
changing concentration of CO2, it is not possible to model with certainty future global 
average temperature, let alone expected seasonal temperature by region, as a function 
of CO2 emissions. Furthermore, government policies, economic activity, consumer 
choices, and so on, will determine the pathway of future CO2 emissions, so these are yet 
to be determined. The role of other GHGs besides CO2 complicates the issue further. 
This is a good application of the use of scenarios to bracket the range of possible 
outcomes, as discussed in Chap. 2. 

In response, the IPCC has identified a range of possible stabilization levels for the 
concentration of CO2 in the atmosphere, and “back-casted” a likely pathway of emissions 
per year that would arrive at the target concentration. The pathways are shown in 
Fig. 4-15, with matching of pathways to outcomes in terms of stabilization values in 
ppm of CO2. All emissions pathways accept that the amount emitted per year will 
continue to rise in the short term (from 2000 onward) due to current economic activity 
combined with heavy reliance on fossil fuels. However, by approximately 2020, 
differences emerge, with the lowest pathway (450 ppm) peaking much sooner and 
dramatically reducing emissions by 2100, while the highest (1000 ppm) only peaking 
around 2075. These outcomes represent a percentage increase from the preindustrial 
level concentration of approximately 280 ppm of between 61% and 257%. The value of 
1000 ppm may be close to the maximum possible value of CO2 concentration, as it has 
been suggested that if humans were to consume all available fossil fuels, the concentration 
of CO2 would not surpass 1400 ppm. Figure 4-15a uses a grey band around the pathways 
to emphasize that the exact path that would reach a given stabilization concentration is 
not known, and may vary up or down from the colored pathways given. Both Figs. 4-15a
and 4-15b also show numbered curves in black that correspond to IPCC economic 
growth scenarios, namely, A1B = rapid economic growth and peaking population with 
balance of energy sources, A2 = continued population growth with widely divergent 
economic growth between regions, and B1 = similar to A1B but transition to a less 
materially intensive economy with cleaner energy sources.

We can use a similar approach to estimate the range of plausible outcomes for global 
average temperature by using predictions from the range of available GCM models. 
Figure 4-16 shows a temperature range over which different GCMs predict temperature 
to grow through the year 2100 in response to emissions scenario A2 from Fig. 4-14. In 
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this emissions scenario, there is relatively little intervention to slow the growth of CO2 
concentration in the atmosphere. There is little disagreement among GCMs that 
temperature would rise by at least 2°C in response to scenario A2, but whether 
temperature rise might go as high as 5°C is not certain, with several GCMs predicting 
an outcome somewhere in the middle. Also, an alternative scenario in which CO2 
emissions were cut more aggressively would slow the rate of temperature increase, but 
this is not shown in the figure. The difference in effect of a temperature rise of 
approximately 2°C versus a rise of approximately 5°C is the subject of the next section. 

Long-Term Effects of Increasing Average Global Temperature
Table 4-1 provided examples of changes currently observed in our world that are likely to 
be caused by climate change. It is expected that as average global temperature increases 
the changes discussed in the table will become more intense. In addition, other long-term 
effects from increasing temperature and climate change may appear. For example, 
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FIGURE 4-15 Possible pathways for CO2 emissions (a) and atmospheric concentration (b) for a 
range of stabilization values from 450 to 1000 ppm.

The numbered curves are IPCC economic growth scenarios, for example, A1B = rapid economic 
growth and peaking population with balance of energy sources, A2 = continued population growth 
with widely divergent economic growth between regions, B1 = similar to A1B but transition to less 
materially intensive economy, cleaner energy sources. (Source: Climate Change 2001: Synthesis 
Report, Intergovernmental Panel on Climate Change. Reprinted with permission.)
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increasing the average temperature of the upper layers of the ocean will decrease its 
density, so that the level of the water rises in proportion to the amount of expansion at 
each layer of depth. At ambient temperature and pressure, each degree Celsius of 
temperature increase of seawater causes a 0.025% decrease in density, so for each 1 degree 
of increase of the upper 100 m layer of the ocean, the average sea level would increase by 
2.5 cm. Note that this calculation is simplistic, since it does not take into account the 
change in density with depth, the change in coefficient of thermal expansion with 
increasing pressure, the effect of undersea topography on thermal expansion, nor the 
maximum depth to which ocean waters are affected by global warming.

Changes to average sea level due to thermal expansion are likely to be small enough 
that by themselves they will not create a direct threat to infrastructure that is used to 
keep seawater out of low-lying areas, such as the infrastructure found in the Netherlands 
or the Mississippi delta region in the United States. There is a risk, however, that during 
extreme weather events, storm surges may be more likely to overcome barriers due to 
their increased maximum height. Rising sea levels may necessitate the evacuation of 
some low-lying Pacific Island nations such as Tuvalu, which has already appealed to 
other nations to allow the migration of its inhabitants. The large masses of ice in 
Antarctica and Greenland pose an additional concern. These contain some 3 × 1016 
tonnes of water, or approximately 2 % of the mass of the oceans. If a significant fraction 
of this ice were to melt and run off into the ocean, the long-term consequences on sea 
level could be severe, including the abandonment of low-lying areas in many regions or 
the necessary investment in new barriers to keep out the sea. A combination of increased 
average sea temperature and changes in salinity in the future may also disrupt ocean 
currents such as the Atlantic Gulf Stream, affecting climate in certain regions.

The IPCC has emphasized in its reporting the importance of stabilizing atmospheric 
concentration of CO2 at approximately 450 ppm and temperature increase at around 

FIGURE 4-16 Predicted temperature rise during the twenty-fi rst century in response to emissions 
scenario A2, “continued population growth with widely divergent economic growth between regions.”
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2°C, if at all possible, so as to avoid some of the more severe long-term effects of climate 
change. These effects include reduced crop yields around the world if temperature 
change exceeds 3°C, leading to chronic food security problems; chronic water security 
problems in many parts of the world; and elevated risk of flooding in many areas due 
to changing weather patterns and higher sea levels.

4-4-3 Current Efforts to Counteract Climate Change
In response to climate change, human society is taking, and will continue to take, steps 
at many levels. Those responding to climate change include individuals, communities, 
and businesses, as well as national governments and international bodies. The most 
prominent example of worldwide action on climate change is the Kyoto Protocol, an 
international agreement drawn up in Kyoto, Japan, in 1997 and ratified in 2005 after a 
sufficiently large fraction of nations and represented GHG emissions were included in 
the total number of signatories to the treaty. The Kyoto Protocol is an outgrowth of the 
United Nations Framework Convention on Climate Change (UNFCCC) which was drawn 
up at the Earth Summit in Rio De Janeiro in 1992 and ratified in 1994. The UNFCCC 
does not contain any binding targets for greenhouse gases; instead, it calls for successive 
“protocols” to be created and ratified under broad guidelines in the UNFCCC. The 
UNFCCC will generate other protocols after the Kyoto round, which will build on 
the latter by calling for deeper reductions in GHGs, and by requiring action from 
more member UN nations. 

The Kyoto Protocol is not explicitly designed to achieve one or the other of the CO2 
emissions pathways shown in Fig. 4-15. However, it can loosely be seen as trying to 
move the signatory nations and, to some extent, the overall community of nations away 
from Scenario A2 and toward Scenarios A1B or B1. Secondly, the Kyoto Protocol requires 
no action of the emerging economies, such as China or India. As discussed in Chap. 1, 
growth in CO2 emissions from emerging economies is outpacing that of the industrialized 
economies, and from approximately 2004 onward they have become the majority 
emitter of CO2 in the world. However, from a historical perspective, the industrialized 
countries are responsible for most of the cumulative CO2 emissions and the increase in 
concentration of CO2 in the atmosphere, and at present their per capita CO2 emissions 
are much higher. Therefore, negotiators reached a consensus that the industrialized 
countries should take the early lead in curbing CO2 emissions.

Signatory nations to the Kyoto Protocol include European Union member states, 
Canada, Japan, and Russia. The United States and Australia5 chose not to sign the Kyoto 
Protocol, on grounds that the effects would have been too detrimental to their economies, 
and also that the Kyoto Protocol unfairly benefited the emerging economies. Some state 
and local governments in the United States and Australia, as well as institutions such as 
universities and corporations in both countries, responded to the policies of their 
national governments by adopting Kyoto targets on their own.

Targets for reducing GHGs in the Kyoto Protocol are quantified in terms of percent 
reductions relative to emissions levels in 1990. The percentages vary between countries, 
and must be met sometime in the 2008–2012 time period. Table 4-4 illustrates progress 
toward protocol targets for Denmark, Germany, Japan, and the United Kingdom, as well 

5In national elections held November 25, 2007, Australian voters gave the majority of seats in the House 
of Representatives to the Labour Party, and Labour Prime Minister-Elect Kevin Rudd promised to join 
the Kyoto Protocol once in office.
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as emissions during the same period for the United States and Australia, for comparison. 
Total GHG emissions are given in terms of CO2 equivalent, where non-CO2 gases are 
converted to an equivalent tonnage of CO2 that would have the same warming effect. The 
1990 and 2004 emissions of CO2 from energy use only are also shown; these emissions 
account for most of the total GHG emissions in the second and third columns.

The quantitative results in Table 4-4 show that Germany and the United Kingdom 
appear to be on track for achieving Kyoto targets by 2012, while Denmark and Japan 
appear to be falling short. Many of the smaller emitters in Europe are in fact falling 
short of targets; however, since the Kyoto protocol applies first to Europe-wide 
emissions, if Germany and the United Kingdom achieve their goals it may allow the 
European Community as a whole to comply with the protocol. (Individual European 
country targets are used in case the Community as a whole fails to deliver on the 
targets.) Japan, the only Kyoto signatory country in the table for which total GHGs rose 
instead of declined, is considering broader measures to reach its targets by 2012, 
including new nuclear power plants, greater use of forests to capture carbon, and carbon 
credits purchases on the international market. Note that, for all countries except 
Denmark, CO2 improvements have been less than total GHGs, and in fact for Japan they 
are up 24% for the period 1990–2004. 

Overall results from the Kyoto Protocol suggest that the signatory nations will 
struggle to meet overall emissions reductions targets, and may in the end come up 
short. This does not necessarily mean that the protocol will turn out a failure, since 
the protocol has spurred considerable efforts to reduce GHGs (efforts which might 
not have happened otherwise), and because the Kyoto round gives the community of 

*Germany 1990 values are the sum of emissions from the former East Germany and West Germany.
Sources: Energy Information Agency, U.S. Department of Energy, for CO2 from energy; European Environment 
Agency, for Europe Total GHG values and Kyoto targets; Japan Environment Ministry, for Japan Total GHG 
values and Kyoto targets; UNFCCC, for CO2 equivalent of total GHG emissions for United States and 
Australia.
GHG emissions in million tonnes of CO2 or CO2 equivalent

Country
Total GHGs (106 tonnes 

of CO2 equiv.)
Change

1990–2004 Target

CO2 Emissions 
from Energy Use 

(106 tonnes)

1990 2004 1990 2004

Kyoto signatories:  

Denmark  69  68  −1% −21%  59   56

Germany*  1230  1015 −17% −21%  980  862

Japan  1261  1355  7% −6% 1015 1262

United Kingdom  768  659 −14% −12.5%  598  580

Non-signatory 
countries:

Australia  423  529  25% n/a 5013 5912

United States  6149  7112  16% n/a  263  386

TABLE 4-4 GHG Emissions and Targets for Kyoto Protocol for Sample of Signatory Countries



104 C h a p t e r  F o u r

nations valuable experience that can be applied to future protocols. Also, it is possible 
that, with intensified concern about climate change from the mid-2000s onward, 
nations that were behind schedule as of 2004 will accelerate their efforts and reach 
their targets by 2012.

In addition to the Kyoto Protocol, some signatory nations have independently 
adopted internal targets for GHG reductions, as has the state of California in the United 
States. The Australian government has adopted its own emissions target relative to 
1990 levels that must be met by 2012. The United States has set a target for reducing 
GHG emissions intensity, measured in terms of GHG emissions per unit of GDP. This 
approach has been criticized, since, under certain circumstances, it would allow the 
United States to meet emissions targets even though the absolute amount of GHG 
emissions would increase rather than decrease.

In conclusion, if the overall targets for Kyoto are met in the end, it is likely that they 
will be met through efficiency and non-CO2 GHG improvements based on existing off-the-
shelf technology, rather than the emergence of a new generation of super-efficient or CO2-
free energy technologies, whose effect on overall CO2 emissions inventories is yet to be felt. 
Opportunities for GHG reduction of the former type may be largely exhausted by the end 
of the Kyoto round, and nations will need to look to new technologies to achieve further 
cuts in emissions. This shift toward emphasizing new technologies that either significantly 
reduce CO2 emissions to the atmosphere or eliminate them entirely is a powerful argument 
for many of the technologies presented in subsequent chapters of this book.

4-5 Summary
Human use of energy emits large volumes of CO2 to the atmosphere due to our heavy 
dependence on fossil fuels as an energy source. Climate change is one of the leading 
concerns for the energy sector at the present time, because energy conversion is the largest 
emitter of CO2 in the world. Many scientists around the world have responded to the 
challenge of climate change by participating in the development of computerized general 
circulation models (GCMs) that strive to reproduce the behavior of the atmosphere, 
allowing the testing of response to perturbations such as an increase in the amount of 
CO2. To date, this modeling research strongly suggests that, since CO2 is such a potent 
greenhouse gas, doubling or tripling its atmospheric concentration will lead to an increase 
in global average temperature that can have severe negative repercussions on local 
average temperature, amount of precipitation, frequency and intensity of extreme weather 
events, and other concerns. Other anthropogenic greenhouse gases, such as methane 
(CH4), nitrous oxide (N2O), and chlorofluorocarbons (CFCs) play a role as well. Some 
early signs of climate change have already appeared, including receding ice cover and 
stress on many of the world’s coral reefs. Society is responding to climate change on many 
levels, including locally, nationally, and through international mechanisms such as the 
UN Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol.
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Exercises
1. As reported in this chapter, the combination of water and CO2 molecules in the atmosphere 
account for approximately 150 W/m2 in greenhouse heating. If we start with a black body at 255 
K and add 150 W/m2 in energy flux out of the body, what is the new predicted temperature?

2. Use the model presented in Eqs. (4-6) and (4-7) to model the effect of an ice age. Suppose the 
combination of increased ice on the surface of the earth and decreased CO2 in the atmosphere 
changes the parameters in the model as follows: as = 0.15, t'a = 0.12, a'a = 0.23. All other parameters 
are unchanged. What are the new values of Ta and Ts?

3. The planets Mars and Venus have albedo values of 0.15 and 0.75, and observed surface 
temperatures of approximately 220 K and approximately 700 K, respectively. The average distance 
of Mars from the sun is 2.28 × 108 km, and the average distance of Venus is 1.08 × 108 km. What is 
the extent of the greenhouse effect for these two planets, measured in degrees kelvin?

4. Build a simple atmosphere-surface climate model for Venus and Mars of the type presented 
in Eqs. (4-6) and (4-7) in this chapter. Use values for albedo, observed surface temperature (for 
verification of your model), and orbital distance from problem 3, and appropriate values of your 
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choosing for the remaining parameters for the model. How well does the model work in each 
case? Is the accuracy of the outcome sensitive to your choice of parameters? Why or why not? 
Discuss.

5. Verify that the total flux across all wavelengths in Example 4-1 sums approximately to the 
black-body radiation value given by Eq. (4-1) by summing values for all wavelengths by increment 
of 1 mm up to an appropriate value of wavelength such that flux is negligible.

6. A general circulation model has a grid layout using 2.5 degree increments in latitude and 3 
degrees in longitude. It has 19 levels in the vertical. In addition, for the 71% of the earth’s surface 
covered by ocean, there are layers going under the ocean, on average 10 layers deep. Approximately 
how many grid points does the model contain?

7. Scientists speculate that in a severe ice age, if the amount of ice covering planet Earth became 
too great, the planet would pass a point of no return in which increasing albedo would lead 
to decreasing temperature and even more ice cover, further increasing albedo. Eventually the 
earth would reach a “white earth state,” with complete coverage of the planet in ice. At this 
point the albedo would be 0.72, that is, even with a completely white planet, some radiation is 
still absorbed. Ignoring the effect of the atmosphere, and considering only black-body radiation 
from the earth in equilibrium with incoming radiation from the sun, what would the surface 
temperature of the earth be in this case?

8. Create an “IPCC-like” stabilization scenario using the following simplified information. 
Starting in the year 2004, the concentration of CO2 in the atmosphere is 378 ppm, the global 
emissions of CO2 are 7.4 Gt carbon per year, the total carbon in the atmosphere is 767 Gt, 
and emissions are growing by 4% per year, for example, in 2005 emissions reach 7.7 Gt, 8.0 
Gt in 2006, and so on. Note that concentration is given in terms of CO2, but emissions and 
atmospheric mass are given in Gt carbon. The oceans absorb 3 Gt net (absorbed minus emitted) 
each year for the indefinite future. The change or decline of emissions is influenced by “global 
CO2 policy” as follows: in year 2005, the emissions rate declines by 0.1 percentage points 
to 3.9%, and after that and up to the point that concentration stabilizes, the change is 0.1% 
multiplied by the ratio of the previous year’s total emissions divided by 7.4 Gt, that is

Chg Chg
total emissions

% %
( . )( )

.t t
t= −−
−

1
10 1

7 4

After concentration stabilizes, emissions are 3 Gt year, so that emissions are exactly balanced by 
ocean absorption. To illustrate, (Chg%)2004 = 4%, (Chg%)2005 = 3.9%, and so on. Also, concentration 
can be calculated as 378 ppm × (total carbon in atmosphere/767 Gt). (a) What is the maximum 
value of concentration reached? (b) In what year is this value reached? (c) What is the amount of 
CO2 emitted that year? (d) Plot CO2 concentration and emissions per year on two separate graphs. 
Hints: Use a spreadsheet or other software to set up equations that calculate emissions rate, change 
in emissions, and concentration in year t as a function of values in year t − 1. (e) Compare the shape 
of the pathway in this scenario, based on the graphs from part d), with actual IPCC scenarios, and 
discuss similarities and differences. (f) The scenario in this problem is a simplification of how a 
carbon stabilization program might actually unfold in the future. Identify two ways in which the 
scenario is simplistic.



 CHAPTER 5
Fossil Fuel Resources

5-1 Overview
At the present time, fossil fuels such as oil, gas, and coal provide the majority of energy 
consumed around the world. At the same time, all fossil fuels are not the same, both in 
terms of their availability and their impact on climate change. The first part of this 
chapter compares fossil fuel alternatives in terms of their worldwide consumption 
rates, estimated remaining resource base, and cost per unit of energy derived. It also 
considers the amount of CO2 emitted per unit of energy released, and outlines strategies 
for reducing CO2 emissions. The second part of the chapter presents methods for 
projecting the future course of annual consumption of different fossil resources, and 
discusses implications of declining output of conventional fossil fuels for nonconven-
tional sources such as oil shale, tar sands, and synthetic oil and gas substitutes made 
from coal.

5-2 Introduction
As the name implies, fossil fuels come from layers of prehistoric carbonaceous materials 
that have been compressed over millions of years to form energy-dense concentrations 
of solid, liquid, or gas, which can be extracted and combusted to meet human energy 
requirements. Different types of fossil fuels vary in terms of energy content per unit of 
mass or volume, current consumption rates in different regions of the world, availability 
of remaining resource not yet extracted, and CO2 emissions per unit of energy released 
during combustion. These differences underpin the presentation later in this book of 
many of the technologies used for stationary energy conversion and transportation 
applications, and are therefore the focus of this chapter.

Since the time that coal surpassed wood as the leading energy source used by 
humans for domestic and industrial purposes in the industrializing countries of Europe 
and North America in the nineteenth century, fossil fuels have become the dominant 
primary energy source worldwide, currently accounting for about 86% of all energy 
production. It is only in the poorest of the emerging countries that biofuels such as 
wood or dung are the major provider of energy for human needs; elsewhere, fossil fuels 
are the majority provider of energy for electricity generation, space heating, and 
transportation. Because fossil fuels are so important for meeting energy needs at present, 
any pathway toward sustainable energy consumption must consider how to use 
advanced, high-efficiency fossil combustion technology as a bridge toward some future 
mixture of nonfossil energy sources, or consider how to adapt the use of fossil fuels for 
compatibility with the goals of sustainable development over the long term.

107
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5-2-1 Characteristics of Fossil Fuels
The main fossil fuels in use today are coal, oil, and natural gas (hereafter shortened to 
“gas”); in addition, there are two emerging, nonconventional fossil fuels, shale oil and 
tar sands, that are considered at the end of this chapter. Of the three major sources, coal 
cannot be combusted directly in internal combustion engines, so its use in transportation, 
or “mobile,” applications is limited at the present time. It is used widely in “stationary” 
(i.e., non-transportation) applications including electricity generation and industrial 
applications. Coal can also be used in small-scale domestic applications such as cooking 
and space heating, although local air quality issues become a concern. Gas and oil are 
more flexible in terms of the ways in which they can be combusted, and they are used 
in both transportation and stationary applications. While gas generally requires only a 
modest amount of purification before it is distributed and sold to end-use customers, 
oil comes in the form of crude petroleum that must be refined into a range of end 
products. Each end product takes advantage of different viscosities that are made 
available from the refining process, as shown in Table 5-1.

Energy Density and Relative Cost of Fossil Fuels
The energy density of a fuel is a measure of the amount of energy per unit of mass or 
volume available in that resource. The energy density of a fossil fuel is important, 
because fuels that are less energy dense must be provided to energy conversion 
processes in greater amount in order to achieve the same amount of energy output. In 
addition, less dense fuels cost more to transport and store, all other things equal.

The energy density of coal is measured in GJ/tonne or million BTU/ton. Of the three 
main fossil fuels, coal varies the most in energy density, with coal that has been under the 
earth for a shorter period of time having relatively more moisture and lower energy 
density than coal that has been underground longer. Energy density of oil is measured in 
GJ/barrel or million BTU/barrel. Its energy density varies moderately between oil 
extracted from various world oil fields, depending on, among other things, the amount of 
impurities such as sulfur or nitrogen. For purposes of estimating output from energy 
conversion devices that consume petroleum, it is possible to assume a constant value for 
oil energy density. For natural gas, energy density is measured in kJ/m3 or BTU/ft3 when 
the gas is at atmospheric pressure, and its value can be assumed constant. In practice, gas 
is compressed in order to save space during transportation and storage.

Typical values for energy density are shown in Table 5-2, along with a representative 
range of prices paid on the world market in 2006 in U.S. dollars. While coal varies 
between 15 and 30 GJ/tonne, the value of 25 GJ/tonne is used for purposes of converting 

Raw gasoline Automotive gasoline, jet fuel

Kerosene Automotive diesel fuel, kerosene

Gas oil Domestic heating oil, industrial fuel oil

Lubricating oil Paraffin, motor oil for automotive applications

Heavy oil Coke for industrial applications, asphalt

The end products are in order of increasing viscosity.

TABLE 5-1 Available End Products from the Refining of Crude Petroleum
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cost per tonne to cost per unit of energy. Turning to costs, the table shows that, in 
general, coal is significantly cheaper per unit of raw energy than gas or oil. However, 
individual circumstances vary from region to region. Coal is the most difficult to 
transport, and transportation costs may drive the actual price paid by the end user well 
above the values shown, especially for destinations requiring long distance movements 
by truck, or for customers purchasing relatively small quantities of coal (e.g., for a 
college campus central-heating plant, as opposed to a large coal-fired power plant). 
Countries with large amounts of gas and oil resource among the emerging countries 
that also have relatively low GDP per capita (e.g., in the range of $5000–$10,000 per 
person, compared to >$30,000 per person for some of the wealthier industrialized 
countries) are able to sell gas and oil products to individual domestic consumers at 
prices below world market rates. Otherwise, in countries not possessing large fossil fuel 
reserves, consumers can expect to pay prices in the ranges shown.

Energy Consumption in Location, Extraction, Processing, 
and Distribution of Fossil Fuels
The values given in Table 5-2 for energy density reflect the energy content of the product 
after extraction from the ground, and, in the case of crude petroleum, before refining 
into finished energy products. The process of extracting fossil fuels from the ground, 
processing them into finished energy products, and distributing the products to 
customers constitutes an “upstream loss” on the system, so that the net amount of 
energy delivered by the system is less than the values shown. However, this loss is 
usually small relative to the larger losses incurred in conversion of fossil fuels into 
mechanical or electrical energy. For coal extraction, the U.S. Department of Energy has 
estimated that energy consumption in extraction, processing and transportation of coal 
from U.S. coal mines may range from 2% to 4% of the coal energy content for surface 
mining or deep shaft mining, respectively. For gas, upstream losses are on the order of 
12%, while for petroleum products they may be on the order of 17%, although this 
figure includes a substantial component for the refining process.1

Resource Energy Density Unit Cost
Cost per Unit of 
Energy ($/GJ)

Coal∗ 15–30 GJ/tonne $20–$50/tonne $0.80–$2.00

Crude petroleum 5.2 GJ/barrel $50–$70/barrel $9.62–$13.46

Natural gas 36.4 MJ/m3 $0.29–$0.44/m3 $7.58–$11.37

∗Energy density of coal is highly variable with coal quality. A value of 25 GJ/tonne is used to convert 
unit cost into cost per unit of energy.
Note: Prices shown are representative values that reflect both fluctuations in market prices during 2006, 
and also differences in regional prices, especially for coal, which is subject to the greatest variability in 
transportation costs. Also, crude oil prices rose to levels near $100/barrel during 2007, and there is a chance 
that prices per barrel will not return to the range shown any time soon, if at all.

TABLE 5-2 Energy Density and 2006 Cost Data for Coal, Petroleum, and Natural Gas 

1Sources: Brinkman (2001), for petroleum product data; Kreith, et al. (2002), for gas data.
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From a life cycle perspective, upstream energy losses should also include a 
component for energy consumed during the oil exploration process that led to the 
discovery of the resource in the first place. These data are not currently available in 
the literature; however, it can be speculated that their inclusion would not change the 
preceding outcome, namely, that upstream losses comprise a modest fraction of the 
total energy density of fossil fuels.

5-2-2 Current Rates of Consumption and Total Resource Availability
Measured in terms of gross energy content of resource consumed each year, fossil fuels 
account for some 86% of total world energy consumption. As shown in Fig. 5-1, crude 
oil represents the largest source of energy, while natural gas and coal, the second and 
third ranked energy sources, each supply more energy than all the nonfossil sources 
combined. The “other” component consists primarily of nuclear and hydropower, with 
smaller amounts of wind, solar, and biomass. 

Fossil fuels are used differently and in different amounts, depending on whether a 
country is rich or poor. Table 5-3 gives the breakdown of fossil fuel consumption among 
Organization for Economic Cooperation and Development (OECD) and non-OECD 

Crude oil
36%

Natural gas
23%

Other 14%

Coal 27%

FIGURE 5-1 Components of worldwide energy production, 2005. 

Total value of pie is 486 EJ (460 quads). (Source for data: Energy Information Agency.)

OECD Non-OECD

Fuel Type (EJ) % of Total (EJ) % of Total

Crude oil   95.0  47%   83.6  39%

Natural gas   55.9  27%   55.2  26%

Coal   53.0  26%   75.9  35%

All fossil fuels 203.9 100% 214.8 100%

Source for data: U.S. Energy Information Agency.

TABLE 5-3 Comparison of Breakdown of Energy Consumption by Fossil Fuel Type for OECD and 
non-OECD Countries, 2005
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countries.2 These data show how crude oil consumption is concentrated in the industrial 
countries, while the emerging countries consume a relatively large proportion of coal. 
There are several reasons for this distinction. First, the wealthier countries have greater 
access to motorized transportation that depends on petroleum products as an energy 
source, including a larger number of private motor vehicles per capita or greater volume 
of goods movement. Also, in and near large population centers in rich countries, the 
relative economic wealth enables the generation of electricity using natural gas, which 
costs more per unit of energy than coal, but which also can be burned more cleanly. 
Poor countries cannot compete in the international marketplace for gas and oil to the 
same extent as rich countries, and so must rely to a greater degree on coal for electricity 
generation and industrial purposes. The industrial countries also have greater access 
for electricity generation to nuclear power, which thus far has not made major inroads 
into the energy generation markets of the developing world (see Chap. 7).

Estimated Reserves and Resources of Fossil Fuels
A reserve is a proven quantity of a fossil fuel that is known to exist in a given location, 
within agreed tolerances on the accuracy of estimating fuel quantities. (It is of course 
not possible to estimate quantities of a substance that is under the ground to within 
the nearest barrel or cubic foot, so some variation is expected between published reserve 
quantities and the actual amount that is eventually extracted.) A resource is an estimated 
quantity of fuel that has yet to be fully explored and evaluated. Over time, energy 
companies explore regions where resources are known to exist in order to evaluate their 
extent, so as to replace energy reserves that are currently being exploited with new 
reserves that can be exploited in the future. Thus the quantity of reserves that is said to 
exist by an energy company or national government at any given point in time is less 
than the amount of the fossil fuel that will eventually be extracted.

Table 5-4 gives available reserves of coal, oil, and gas for the entire world, as well as 
for selected countries that are either major consumers or producers of fossil fuels. 
Quantities are given in both standard units used in everyday reporting for the fuel in 
question (e.g., trillion cubic meters for gas, and so on), and also in units of energy 
content, to permit comparison between available energy from different reserves. For 
each fuel, an additional quantity of resource is available that may be equal to or greater 
than the reserve value shown. For example, one estimate for the worldwide coal 
resource is 130,000 EJ, more than five times the value of the reserve.3

Two observations arise from the table. First, even taking into account the uncertainties 
surrounding the exact energy content of proven reserves, it is clear that coal is 
considerably more abundant than gas or oil. This result would not change even if 
unproven resources were taken into account, since the amount of resource tends to be 
roughly proportional to the size of the reserve. Given that crude oil is the fossil fuel in 
highest usage at the present time, and that gas can serve as a substitute transportation 
fuel when petroleum becomes scarce, coal as an energy source is likely to last much 
further into the future than either oil or gas. Secondly, countries such as the United States 

2Members of OECD include North America, European Union, Japan, South Korea, Taiwan, Australia, 
and New Zealand; non-OECD countries include all other countries of the world. The breakdown 
between OECD and non-OECD is similar to the breakdown between industrial and emerging countries 
introduced in Chap. 1.
3Sorensen (2002, p. 472.)
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or China that have sizeable crude oil demand and relatively small reserves (1.4% 
and 1.7% of the world total, respectively) can expect to continue to rely on imports 
for as long as they continue to use petroleum in the same way in their economies. 
This is true because these countries are unlikely to discover new oil deposits 
sufficient to greatly increase their reserves to the levels required for petroleum 
self-reliance.

The relationship between annual consumption and proven reserves is illustrated in 
Example 5-1.

Example 5-1 Total consumption of gas, oil, and coal in the United States in 2004 measured 23.8, 42.6, 
and 24.0 EJ of energy content, respectively. (A) Calculate the ratio of reserves to energy consumption 
for the United States for these three resources. (B) Discuss the validity of this calculation.

Solution From Table 5-4, the total reserves for the United States are 195, 115, and 6750 EJ, respectively. 
Therefore the ratios are 8.5, 2.8, and 301 for the three fuels. This calculation implies that at current rates, 
without considering other circumstances, the gas reserves will be consumed in 8.5 years, and the oil 
reserves in 2.8 years, while the coal reserves will last for more than three centuries.

Discussion The use of the ratio of reserve to consumption misrepresents the time remaining for 
availability of a resource in a number of ways. Firstly, for gas and oil in this example, the calculation 
does not take into account the fraction of the resource that is imported, as opposed to supplied 
domestically. For the particular case of US oil consumption, this fraction is significant. Domestic 
production in 2004 amounted to 1.98 billion barrels, or 10.4 EJ of energy equivalent out of 42.6 EJ of 
total demand. Imported oil amounting to 32.2 EJ met the remainder, a 75% share. Secondly, depletion 
of existing reserves spurs exploration to add new resources to the total proven reserves, which pushes 
the point at which the resource is exhausted further out into the future. Lastly, as a fossil fuel such 
as petroleum comes closer to depletion, the remaining resources tend to those that are more difficult 
and more expensive to extract. Also, awareness in the economic marketplace that the resources are 
scarce allows sellers to increase prices. With prices rising for both of these reasons, substitutes such 
as natural gas become more competitive, and displace some of the demand for oil. As a result, oil 
demand is driven downward, slowing the rate of depletion.

As a result of these complicating factors, the ratio of reserves to consumption is not 
an accurate predictor of how long a resource will last. It is, however, a relative indicator 

 

Gas Oil Coal

(tril. m3) (EJ) (bill. bbl) (EJ) (bill. tonne) (EJ)

China  1.5  55       18.2  95   110  2,750 

Russia 47.6  1,732    60  314   250  6,250 

Saudi Arabia∗ 6.5  238  262  1,373 ~0 ~0

United States     5.4  195       21.9  115   270  6,750 

Rest of World   111  4,048  903  4,731   370  9,250 

TOTAL 172.2  6,267 1265  6,628 1000 25,000 

Data sources: Oil & Gas Journal, for oil and gas; U.S. Energy Information Agency, for coal. Energy values 
based on 36.4 MJ/m3 for gas, 5.2 GJ/bbl for oil, 25 GJ/tonne for coal. Volumetric conversion: 
1 m3 = 35.3 ft3. 

TABLE 5-4 Fossil Fuel Reserves for World and for Select Countries, 2004
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between resources of which one is likely to be exhausted first, that is, the resource with 
the lower reserve-to-consumption ratio. In this example, the value of the ratio of reserves 
to consumption for domestically extracted oil and gas is close enough that we cannot 
predict from this data which will be exhausted first. It can, however, safely be concluded 
that the U.S. coal reserves will last much longer than the other two.

5-2-3 CO2 Emissions Comparison and a “Decarbonization” Strategy
The CO2 emissions per unit of fossil fuel combusted are a function of the chemical 
reaction of the fuel with oxygen to release energy. The energy released increases with the 
number of molecular bonds that are broken in the chemical transformation of the fuel. 
Fossil fuels that have a high ratio of hydrogen to carbon have relatively more bonds and 
less mass, and so will release less CO2 per unit of energy released. To illustrate this point, 
consider the three chemical reactions governing the combustion of coal, gas, and oil in 
their pure forms4:

Coal: C + O2 >> CO2 + 30 MJ/kg

Gas: CH4 + 2O2 >> CO2 + 2H2O + 50 MJ/kg

Oil (gasoline): C8H18 + 12.5O2 >> 8CO2 + 9H2O + 50 MJ/kg

Note that the energy released is given per unit of mass of fuel combusted, not of CO2.
The amount of CO2 released per unit of energy provided can be calculated from these 

reactions by comparing the molecular mass of fuel going into the reaction to the mass of 
CO2 emitted. The carbon intensity of methane (CH4) is calculated in Example 5-2.

Example 5-2 Calculate the energy released from combusting CH4 per kilogram of CO2 released to the 
atmosphere, in units of MJ/kg CO2.

Solution In order to solve for MJ/kg CO2, recall that the molecular mass of an atom of carbon is 12, 
that of oxygen is 16, and that of hydrogen is 1. Therefore, the mass of a kilogram-mole of each of 
these elements is 12 kg, 16 kg, and 1 kg, respectively. The mass of a kilogram-mole of CH4 is therefore 
16 kg, and the mass of a kilogram-mole of CO2 is 44 kg, so the amount of energy released per unit of 
CO2 emitted to the atmosphere is 50 MJ/kg × (16/44) = 18.2 MJ/kg CO2. 

Repeating this calculation for gasoline gives 16.1 MJ/kg CO2, and for coal gives 
8.18 MJ/kg CO2. It is left as an exercise at the end of this chapter to carry out the 
calculation. 

Comparison of the values for gas, oil, and coal underscores the value of carbon-
hydrogen bonds in the fuel combusted for purposes of preventing climate change. Coal 
does not have any such bonds, so it has the lowest amount of energy released per unit 
of CO2 emitted to the atmosphere. This is a problem for many countries seeking to 
reduce CO2 emissions, because certain sectors, such as the electricity sector in China, 
Germany, or the United States, depend on coal for a significant fraction of their 
generating capacity. To put the relative emissions in some context, a typical power plant 
producing on the order of 2 billion kWh of electricity per year might require roughly 
50 PJ (~50 trillion BTU) of energy input to meet this demand. Completely combusting 

4 Energy content value given for coal is for high-quality, relatively pure coal. Coal with a high moisture 
content or with significant impurities has lower energy content per kilogram. For oil, the formula for 
gasoline is used as a representative petroleum product.
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coal with this amount of energy content would generate 5.9 million tonnes of CO2, 
whereas for gas the amount is 2.7 million tonnes.

In response to this situation, some national or regional governments have pursued 
or advocated a policy of decarbonization, in which coal is displaced by oil and gas as 
an energy resource for electricity, industry, or other applications, in order to reduce 
CO2 emitted per unit of energy produced. Decarbonization is especially appealing for 
countries with large gas or oil reserves, such as Canada, which had reserves of 
1.7 trillion m3 (59.1 trillion ft3) in 2004, with a population of 31.9 million. As the Kyoto 
Protocol and other future agreements restrict the amount of CO2 that can be emitted, 
these countries can use decarbonization to meet targets. 

Historically, decarbonization has been taking place since the nineteenth century 
around the world and especially in the industrialized countries, with many sectors of the 
world economy replacing coal with oil and gas because they were cleaner and easier to 
trans port and combust. The lower carbon-to-energy ratio was a convenient side effect 
of this shift, but it was not the motivation. As a worldwide strategy for the future; 
however, decarbonization is faced with (1) a relative lack of gas and oil reserves/resources 
compared to those of coal and (2) rapidly growing demand for energy, especially in the 
emerging countries. With aggressive implementation of much more efficient energy 
conversion and end-use technologies, the world might be able to decarbonize by 
drastically cutting demand for energy services in both the industrial and emerging 
countries, and then using existing gas and oil resources for most or all of the remaining 
energy requirements. Otherwise, decarbonization will be limited to only those countries 
that have the right mix of large gas and oil resources relative to fossil fuel energy demand, 
and the worldwide percent share of fossil energy from coal will likely increase.

5-3 Decline of Conventional Fossil Fuels and a Possible 
Transition to Nonconventional Alternatives

Example 5-1 showed that a linear model of fossil fuel resource exhaustion, in which the 
resource is used at a constant rate until it is gone, is not realistic. In this section we 
consider a more realistic pathway for resource exhaustion, in which annual output 
declines as the remaining resource dwindles. This pathway for the life of the resource 
as a whole reflects that of individual oil fields, coal mines, and so on, which typically 
follow a life cycle in which productivity grows at first, eventually peaks, and then 
begins to decline as wells or mines gradually become less productive. The worldwide 
production of a fossil fuel follows the same pathway as that of individual fields. Near 
the end of the resource’s worldwide lifetime, older wells or mines, where productivity 
is declining, outnumber those that are newly discovered, so that overall production 
declines. 

Hereafter we focus on the particular case of crude oil, as the resource that arguably 
is getting the most attention at present due to concerns about remaining supply.

5-3-1 Hubbert Curve Applied to Resource Lifetime
The use of a “bell-shaped” curve to model the lifetime of a nonrenewable resource is 
sometimes called a “Hubbert curve” after the geologist M. King Hubbert, who in the 
1950s first fitted such a curve to the historical pattern of U.S. petroleum output in order 
to predict the future peaking of domestic U.S. output. The fitting of a curve to observed 
data is presented in this section using the Gaussian curve. The choice of curves is not 
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limited to the Gaussian; other mathematical curves with a similar shape can be used to 
improve on the goodness-of-fit that can be obtained with the Gaussian.

The Gaussian curve has the following functional form:
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(5-1)

Here P is output of oil (typically measured in barrels) in year t; Qinf the estimated ultimate 
recovery (EUR), or the amount of oil that will ultimately be recovered; S is a width 
parameter for the Gaussian curve, measured in years; and tm is the year in which the 
peak output of oil occurs. In order to fit the Gaussian curve to a time series of oil output 
data, one must first obtain a value for Qinf. Thereafter, the values of tm and S can be 
adjusted either iteratively by hand or using a software-based solver in order to find the 
values that minimize the deviation between observed values of production Pactual and 
values Pest predicted by Eq. (5-1). For this purpose, the root mean squared deviation 
(RMSD), can be used, according to the following formula:

 
RMSD actual est= −( )

=
∑1 2

1n
P P

i

n

 
(5-2)

Here n is the number of years for which output data are available. Example 5-3 uses a 
small number of data points from the historical U.S. petroleum output figures to 
illustrate the use of the technique. 

Example 5-3 The U.S. domestic output of petroleum for the years 1910, 1940, 1970, and 2000 are measured 
at 210, 1503, 3517, and 2131 million barrels, respectively, according to the U.S. Energy Information 
Agency. If the predicted ultimate recovery of oil is estimated at 223 billion barrels, predict the point in 
time at which the oil output will peak, to the nearest year. What is the predicted output in that year?

Solution As a starting point, suppose that we guess at the values of the missing parameters S and tm

to calculate an initial value of RMSD. Let S = 30 years and tm = 1970. Then for each year t, the value 
of Pest can be calculated using Eq. (5-1). The appropriate values for calculating RMSD that result are 
given in the following table, leading to a value of (aPactual – Pest)

2 = 5.38 × 1017:

Pactual Pest

t (106 barrel) (106 barrel) (Pactual – Pest)
2

1910 210 401 3.665E + 16

1940 1,503 1,799 8.772E + 16

1970 3,517 2,966 3.032E + 17

2000 2,131 1,799 1.101E + 17

Total 5.377E + 17

The value of the RMSD is then calculated using Eq. (5-2):

RMSD = × = ×1
4

5 377 10 3 67 1017 8( . ) .



116 C h a p t e r  F i v e

The values of S and tm can then be systematically changed by hand in order to reduce RMSD. Here we 
have used a solver to find values S = 25.3 years and tm = 1974 that minimize RMSD:

Pactual Pest

t (106 barrel) (106 barrel) (Pactual – Pest)
2

1910 210 146 4.028E + 15

1940 1,503 1,442 3.671E + 15

1970 3,517 3,479 1.456E + 15

2000 2,131 2,056 5.659E + 15

Total 1.481E + 16

Based on these values, the RMSD is reduced as follows:

RMSD = × = ×1
4

1 481 10 6 086 1016 7( . ) .

Thus the minimum value is RMSD = 6.09 × 107. Substituting Qinf = 223 billion, S = 25.3 years, and 
tm = 1974 into Eq. (5-1) gives

P =
×

=
×

=
2 23 10

25 3 2
0

2 23 10

25 3 2
3 5

11 11.
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.

π π
118 109× bbl

This value is quite close to the observed maximum for U.S. petroleum output of 3.52 billion barrel 
in 1972.

Application to U.S. and Worldwide Oil Production Trends
The Gaussian curve can be fitted to the complete set of annual output data from 1900 to 
2005, as shown in Fig. 5-2. Assuming an EUR value of Qinf = 225 billion, the optimum fit 
to the observed data is found with values S = 27.8 years and tm = 1976. Therefore, the 
predicted peak output value from the curve for the United States occurs in 1976, 6 years 
after the actual peak, at 3.22 billion barrel/year. By 2005, actual and predicted curves 
have declined to 1.89 billion and 1.86 billion barrel/year, respectively. If the Gaussian 
curve prediction were to prove accurate, the output would decline to 93 million barrel/
year in 2050, with 99.3% of the ultimately recovered resource consumed by that time. 
The Gaussian curve fits the data for the period 1900–2005 well, with an average error 
between actual and estimated output for each year of 6%.

The same technique can be applied to worldwide oil production time series data in 
order to predict the peak year and output value. A range of possible projections for the 
future pathway of world annual oil output can be projected, depending on the total 
amount of oil that is eventually recovered, as shown in Fig. 5-3. Since the world total 
reserves and resources are not known with certainty at present, a wide range of EUR 
values can be assumed, such as values from 2.5 trillion to 4 trillion barrels, as shown.

Figure 5-3 suggests that the timing of the peak year for oil production is not very 
sensitive to the value of the EUR. Increasing the EUR from 2.5 trillion to 4 trillion barrels 
delays the peak by just 21 years, from 2013 to 2034. In the case of EUR = 3.25 trillion, 
output peaks in 2024. Also, once past the peak, the decline in output may be rapid. For 
the EUR = 4 trillion barrel case, after peaking at 35.3 billion barrel/year in 2034, output 
declines to 25.6 billion barrel/year in 2070, a reduction of 28% in 36 years.
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FIGURE 5-2 United States petroleum output including all states, 1900–2005. (Source for 
data: U.S. Energy Information Agency.)
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FIGURE 5-3 World oil production data 1900–2006, with three best-fi t projections as a function 
of EUR values of 2.5 trillion, 3.25 trillion, and 4 trillion barrels. (Source: Own calculation of 
production trend and projection using Eqs. (5-1) and (5-2), and historical production data 
from U.S. Energy Information Agency.)
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Concern about Peaking and Subsequent Decline of Conventional Oil Production 
Predicting when the conventional oil peak will occur is of great interest from an energy 
policy perspective, because from the point of peaking onward, society may come under 
increased pressure to meet even greater demand for the services that oil provides, with 
a fixed or declining available resource. This phenomenon has been given the name 
peak oil. For example, the world output curve with EUR = 4 trillion barrel in Fig. 5-3 
suggests that output would peak around 2030 and decline by 36% over the next 40 years, 
even as demand for oil would continue to grow in response to increasing economic 
activity.

Not all analysts agree that the future world annual output curve will have the 
pronounced peak followed by steady decline shown in the figure. Some believe that 
the curve will instead reach a plateau, where oil producers will not be able to increase 
annual output, but will be able to hold it steady for 2 or 3 decades. Most agree, however, 
that the total output will enter an absolute decline by the year 2050, if not before. For 
this reason it is important to consider the potential role of nonconventional fossil fuels 
in the future.

5-3-2 Potential Role for Nonconventional Fossil Resources 
as Substitutes for Oil and Gas
As mentioned in the introduction, in addition to the main fossil resources of oil, gas, 
and coal, there are nonconventional resources that are derived from the same geologic 
process but that are not currently in widespread use. There has been interest in 
nonconventional fossil resources for several decades, since these resources have the 
potential to provide a lower-cost alternative at times when oil and gas prices on the 
international market are high, especially for countries that import large amounts of 
fossil fuels and have nonconventional resources as a potential alternative. In general, 
the conversion of nonconventional resources to a usable form is more complex than for 
oil and gas, which has hindered their development up until now. However, with the 
rapid rise in especially the price of oil in recent years, output from existing 
nonconventional sources is growing, and new locations are being explored.

There are three main options for nonconventional fossil resources, as follows:

• Oil shale: Oil shale is composed of fossil organic matter mixed into sedimentary 
rock. When heated, oil shale releases a fossil liquid similar to petroleum. Where 
the concentration of oil is high enough, the energy content of the oil released 
exceeds the input energy requirement, so that oil becomes available for refining 
into end use products.

• Tar sands: Tar sands are composed of sands mixed with a highly viscous 
hydrocarbon tar. As with oil shale, tar sands can be heated to release the tar, 
which can then be refined. 

• Synthetic gas and liquid fuel products from coal: Unlike the first two resources, the 
creation of this resource entails transforming a conventional source, coal, into 
substitutes for gas and liquid fuels, for example, for transportation or space heating 
applications where it is inconvenient to use a solid fuel. Part of the energy content 
of the coal is used in the transformation process, and the potential resulting products 
include a natural gas substitute (with minimum 95% methane content) that is 
suitable for transmission in gas pipelines, or synthetic liquid diesel fuel.
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These nonconventional fossil resources are already being extracted, converted, and 
sold on the world market at the present time. For example, the oil sands of Alberta, 
Canada, produced approximately 1 million barrels of crude oil equivalent per day in 
2005. The total world resource available from oil shale and tar sands is estimated to be 
of a similar order of magnitude to the world’s total petroleum resource, in terms of 
energy content, and could in theory substitute for conventional petroleum for many 
decades if it were to be fully exploited. The total oil shale resource is estimated at 
2.6 trillion barrel, with large resources in the United States and Brazil, and smaller 
deposits in several countries in Asia, Europe, and the Middle East. Economically 
recoverable tar sand deposits are concentrated in Canada and Venezuela, and are 
estimated at approximately 3.6 trillion barrel.

Along with extraction and processing of nonconventional resources, conversion of 
coal to a synthetic gas or oil substitute is another means of displacing conventional gas 
and oil. Since 1984, a coal gasification plant in North Dakota, United States, has been 
converting coal to a synthetic natural gas equivalent that is suitable for transmission in 
the national gas pipeline grid. Processes are also available to convert coal into a liquid 
fuel for transportation, although these have relatively high costs at present and are 
therefore not in commercial use.

Potential Effect on Climate Change
Increasing reliance on nonconventional fossil fuels is of concern from a greenhouse gas 
emissions point of view because of the additional heating and processing energy 
expenditure, which increases CO2 emissions per unit of useful energy delivered to the 
end use application (e.g., motor vehicle, home heating system). For example, from 
above, motor vehicles using gasoline or natural gas as a fuel incur losses on the order of 
12–17% upstream of the vehicle. Substituting equivalent products from oil shale or tar 
sands may double this upstream loss, as 10–20% of the original energy content of the 
extracted oil would be consumed at the extraction site in order to remove the oil from 
the shale or sands in the first place. Similarly, for synthetic liquids or gases made from 
coal, a large fraction of the energy content of the coal is used as process heat in the 
chemical conversion of the coal. These extra energy consumption burdens would make 
it even more difficult to achieve CO2 reduction goals while using nonconventional 
resources, assuming that combustion by-products are vented to the atmosphere, as is 
done at present.

This drawback argues in favor of converting nonconventional fuels into a currency 
such as electricity or hydrogen, and capturing CO2 at the conversion point without 
allowing it to escape into the atmosphere. This technology is discussed in greater detail 
in Chap. 6.

Other Potential Environmental Effects Not Related to Climate Change
Along with increasing CO2 emissions, expanded use of oil shale, tar sands, and coal as 
substitutes for oil and gas would likely increase the amount of disruption to the earth’s 
surface, as large areas of land are laid bare and fossil resources removed. In the past, the 
record of the oil and gas industry in maintaining the natural environment in extraction 
sites has been mixed, and some sites have suffered significant degradation. However, 
because the fuels are liquid or gaseous and can often be extracted from underground 
reservoirs through boreholes and wells, the impact to the surrounding area can often be 
held to a modest amount. In the case of future extraction of nonconventional fuels, 
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however, most extraction would require stripping the surface in order to access the 
resources. Thus the impact on the surface would be more visible for the duration of the 
extraction project.

A comparison of the quantity of current and future coal and nonconventional fuel use 
illustrates the way in which surface disruption might intensify. Currently, coal and 
nonconventionals account for on the order of 100 EJ out of some 350 EJ worldwide fossil 
energy use. If in the year 2050 total fossil energy were to grow to 500 EJ, with 80% derived 
from coal, oil shale, and tar sands due to the decline in availability of conventional oil and 
gas, the rate of extraction of these resources would quadruple. Thus regions possessing 
these resources could expect extraction to go forward at a much faster rate, possibly affecting 
livability both for humans and for other plant and animal life in these regions. Degraded 
water quality due to runoff from surface mining and extraction is another concern.

On the other hand, in recent decades, the coal industry in many parts of the world 
has developed more effective techniques for reducing impact during surface mining 
operations, and rapidly restoring land once mining is finished. Also, areas of significant 
natural beauty, such as certain parts of the Rocky Mountains in the western United 
States where oil shale is found, would likely be off limits for extraction. Development of 
new surface extraction might be limited to remote regions where major energy resources 
could be developed without great social disruption.

5-3-3 Discussion: The Past and Future of Fossil Fuels
Looking backward at the history of fossil fuel use since the beginning of the industrial 
revolution, it is clear that certain key characteristics of these fuels made them highly 
successful as catalysts for technological advance. First, they possess high energy density, 
significantly higher than, for example, the amount of energy available from combusting an 
equivalent mass of wood. Also, in many cases, they exist in a concentrated form in 
underground deposits, relative to wood or fuel crops, which are dispersed over the surface 
of the earth and must be gathered from a distance in order to concentrate large amounts of 
potential energy. Furthermore, once technologies had been perfected to extract and refine 
fossil fuels, they proved to be relatively cheap, making possible the use of many energy-
using applications at a low cost. Indeed, it could be argued that the ability to harness fossil 
fuels was the single most important factor for the success of the industrial revolution.

Looking forward to the future, it is clear that while we have come to appreciate the 
benefits of fossil fuels, we also live in a world with a new awareness of the connection 
between fossil fuels and climate change. This awareness will over time transform the 
way fossil fuels are used. 

There are two main ways to proceed with our use of fossil fuels. One way is to use 
them only long enough to sustain our energy-consuming technologies while we rapidly 
develop nonfossil energy sources that will replace them (a “long-term fossil fuel 
availability” scenario). Even in a very ambitious scenario, 350 EJ/year of fossil fuel 
consumption cannot be replaced overnight with renewable or nuclear sources, so this 
approach might take one century or more to complete. Thereafter, fossil fuel consumption 
would be restricted to use as a feedstock for the petrochemical industries, in which case 
fossil fuel resources might last for several millennia.

Alternatively, society might continue to use fossil fuels as the leading energy source at 
least into the twenty-second century, if not beyond, by developing technologies for capturing 
and sequestering CO2 without releasing it to the atmosphere (a “robust fossil fuel use” 
scenario). Assuming these technologies were successful and that the impact of surface 
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mining could be successfully managed, fossil fuels might continue to hold a financial 
advantage over nonfossil alternatives for as long as they lasted, and society would only 
transition to the latter at a much later date.

Figure 5-4 shows a possible shape for both of these scenarios, with pathways 
beginning around the year 1800 and continuing to the right. The ultimate outcome of 
the robust use scenario is illustrated using a Hubbert-style curve for the case of EUR 
500,000 EJ for the total value of energy available from all fossil sources, without making 
a distinction among oil, coal, gas, and nonconventional sources. The curve is fitted to 
the historical rate of growth of fossil fuel consumption for the period 1850–2000. 
Assuming a stable world population of roughly 10 billion people after 2100, the peak 
value around the year 2200 would be equivalent to annual production of 200 GJ/capita, 
or on a similar order of magnitude to today’s value for rich countries such as Germany, 
Japan, or the United States. Also shown is the long-term availability scenario, which 
peaks in mid-twenty-first century and then stabilizes at a steady-state value that is much 
lower than the current rate of fossil fuel consumption. Note that the steady-state value 
shown is a representative value only; no analysis has been done to estimate what level 
of fossil fuel consumption might be required in the distant future in this scenario.

By using a millennial time scale from the year AD 0 to the year 3000, the figure also 
conveys the sense that the age of fossil fuels might pass in a relatively short time, 
compared to some other historical time spans, such as, for example, the period from the 
founding of Rome in 742 BC to the fall of the Roman Empire in AD 476. Furthermore, 
barring some unforeseen discovery of a new type of fossil fuel of whose existence we do 
not yet know, this age will not come again, once passed. What will its ultimate legacy 
be? Clearly, fossil fuels have the potential to be remembered some day in the distant 

FIGURE 5-4 Long-term view of fossil fuel production for years AD 0–3000 with projection for 
“robust” world fossil fuel scenario for years AD 1800–2500 assuming EUR of 500,000 EJ for all 
types of fossil fuels (oil, coal, gas, oil shale, tar sands), and projection of “long-term fossil fuel 
availability” scenario. 

Note: Steady-state value in long-term availability scenario is to convey concept only; see text. 
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future as a catalyst for innovation, an endowment of “seed money” from the natural 
world bestowed on society that served as a stepping stone on the way toward the 
development of energy systems that no longer depend on finite resources. On a more 
pessimistic note, fossil fuels may also leave as their primary legacy the permanent 
degradation of the planetary ecosystem, from climate change and various types of toxic 
pollution. The outcome depends both on how we manage the consumption of fossil 
fuels going forward and on how we manage the development of nonfossil alternatives.

5-4 Summary
Concern about the future availability of fossil fuels, and in particular oil and gas, is one of 
the other major drivers of transformation of worldwide energy systems at the present time. 
Among the three major conventional fossil fuel resources, coal is more plentiful and cheaper 
than oil or gas, but has the disadvantage of higher emissions of CO2 per unit of energy 
released. A comparison of the current rate of consumption to proven reserves of a fossil fuel 
provides some indication of its relative scarcity. However, in order to more accurately 
predict the future course of annual output of the resource, it is necessary to take into account 
the rising, peaking, and decline of output, using a tool such as the Hubbert curve. With the 
awareness that conventional oil and gas output will decline over the next few decades, 
nonconventional resources such as oil shale, tar sands, and synthetic fuels from coal are 
generating more interest. These options have the potential to greatly extend the use of fossil 
fuels, but must also be developed with greatly reduced emission of CO2 to the atmosphere 
in order to support the goal of preventing climate change.
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Exercises
1. CO2 intensity: Per kilogram of fuel combusted, the following fuels release the following 
amounts of energy: butane (C4H10), 50 MJ; wood (CH2O), 10 MJ; gasoline (C8H18), 50 MJ; coal 
(pure carbon), 30 MJ. Calculate the energy released per kilogram of CO2 emitted for these fuels.
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2. Comparison of consumption and reserves: Research archived information on the internet or in 
other sources to find published comparisons from the past of oil consumption and proven reserves 
in a given year, for the United States or other country, or for the whole world. Create a table using 
these sources, reporting the following information from each source on separate line in the table: 
year for which the data is provided, consumption in that year, reserves in that year, ratio of reserves 
to consumption. From your data, does the reserves-to-consumption ratio appear to be increasing, 
decreasing, or holding constant?

3. Effect of using synthetic fuels on CO2 emissions: a compact passenger car that runs on natural 
gas emits 0.218 kg CO2 per mile driven. 
 a. What is the mass and energy content of the fuel consumed per mile driven? 
 b.  Suppose the vehicle is fueled with synthetic natural gas that is derived from coal. Forty 

percent of the original energy in the coal is used to convert the coal to the synthetic gas. 
What is the mass of coal consumed and new total CO2 emissions per mile? Consider only 
the effect of using coal instead of gas as the original energy source, and the conversion loss; 
ignore all other factors. Also, for simplicity, treat natural gas as pure methane and coal as 
pure carbon.

4. Hubbert curve: Suppose the EUR for world conventional oil resources is 3.5 trillion barrels. 
Find on the internet or other source data on the historical growth in world oil production from 
1900 to the present. Then use the Hubbert curve technique to predict: 
 a. the year in which the consumption peaks
 b. the world output in that year
 c. the year following the peak in which the output has fallen by 90% compared to the peak.

5. An oil company refines crude oil valued at $62/barrel and sells it to motorists at its retail 
outlets. The price is $2.90/U.S. gallon ($0.77/L). On a per unit basis (e.g., per gallon or per liter), 
by what percentage has the price increased going from crude oil before refining to final sale to 
the motorist?

6. Repeat problem 5, with oil at $100/barrel and retail outlet price at $4.00/gal ($1.06/L).
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CHAPTER 6 
Stationary Combustion 

Systems

6-1 Overview
At the present time, most of the world’s electricity is produced using combustion 
technologies that convert fossil fuels to electricity. Since it would likely take years or 
even decades to develop the capacity to significantly increase the share of electricity 
generated from alternative sources that do not rely on the combustion of fossil fuels, 
there is scope for an intermediate step of implementing more efficient stationary 
combustion technologies, as outlined in this chapter. These technologies have an 
application both in reducing fossil fuel consumption and CO2 emissions in the short 
to medium term, and as part of large-scale combustion-sequestration systems in the 
future. This chapter first explains the main technical innovations that comprise the 
advanced combustion systems useful for improving conversion efficiency. The second 
half of the chapter considers economic analysis of investment in these systems, 
environmental aspects, and possible future designs. Mobile combustion technologies 
for transportation, such as internal combustion engines, are considered later in 
Chaps. 13 and 14.

6-2 Introduction
At the heart of the modern electrical grid system are the combustion technologies 
that convert energy resources such as fossil fuels into electrical energy. These 
technologies are situated in electrical power plants, and consist of three main 
components: (1) a means of converting fuel to heat, either a combustion chamber for gas-
fired systems or a boiler for systems that use water as the working fluid; (2) a turbine 
for converting heat energy to mechanical energy; and (3) a generator for converting 
mechanical energy to electrical energy (see Fig. 6-1). Since fossil fuels are the leading 
resource for electricity generation, the majority of all of the world’s electricity is 
generated in these facilities. In addition, nuclear and hydro power plants use these 
three components in some measure, although in nuclear power the heat source for 
boiling the working fluid is the nuclear reaction, and in hydro power there is no fuel 
conversion component.

125
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At present there exists a strong motivation to develop and install an efficient new 
generation of combustion-based generating systems. This new generation of systems 
can meet the following goals:

• Reduce CO2 emissions until other technologies can meet a significant share of electricity 
demand: In the short- to medium-term, replacing obsolete, inefficient turbine 
technology with the state of the art can make a real difference in reducing energy 
consumption and CO2 emissions. As a comparison, renewable technologies 
such as wind or solar power are capital intensive, and also require a large up-
front capacity to build and install equipment. Even with manufacturing facilities 
for solar panels and wind turbines working at or near capacity at the present 
time, each year the total installed capacity of equipment installed from these 
facilities adds only a small percentage to the total quantity of electricity 
generated. The manufacturing capacity to build these systems is currently 
expanding, which accelerates the installation of renewable energy systems, but 
this expansion also takes time. Manufacturing the components of a new 
combustion turbine takes less time than the production of the number of wind 
turbines or solar panels with an equivalent annual output, and the distribution 
system for incoming fuel and outgoing electricity is already in place. Therefore, 
upgrading fossil-fuel combustion systems to the state of the art can have a 
relatively large effect in a short amount of time.

• Enable the conversion of biofuels as well as fossil fuels to electricity and heat: Feedstocks 
made from biofuel crops and forest products can be combusted in energy 
conversion systems in the same way that fossil fuels are combusted, but without 
releasing net CO2 to the atmosphere, since the carbon in biofuels comes from 
the atmosphere in the first place. This resource is already being used for 
generating electricity in a number of countries, and its application will likely to 
grow in the future, bounded mainly by the need of balance providing feedstocks 

FIGURE 6-1 Schematic of components of coal-fi red electric plant, with conversion of coal to 
electricity via boiler, turbine, and generator. 

Note the presence of a large natural or human-made source of cooling water. (Source: Tennessee 
Valley Authority, U.S. Federal Government.)
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for energy and feeding people. The use of biofuels for electricity will depend, for 
the foreseeable future, both on maintaining existing combustion-based generating 
stations and including biofuels in the mix of fuels combusted, and on adding new 
biofuel-powered plants, where appropriate. Heat that is exhausted from these 
conversion processes as a by-product can be used for other applications as well.1

• Prepare the way for conversion of fossil fuels to electricity with sequestration of by-product 
CO2: In coming years, existing power generating stations may be retrofitted or 
modified with equipment that can separate CO2 generated in the energy 
conversion process, and transfer it to a sequestration facility (see Chap. 7). Such 
technology would make the use of fossil fuels viable in the long run, perhaps for 
several centuries, as described at the end of Chap. 5.

In all three of these cases, the electric utility sector will put a premium on having 
maximum possible efficiency, whether for reasons of minimizing CO2 emissions to the 
atmosphere, or maximizing the amount of energy produced from biofuels, or minimizing 
the investment required in new sequestration reservoirs. With these motivations in 
mind, the rest of this chapter reviews recent developments in high-efficiency combustion 
technology.

6-2-1 A Systems Approach to Combustion Technology
Both “technology-focused” and “systems-focused” approaches can improve combustion 
technology. From a technological perspective, combustion efficiency can be improved, 
for example, when metallurgists develop materials that can withstand a higher 
maximum temperature, enabling the installation of a steam or gas turbine that can 
operate at a higher temperature and which is therefore more efficient. The systems 
perspective, on the other hand, attempts to answer questions such as 

 1. What is the underlying question that we are trying to answer when imple-
menting a technology?

 2. Where have we drawn boundaries around the systems design problem in the 
past, where perhaps changing those boundaries might lead to new solutions in 
the future?

 3. How can we apply existing technology in new ways? 

 4. How can we merge the solution to the current problem with the solution to a 
different problem in order to create a new solution? 

As opportunities for incremental improvement become harder to achieve, the use of 
a systems perspective to “think outside the box” will become increasingly important. 

This type of systems analysis will be especially important with implementing 
carbon sequestration from combustion systems. A range of options will likely emerge 
over time for separating out CO2 from other by-products, some more radically different 
from the current turbine designs than others. Electric utilities will be faced with trade-
offs between retrofits, that have lower capital cost but are more costly to operate per 
unit of CO2 reduced, and fundamentally different technologies, that sequester CO2 at a 
lower cost but at the expense of a high upfront investment. In some instances, utilities 

1Specific requirements for using biofuels in combustion systems are treated in greater detail elsewhere. 
See, e.g., Progressive Management (2003), Tester, et al. (2005), Chap. 10, or Sorensen (2002), Chap. 2.
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may have opportunities to prepare for sequestration in the future, by upgrading power 
generating facilities in the near term in such a way that they are more accessible to a 
sequestration retrofit in the future. Such a step presents a financial risk in itself, because 
making a facility “sequestration-ready” entails an additional cost, and it cannot be 
known when or even if these adaptations will deliver a return in the form of actually 
capturing and sequestering carbon. In any case, the presentation of technologies in this 
chapter is linked to the question of both reducing CO2 generated in the first place and 
preparing for sequestration. 

6-3 Fundamentals of Combustion Cycle Calculation
Any discussion of combustion cycles begins with a review of the underlying 
thermodynamics. Recall that both the quantity of energy available, or enthalpy, and the 
quality of the energy, or entropy, are important for the evaluation of a thermodynamic 
cycle. According to the first law of thermodynamics, energy is conserved in thermal 
processes. In an energy conversion process with no losses, all energy not retained by the 
working fluid would be transferred to the application, for example, mechanical motion 
of the turbine. In practical energy equipment, of course, losses will occur, for example, 
through heat transfer into and out of materials that physically contain the working 
fluid. According to the second law of thermodynamics, a combustion cycle can only return 
from its initial state of entropy back to that state with an entropy of equal or greater 
value. A process in which entropy is conserved is called isentropic; for simplicity, 
examples in this chapter will for the most part assume an isentropic cycle, although in 
real-world systems, some increase in entropy is inevitable. Further review of this 
material is not covered in this book, but is widely available in other books specifically 
on the subject of engineering thermodynamics.2

The Carnot limit provides a useful benchmark for evaluating the performance of a 
given thermodynamic cycle. Let TH and TL be the high and low temperatures of a thermo-
dynamic process, for example, the incoming and outgoing temperature of a working 
fluid passing through a turbine. The Carnot efficiency ηCarnot is then defined as 

 
ηCarnot =

−( )T T
T

H L

H  
(6-1)

or, in other words, the ratio of the change in temperature to the initial temperature of 
the fluid. The Carnot limit states that the efficiency value of a thermodynamic cycle 
cannot exceed the Carnot efficiency. This quantitative limit on efficiency points in 
the direction of increasing TH and decreasing TL in order to maximize cycle efficiency.

Enthalpy is measured in units of energy per unit of mass, for example, kJ/kg in metric 
units or BTU/lb in standard units. Entropy is measured in units of energy per unit of 
mass-temperature, for example, kJ/kg·K in metric units or BTU/lb·°R in standard units, 
where °R stands for degrees Rankine, and TRankine = TFahrenheit + 459.73. Analysis of combustion 
cycles relies heavily on obtaining enthalpy and entropy from thermodynamic tables that are 
published for water, saturated steam, superheated steam, and air.

2See, for example, Cengel and Boles (2006) or Wark (1983).
3In other words, to convert temperature in degrees Fahrenheit to degrees Rankine, add 459.7, and vice 
versa. For purposes of looking up values in the tables in the Appendices, the conversion can be rounded 
to TRankine = TFahrenheit + 460.
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In subsequent sections, the objective is to evaluate the theoretical efficiency of 
combustion cycles, as a function of the available energy in the heat added from the fuel 
source, the output from the system (turbine work or process heat), and the work 
required for parasitic loads, that is, to operate pumps, compressors, and so on, that are 
part of the cycle. The objective, for a given amount of heat input, is to maximize output 
while minimizing internal work requirements, or in other words to improve the thermal 
efficiency hth: 

 
ηth

out in

in

=
−w w

q  
(6-2)

Here wout is the work output from the system, win is the work input required, and qin is the 
heat input. It will be seen, as we progress from simple to more complex cycles, that by 
adding additional components to cycles, it is possible to significantly improve efficiency. 
In real-world applications, these improvements of course come at the expense of higher 
capital cost, so the economic justification for additional complexity is important.

6-3-1 Rankine Vapor Cycle
The Rankine vapor cycle is the basis for a widely used combustion cycle that uses coal, 
fuel oil, or other fuels to compress and heat water to vapor, and then expand the vapor 
through a turbine in order to convert heat to mechanical energy. It is named after the 
Scottish engineer William J.M. Rankine, who first developed the cycle in 1859. A 
schematic of a simple Rankine device is shown in Fig. 6-2, along with the location of the 
four states in the cycle shown along the path of the working fluid. The following stages 
occur between states in the cycle:

 1. 1-2 Compression of the fluid using a pump

 2. 2-3 Heating of the compressed fluid to the inlet temperature of turbine, including 
increasing temperature to boiling point, and phase change from liquid to vapor 

 3. 3-4 Expansion of the vapor in the turbine

 4. 4-1 Condensation of the vapor in a condenser

The fluid is then returned to the pump and the cycle is repeated.

FIGURE 6-2 Schematic of components in simple Rankine device. 
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The heat input and work output of the cycle are calculated based on the enthalpy value 
at the stages of the process. For heat input, the enthalpy change is h3 – h2. For the work 
output, the enthalpy change is h3 – h4. The pump work is calculated based on the amount 
of work required to compress the fluid from the initial to the final pressure, that is

 
w v P Pfpump = −( )2 1  (6-3)

Here vf is the specific volume of the fluid, measured in units of volume per unit mass. 
We first consider the case of a simple Rankine cycle that is ideal, meaning that both 

compression through the pump and expansion in the turbine are isentropic. In this 
cycle, the pump and boiler transform water into saturated steam leaving the boiler and 
entering the turbine, that is, no part of the vapor remains as fluid. The exhaust from the 
turbine is then transformed into saturated liquid leaving the condenser, that is, no part 
remaining as a gas. The enthalpy and entropy values at states 1 and 3 can be read 
directly from the tables. The evaluation of enthalpy at the pump exit (state 2) depends 
on work performed during pumping. The evaluation of enthalpy at the turbine exit 
makes use of the isentropic process and the known value of entropy in states 3 and 4. 

At the turbine exit, the working fluid exists as a mixture of liquid and vapor, which 
is then condensed back to a saturated liquid for reintroduction into the pump at state 1. 
The quality of this mixture, x, is the ratio of the difference between the change in entropy 
from s4 to fluid, and the maximum possible change in entropy to between saturated 
steam and saturated liquid at that temperature, that is

x
s s
s s

f

g f

=
−
−

4

The change in enthalpy is proportional to the change in entropy, so the value of the 
quality can be used to calculate the enthalpy at state 4. Evaluation of the efficiency of a 
Rankine cycle is illustrated in Example 6-1 using metric units and Example 6-2 using 
standard units.4 For both metric and standard units, refer to Fig. 6-3 for the relationship 
between temperature and entropy in the different stages of the cycle.

Example 6-1 Metric units: An ideal Rankine cycle with isentropic compression and expansion operates 
between a maximum pressure of 4 MPa at the turbine entry and 100 kPa in the condenser. Calculate the 
thermal efficiency for this cycle. Compare to the Carnot efficiency based on the temperature difference 
between extremes in the cycle.

Solution The cycle is represented in the accompanying temperature-entropy (T-s) diagram. At the 
beginning of the analysis, it is useful to present all enthalpy and entropy values that can be read 
directly from steam tables, as follows:

h3 = 2800.8 kJ/kg (enthalpy of saturated water vapor at 4 MPa)

h1 = 417.5 kJ/kg (liquid water at 100 kPa)

s3 = s4 = 6.070 kJ/kg · K (due to isentropic expansion)

Pump work: The change in pressure is 4 – 0.1 = 3.9 MPa. The specific volume of water at 100 kPa is 
0.104 m3/kg. Therefore, the pump work is

wpump m /kg MPa kJ/kg= × =0 00104 3 9 4 03. . .
 

4Examples 6-1, 6-2, 6-4, and 6-5 are based on example problems in Wark (1984), Chaps. 16 and 17.
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It follows that h2 = h1 + wpump = 417.5 + 4.0 = 421.5 kJ/kg.

Turbine output: In order to solve for the work output from the turbine, we need to evaluate h4. First, 
evaluate the quality of the steam leaving the turbine, that is, the percent of the mixture that is vapor. 
Use the entropy values for liquid water and saturated steam at 100 kPa:

sf = 1.3028 kJ/kg·K

sg = 7.3589 kJ/kg·K

The quality x is then 

x
s s
s s

f

g f

=
−
− = −

− =4 6 0696 1 3028
7 3589 1 3028

78
. .
. .

.77%

Using the enthalpy values from the tables for liquid water and saturated steam at 100 kPa, hf = 417.5 
and hg = 2675.0 kJ/kg, h4 is calculated by rearranging:

x
h h
h h

h x h h h

f

g f

g f f

=
−
−

= − + = −

4

4 0 787 2675 0 417( ) . ( . .. ) . .5 417 5 2194 5+ = kJ/kg

Overall efficiency is then 

ηth
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=
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=
− −

−
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q
2800 8 2194 5 4 0

2800 8 4421 5
25 3

. )
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Comparison to Carnot efficiency: From the steam tables, water that has been completely condensed at 
a pressure of 100 kPa has a temperature of 99.6°C, or 372.7 K. Saturated steam at a pressure of 4 MPa 
has a temperature of 250.4°C, or 523.5 K. The Carnot efficiency is then

ηCarnot

( ) ( . . )
.

. %=
−

= − =
T T

T
H L

H

523 5 372 7
523 5

28 8

This example illustrates how the Rankine cycle efficiency is somewhat less than the maximum possible 
efficiency dictated by the Carnot limit.

FIGURE 6-3 Temperature-entropy diagram for the ideal Rankine cycle.
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Example 6-2 Standard units: An ideal Rankine cycle with isentropic compression and expansion 
operates between a maximum pressure of 400 psi at the turbine entry and 14.7 psi in the condenser. 
Calculate the thermal efficiency for this cycle. Compare to the Carnot efficiency based on the 
temperature difference between extremes in the cycle.

Solution At the beginning of the analysis, it is useful to present all enthalpy and entropy values that 
can be read directly from steam tables, as follows:

h3 = 1205.0 BTU/lb (enthalpy of saturated water vapor at 400 psi)

h1 = 180.2 BTU/lb (liquid water at 14.7 psi)

s3 = s4 = 1.4852 BTU/lb · °R (due to isentropic expansion)

Pump work: The change in pressure is 400 – 14.7 = 385.3 psi. The specific volume of water at 14.7 psi 
is 0.01672 ft3/lb. Therefore, the pump work is

wpump

3 2ft /lb lb/in in /f
=

( . )( . )(0 01672 385 3 1442 tt
ft lb/BTU

BTU/lb
2

778
1 2

)
.− =

It follows that h2 = h1 + wpump = 180.2 + 1.2 = 181.4 BTU/lb.

Turbine output: In order to solve for the work output from the turbine, we need to evaluate h4. First 
evaluate the quality of the steam leaving the turbine, that is, the percent of the mixture that is vapor. 
Use the entropy values for liquid water and saturated steam at 14.7 psi:

sf = 0.3121 BTU/lb·°R

sg = 1.7566 BTU/lb·°R

The quality x is then 

x
s s
s s

f

g f

=
−
− =

−
− =4 1 4852 0 3121

1 7566 0 3121
81

. .

. .
.22%

Using the enthalpy values from the tables for liquid water and saturated steam at 14 psi, hf = 180.2 
and hg = 1150.3 BTU/lb, h4 is calculated by rearranging:

x
h h
h h

h x h h h

f

g f

g f f

=
−
−

= − + = −

4

4 0 812 1150 3 180( ) . ( . .. ) . .2 180 2 967 7+ = BTU/lb

Overall efficiency is then 

ηth
out in

in

=
−

=
− −

−
w w

q
( . . ) .

( .
1205 0 967 7 1 2

1205 0 1881 4
23 1

. )
. %=

Comparison to Carnot efficiency: From the steam tables, water that has been completely condensed 
at a pressure of 14.7 psi has a temperature of 212°F (617.7°R). Saturated steam at a pressure of 400 psi 
has a temperature of 444.6°F (904.3°R). The Carnot efficiency is then

ηCarnot
H L

H

T T
T

=
−

=
−

=
( ) ( . . )

.
. %

904 3 617 7
904 3

25 7

This example illustrates how the Rankine cycle efficiency is somewhat less than the maximum possible 
efficiency dictated by the Carnot limit.
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Effect of Irreversibilities on Overall Performance
The pump and turbine in Example 6-1 were assumed to be 100% efficient; for example, 
the turbine is assumed to convert all the thermal energy available in the enthalpy change 
of 606.6 kJ/kg into turbine work. In practice, these devices are less than 100% efficient, 
and efficiency losses will affect the calculation of hth. Pursuing the turbine example 
further, let hturbine be the efficiency of the turbine, so that the actual output from the 
turbine is wactual = hturbine(wisentropic), where wisentropic is the work output value assuming no 
change in entropy. Applying the actual turbine efficiency in the analysis of the Rankine 
cycle affects the calculation of the exit enthalpy value, as shown in Example 6-3.

Example 6-3 Suppose the turbine in Example 6-1 has an efficiency of 85%, and that the pump operates 
isentropically. Recalculate the efficiency of the cycle.

Solution Recalculating the output from the turbine gives wactual = 0.85(606.3) = 515.4 kJ/kg. The value 
of the turbine exit enthalpy is h4 = h3 − wactual = 2800.8 – 515.4 = 2285.4 kJ/kg. Since the value of h4 is 
increased compared to the isentropic case, it should be verified the exhaust exits the turbine as wet 
steam, that is, h4 < hg, which holds in this case. The overall efficiency is then

 
ηth

actual in

in

=
−

=
−

− =
w w

q
515 4 4 0

2800 8 421 5
. .

( . . )
221 5. %

 

Thus the introduction of the losses in the turbine reduce the efficiency of the cycle by 3.8 percentage 
points.

Example 6-2 shows that taking into account efficiency losses in components such as 
the turbine can significantly reduce the calculated efficiency of the cycle. The effect of 
irreversibilities in other equipment, such as pumps and compressors, can be applied to other 
combustion cycles presented in this chapter. Heat and frictional losses from the steam to the 
surrounding pump and turbine walls, ductwork, and so on, lead to additional losses. 

6-3-2 Brayton Gas Cycle
For a gaseous fuel such as natural gas, it is practical to combust the gas directly in the 
combustion cycle, rather than using heat from the gas to convert water to vapor and then 
expand the water vapor through a steam turbine. For this purpose, engineers have 
developed the gas turbine, which is based on the Brayton cycle. This cycle is named after 
the American engineer George Brayton, who in the 1870s developed the continuous 
combustion process that underlies the combustion technique used in gas turbines today.

A schematic of the components used in the Brayton cycle is shown in Fig. 6-4, along 
with numbered states 1 to 4 in the cycle. The following stages occur between states:

 1. 1-2 Air from the atmosphere is drawn in to the system and compressed to the 
maximum system pressure.

 2. 2-3 Fuel is injected into the compressed air, and the mixture is combusted at 
constant pressure, heating it to the system maximum temperature.

 3. 3-4 The combustion products are expanded through a turbine, creating the 
work output in the form of the spinning turbine shaft.

Note that unlike the Rankine cycle, there is no fourth step required to return the 
combustion products from the turbine to the compressor. A gas cycle requires a continual 
supply of fresh air for combustion with the fuel injected in stage 2-3, and it would not 
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be practical to separate uncombusted oxygen from the turbine exhaust for return to the 
compressor. Therefore, combustion products after stage 3-4 are either exhausted directly 
to the atmosphere, or passed to a heat exchanger so that heat remaining in the combustion 
products can be extracted for some other purpose. Another difference is that the 
amount of work required for adding pressure is much greater in the case of the Brayton 
cycle. In the Rankine cycle, the amount of work required to pressurize the water is 
small, because liquid water is almost entirely incompressible. On the other hand, air 
entering the Brayton cycle is highly compressible, and requires more work in order to 
achieve the pressures necessary for combustion and expansion.

As with the Rankine cycle, calculating the cycle efficiency requires calculation of the 
enthalpy values at each stage of the cycle. Alternative approaches exist for calculating 
enthalpies; here we use the relative pressure of the air or fuel-air mixture at each stage to 
calculate enthalpy. The relative pressure is a constant parameter as a function of 
temperature for a given gas, as found in the air tables in the appendices. Since the 
amount of fuel added is small relative to the amount of air, it is a reasonable simplification 
to treat the air-fuel mixture as pure air at all stages of the cycle.

If one relative pressure value and the compression ratio in the gas cycle are known, 
they can be used to obtain the other relative pressure value, as follows. Suppose the gas 
entering a compressor has a relative pressure pr1, and the compression ratio from state 1 
(uncompressed) to state 2 (compressed) is P2/P1. The state 2 relative pressure is then

 
p p

P
Pr r2 1

2

1

= ⎛
⎝⎜

⎞
⎠⎟  

(6-4)

The calculation for relative pressure leaving the turbine is analogous, except that one 
divides by the compression ratio to calculate the exit pr. Both calculations are demonstrated 
in Example 6-4 with metric units and Example 6-5 with standard units. For both metric 
and standard units, refer to Fig. 6-5 for the relationship between temperature and entropy 
in the different stages of the cycle.

FIGURE 6-4 Components in Brayton cycle.
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Example 6-4 Metric units: A Brayton gas cycle operates with isentropic compression and expansion, as 
shown in the accompanying T-s diagram. Air enters the compressor at 95 kPa and ambient temperature 
(295 K). The compressor has a ratio of 6:1, and the compressed air is heated to 1100 K. The combustion 
products are then expanded in a turbine. Compute the thermal efficiency of the cycle.

Solution From the air tables, the values for enthalpy and relative pressure at states 1 and 3 are known, 
that is, h1 = 295.2 kJ/kg, pr1 = 1.3068, h3 = 1161.1 kJ/kg, pr3 = 167.1. In order to solve for heat added 
in the combustor, work output from the turbine, and work required for the compressor, we need to 
solve for h2 and h4. 

Taking h2 first, it is observed that since the compression ratio is 6:1, the relative pressure leaving the 
compressor is  pr2 = pr1(6) = 7.841. The value of h2 can then be obtained by interpolation in the air tables. 
From the tables, air at T = 490 K has a relative pressure of pr = 7.824, or approximately the same as pr2, 
so h2 is approximately the enthalpy at T = 490 K from the table, or h2 = 492.7 kJ/kg.

For h4, it is necessary to interpolate between values in the table, as follows. First calculate  pr4 = pr3/6 = 
27.85. From the tables, air at T = 690 K has a relative pressure of pr = 27.29, and air at T = 700 K has a 
relative pressure of pr = 28.8, so we calculate an interpolation factor f:

f = −
− =27 85 27 29

28 8 27 29
0 37

. .
. .

.

From the tables, enthalpy values at T = 690 and 700 K are 702.5 and 713.3 kJ/kg, respectively, so h4

can be obtained:

h4 702 5 0 37 713 3 702 5 706 5= + − =. . ( . . ) . kJ/kg

Linear interpolation is commonly used in this way to obtain values not given directly in the tables. It 
is now possible to calculate heat input, turbine work, and compressor work:

qin = h3 − h2 = 1161.1 – 492.7 = 668.4 kJ/kg

wturbine = h3 – h4 = 1161.1 – 706.5 = 454.6 kJ/kg

wcompressor = h2 – h1 = 492.7 – 295.2 = 197.5 kJ/kg

FIGURE 6-5 Temperature-entropy diagram for the ideal Brayton cycle. 

Note that in a practical Brayton cycle, the expanded gas-air mixture is exhausted to the 
environment upon exiting the turbine, rather than being cooled at constant pressure from 
state 4 to 1 and reintroduced into the cycle, as suggested by the diagram.
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The overall cycle efficiency is then

ηth
turbine compressor

in

=
−

=
−w w

q
454 6 197 5

668
. .

.44
38 5= . %

Discussion The value of the compressor work in this ideal cycle is 43% of the total turbine work. 
Furthermore, these ideal compressor and turbine components do not take into account losses that 
would occur in real-world equipment. Losses in the compressor increase the amount of work required 
to achieve the targeted compression ratio, while losses in the turbine reduce the work output. Thus 
the actual percentage would be significantly higher than 43%. This calculation shows the importance 
of maximizing turbine output and minimizing compressor losses in order to create a technically and 
economically viable gas turbine technology.

Example 6-5 Standard units: A Brayton gas cycle operates with isentropic compression and expansion. 
Air enters the compressor at 14.5 psi and 80°F. The compressor has a ratio of 6:1, and the compressed 
air is heated to 1540°F. The combustion products are then expanded in a turbine. Compute the thermal 
efficiency of the cycle.

Solution From the air tables, the values for enthalpy and relative pressure at states 1 and 3 are known, 
that is, h1 = 129.1 BTU/lb, pr1 = 1.386, h3 = 504.7 BTU/lb, pr3 = 174. In order to solve for heat added 
in the combustor, work output from the turbine, and work required for the compressor, we need to 
solve for h2 and h4. 

Taking h2 first, it is observed that since the compression ratio is 6:1, the relative pressure leaving the 
compressor is  pr2 = pr1(6) = 8.316. The value of h2 can then be obtained by interpolation in the air tables. 
From the tables, air at T = 880°R has a relative pressure of pr = 7.761, and air at T = 900°R has a relative 
pressure of pr = 8.411, so we calculate an interpolation factor f:

f = −
− =8 316 7 761

8 411 7 761
0 854

. .

. .
.

From the tables, enthalpy values at T = 880 and 900°R are 211.4 and 216.3 BTU/lb, respectively, so h2

can be obtained:

h2 211 4 0 854 216 3 211 4 215 6= + − =. . ( . . ) . BTU/lb

By similar calculation, we obtain for state 4 a value of pr = 174/6 = 29 and h4 = 307.1.

It is now possible to calculate heat input, turbine work, and compressor work:

qin = h3 – h2 = 504.7 – 215.6 = 289.1 BTU/lb

wturbine = h3 – h4 = 504.7 – 307.1 = 197.6 BTU/lb

wcompressor = h2 – h1 = 215.6 – 129.1 = 86.5 BTU/lb

The overall cycle efficiency is then

ηth
turbine compressor

in

=
−

= −w w
q

197 6 86 5
289 1
. .

.
== 38 4. %

Discussion The value of the compressor work in this ideal cycle is 44% of the total turbine work. 
Furthermore, these ideal compressor and turbine components do not take into account losses that 
would occur in real-world equipment. Losses in the compressor increase the amount of work required 
to achieve the targeted compression ratio, while losses in the turbine reduce the work output. Thus the 
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actual percentage would be significantly higher than 44%. This calculation shows the importance of 
maximizing turbine output and minimizing compressor losses in order to create a technically and 
economically viable gas turbine technology.

6-4 Advanced Combustion Cycles for Maximum Efficiency
In the preceding examples, we calculated efficiency values of 25% for a Rankine cycle 
and 38% for a Brayton cycle, before taking into account any losses. Not only are there 
significant losses within a combustion cycle, but there are also losses in boiler system 
that converts fuel to heat in the case of the Rankine cycle, as well as slight losses in the 
generator attached to the turbine (modern generators are typically on the order of 98% 
efficient, so the effect of these losses is limited). Given the large worldwide expenditure 
each year on fuel for producing electricity, and the pressure to reduce pollution, it is not 
surprising that engineers have been working on improvements to these cycles for many 
decades. While it is not possible in this section to present every possible device or 
technique used to wring more output from the fuel consumed, three major improvements 
have been chosen for further exploration, namely, the supercritical cycle, the combined 
cycle, and the combined heat and power system.

6-4-1 Supercritical Cycle
One way to increase the efficiency of the Rankine cycle is to increase the pressure at 
which heat is added to the vapor in the boiler. In a conventional Rankine cycle such as 
that of Example 6-1, the water in the boiler is heated until it reaches the saturation 
temperature for water at the given pressure, and then heated at a constant temperature 
in the liquid-vapor region until it becomes saturated steam. However, if sufficiently 
compressed, the fluid exceeds the critical pressure for water and does not enter the 
liquid-vapor region. In this case, the process is called a supercritical cycle, and the boiler 
achieves a temperature that is in the supercritical region for water, as shown in Fig. 6-6. 
In the supercritical region, there is no distinction between liquid and gas phases.

FIGURE 6-6 T-s diagram showing sub- and supercritical regions, and supercritical Rankine cycle.
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In the early years of the large-scale power generation, it was not possible to take 
advantage of the supercritical cycle, due to the lack of materials that could withstand 
the high temperatures and pressures at the turbine inlet. Breakthroughs in materials 
technology in the mid-twentieth century made possible the use of the supercritical 
cycle. The first fossil-fuel powered, supercritical power plant was opened in 1957 near 
Zanesville, Ohio, United States, and since that time many more such plants have been 
built.

Example 6-6 illustrates the benefit to efficiency of the supercritical cycle.

Example 6-6 Suppose the cycle in Example 6-1 is modified so that the boiler reaches a supercritical 
pressure of 35 MPa and temperature of 600°C. The condenser remains unchanged. Assume isentropic 
pump and turbine work. By how many percentage points does the efficiency improve?

Solution From the tables, characteristics for the turbine inlet are h3 = 3399.0 kJ/kg and s3 = 6.1229 kJ/kg·K.
Given the much higher maximum pressure, the amount of pump work increases significantly:

wpump m /kg MPa kJ/kg= × =0 00104 34 9 36 33. . .

Thus h2 = h1 + wpump = 417.5 + 36.3 = 453.8 kJ/kg. It will be seen that the benefits to turbine output more 
than offset the added pump work. Using s3 = s4 = 6.1229, the quality of the steam is now x = 79.6%. 
Therefore the enthalpy at the turbine exit is

h4 kJ/kg= − + =0 796 2675 5 417 5 417 5 2214 0. ( . . ) . .

The overall efficiency has now improved to 

ηth =
− −

− =
( . . ) .

( . . )
.

3399 0 2214 2 33 2
3399 0 453 8

39 0%%

Therefore, the turbine output increases to 1184.8 kJ/kg, and the improvement in efficiency is 13.7 
percentage points. Note that Carnot efficiency has changed as well:

ηCarnot =
−

=
−

=
( ) ( . . )

.
. %

T T
T

H L

H

873 1 372 7
873 1

57 3

Thus there is a significant gap between the calculated efficiency and the Carnot limit for the cycle 
given here.

Example 6-6 shows that, without further adaptation, there is a wide gap between 
the calculated efficiency and the Carnot limit. One possible solution is the use of a 
totally supercritical cycle, in which the fluid leaves the turbine at a supercritical 
pressure, is cooled at constant pressure to an initial temperature below the critical 
temperature, and then pumped back up to the maximum pressure for heating in the 
boiler. Narrowing the range of pressures over which the system operates tends to 
increase efficiency, all other things equal.

6-4-2 Combined Cycle 
Let us return to the Brayton cycle introduced in Sec. 6-4. It was mentioned that the 
remaining energy in the exhaust from the gas turbine can be put to some other use in 
order to increase overall system output. If the exhaust gas temperature is sufficiently 
high, one innovative application is to boil water for use in a Rankine cycle, thus effectively 
powering two cycles with the energy in the gas that is initially combusted. This process 
is called a combined gas-vapor cycle, or simply a combined cycle; the components of a 
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combined cycle system are shown in Fig. 6-7. Oklahoma Gas & Electric in the United 
States first installed a combined-cycle system at their Belle Isle Station plant in 1949, and 
as the cost of natural gas has risen, so has the interest in this technology in many countries 
around the world.

The combined cycle consists of the following steps:

 1. Gas-air mixture is combusted and expanded through a turbine, as in the 
conventional Brayton cycle.

 2. The exhaust is transferred to a heat exchanger where pressurized, unheated 
water is introduced at the other end. Heat is transferred from the gas to the 
water at constant pressure so that the water reaches the desired temperature for 
the vapor cycle.

 3. Steam exits the heat exchanger to a steam turbine, and gas exits the heat 
exchanger to the atmosphere.

FIGURE 6-7 Schematic of combined cycle system components.
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 4. Steam is expanded through the turbine and returned to a condenser and pump, 
to be returned to the heat exchanger at high pressure.

In practice, a typical combined cycle facility consists of several gas turbines installed 
in parallel, with usually a smaller number of steam turbines also installed in parallel, 
downstream from the gas turbines. The rated capacity of the combined steam turbines 
is less than that of the gas turbines, since the limiting factor on steam turbine output is 
the energy available in the exhaust from the gas turbines.

To calculate the efficiency of the combined cycle, we first calculate the enthalpy 
values for the Brayton and Rankine cycles in isolation, and then determine the relative 
mass flow of gas and steam through the heat exchanger such that inlet and outlet 
temperature requirements are met. Let the prime symbol denote enthalpy values in 
the gas cycle, for example, h'

in denotes the value of enthalpy at the input from the gas 
cycle to the heat exchanger in Fig. 6-7, whereas hin denotes the value in the steam cycle 
at the heat exchanger entry. The mass flow is evaluated using a heat balance across 
energy entering and exiting the exchanger:

 E Ein out=  
(6-5)

Here Ein and Eout are the energy entering and exiting the exchanger, and losses are 
ignored. The enthalpy values of the gas and steam entering the exchanger are known 
from the Brayton and Rankine cycle analysis, as is the enthalpy of the steam exiting the 
exchanger. The enthalpy of the exiting gas is determined from the exit temperature of 
the gas from the exchanger. Now Eq. (6-5) can be rewritten in terms of enthalpy values 
and the mass flow mg and ms of the gas and steam:

 
m h m h m h m hg s g t s′ + = +in in ou out

'

 
(6-6)

Rearranging gives the value y of the ratio of steam to gas flow in terms of enthalpy 
values:

 
y

m
m

h h
h h

s

g

t= =
−
−

in
'

ou

out in

'

 
(6-7)

Note that the total net work delivered by the combined cycle is a combination of 
work delivered from both gas and steam turbines. Total net work is evaluated per unit 
of combustion gases, so the contribution of the steam turbine must be added 
proportionally, that is 

 
w w y wg t snet ne net= + ⋅. .  

(6-8)

Superheating of Steam in Combined Cycle
Steam whose temperature has been raised beyond the saturation temperature at a given 
pressure is called superheated steam. In the example of a combined cycle presented next, 
superheating is used to increase the efficiency of the steam cycle, since superheating 
raises the enthalpy of the steam entering the turbine. Because superheating increases qin
in Eq. (6-2), and the enthalpy at the turbine exit is also increased, reducing wout, the 
effect of superheating is diminished; however, across a range of superheating 
temperatures, the net change in efficiency is positive. In practice, superheating steam 
requires a separate piece of equipment from the boiler called a superheater, which is 
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installed between the boiler exit and turbine entrance, and is specifically designed to 
add heat to pure steam. Example 6-7 illustrates the effect of superheating in isolation. 
Example 6-8 presents the complete calculation of the efficiency of a combined cycle.

Example 6-7 Suppose the cycle in Example 6-1 is redesigned to superheat steam to 500°C at 4 MPa. 
What is the new efficiency of the cycle? Refer to the illustration in Example 6-6.

Solution From the superheated steam tables, the following values are obtained:

h3 = 3446.0 kJ/kg
s3 = s4 = 7.0922 kJ/kg·K

Recalculating the quality of the steam gives x = 95.6%, so now h4 = 2575.5 kJ/kg. The overall efficiency 
changes to

ηth =
− −

− =
( . . ) .

( . . )
. %

3446 0 2575 5 4 0
3446 0 421 5

28 6

Thus the overall efficiency increases by 3 percentage points compared to the original cycle.

Discussion Comparing Examples 6-7 and 6-1, the value of h3 increases by 645.2 kJ/kg, while the value of h4 
increases by 381.0 kJ/kg. The value of qin also increase by 645.2 kJ/kg, but because this increase is smaller 
in percentage terms compared to the original value of qin, the net change in efficiency is positive.

Example 6-85 Consider an ideal combined cycle with compression ratio of 7:1 in which air enters the 
compressor at 295 K, enters the turbine at 1200 K, and exits the heat exchanger at 400 K. In the steam 
cycle, steam is compressed to 8 MPa, heated to 400°C in the heat exchanger, and then condensed at 
a pressure of 10 kPa. Calculate the theoretical efficiency of this cycle, and compare to the efficiencies 
of the two cycles separately.

Solution Refer to the accompanying T-s diagram in Fig. 6-8. Note that the gas cycle enthalpy values 
in the table below are numbered 5 through 9, as in Fig. 6-7. First solve for the enthalpy values for the 
two cycles separately. These calculations are carried out similarly to Examples 6-3 and 6-5. For the gas 
cycle, we obtain the following values:

State pr h′

5 1.3068  295.2

6 9.1476  515.1

7 238 1277.8

8 34  747.3

Let us call the enthalpy of the gas leaving the heat exchanger h9. From the air tables, for 400 K we obtain 
h9 = 400.1 kJ/kg. On the steam side, we calculate the following table of values:

State h s

1  191.8 not used

2  199.9 not used

3 3139.4 6.3658

4 2015.2 6.3658

5This example is based on Cengel and Boles (2002), pp. 545–546.
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It is now possible to evaluate y for the exchanger from Eq. (6-7):

y
h h
h h

=
′ − ′

− = −
−

8 9

2 3

(747.3 400.1)
(3139.4 199.99)

= 0 118.

In order to calculate net work and efficiency, we first need the net work for the gas and steam cycles, 
wg.net and ws.net, respectively. From the above data, we obtain wg.net = 310.6 kJ/kg and ws.net = 1116.1 kJ/kg, 
and also qin = 762.7 kJ/kg for the gas cycle. Total net work and overall efficiency are as follows:

wtot

overall

kJ/kg= + =310 6 0 118 1116 1 442 4. ( . ) . .

η == = =
w
qin

tot 442 4
762 7

58 0
.
.

. %

This value compares very favorably to the efficiencies of each cycle separately. For the steam cycle, 
qs.in = 2938.3 kJ/kg. Thus hs = 1116.1/2939.5 = 38.0%, and hg = 310.6/762.7 = 40.7%. 

In actuality, the overall efficiency of the cycle in Example 6-8 would be less than 58% 
as calculated, due to the various losses in the system. However, with various 
modifications, efficiencies of up to 60% in actual plants are possible at the present time. 
Table 6-1 provides a sample of published design efficiency values for plants in various 
countries in Asia, Europe, and North America, including several in the 55 to 60% 
efficiency range.

6-4-3 Cogeneration and Combined Heat and Power
In the combined cycle systems discussed in Sec. 6-4-2, two different types of turbine 
technologies, namely gas and steam, are used for the single purpose of generating 
electricity. In a cogeneration system, a single source of energy, such as a fossil fuel, is used 

FIGURE 6-8 Combined cycle temperature-entropy diagram. 
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for more than one application. One of the most prominent types of cogeneration system 
is combined heat and power (CHP), in which a working fluid is used to generate electricity, 
and then the exhaust from the generating process is used for some other purpose, such 
as a district heating system for residential or commercial buildings located near the 
CHP power plant, or for process heat in an industrial process. Historically, CHP systems 
were popular in the early years of large-scale power generating plant in the early part 
of the twentieth century. Although they fell out of favor in the middle part of the century 
due to the relatively low cost of fossil fuels, in recent years interest has reemerged in 
CHP as fuel prices have climbed.

Hereafter we refer to these systems as cogeneration systems. Figure 6-9 provides a 
schematic for the components of a cogeneration system based on a steam boiler and 
turbine; a gas turbine system is equally possible. In addition to the pumps, boiler, 
turbine, and condenser seen previously, several new components are introduced:

Plant Name Country Efficiency

Baglan Bay United Kingdom 60%

Futtsu (Yokohama) Japan 60%

Scriba (New York State) United States 60%

Vilvoorde Belgium 56%

Seoinchon South Korea 55%

Ballylumford United Kingdom 50%

Avedore 2 Denmark 50%

Skaerbaek 3 Denmark 49%

TABLE 6-1 Thermal Efficiency at Design Operating Conditions for a 
Selection of Combined Cycle Power Plants

FIGURE 6-9 Schematic of components of a cogeneration system.
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• A process heater: This component extracts heat from incoming vapor flow and 
transfers it to an outside application, such as district heating. The fluid at the 
outlet is condensed to saturated water. Note that the steam extracted from 
the turbine for use in the process heater is partially expanded to the pressure 
of the heater. Steam not extracted for the heater is fully expanded in the turbine 
to the condenser pressure.

• An expansion valve: This valve permits the reduction in steam pressure so that 
the steam can pass directly from the boiler exit at higher pressure to the process 
heater at lower pressure, without expansion in the turbine. In an ideal expansion 
valve, the enthalpy of the steam is not changed, but the entropy is changed, due 
to the reduction in pressure and hence quality of the steam.

• A mixing chamber: This unit permits mixing of water from two different pumps 
before transfer to the boiler. Enthalpy of the exiting water is determined using 
a mass balance and energy balance across the mixing chamber.

The addition of new pathways for the working fluid compared to the simple 
Rankine cycle provides maximum flexibility to deliver the appropriate mixture of 
electricity and process heat. For example, during periods of high demand for process 
heat, it is possible to turn off flow to the turbine and pass all steam through the expansion 
valve to the process heater. Conversely, if there is no demand for process heat, all steam 
can be expanded completely in the turbine, as in a simple Rankine cycle. All combinations 
in between of electricity and process heat are possible.

To measure the extent to which the total energy available is being used in one form 
or the other, we introduce the utilization factor eu defined as 

 
εu

pW Q
Q

=
+net

in  
(6-9)

where Wnet is the net work output from the turbine, after taking into account pump 
work, and Qp is the process heat delivered. Utilization is different from efficiency in that 
it focuses specifically on the case of cogeneration/CHP to measure the total allocation 
of output energy to electrical and thermal energy, relative to the input energy in the 
boiler. Note that inputs are now measured in terms of energy flow (measured in kW) 
rather than energy per unit of mass (measured in kJ/kg), for example, heat input is Qin 
rather than qin as in the combined cycle above. This adaptation is necessary because the 
cogeneration cycle requires variations in the mass flow of steam depending on system 
demand, so it is necessary to know the total mass flow and the flow across individual 
links in the system. In the case of 100% of output delivered as Qp, pump work is factored 
in as negative work so that eu does not exceed unity.

The goal of the system is to achieve eu at or near 100%. This level of utilization can 
be attained either by converting all steam to process heat, or, if we ignore pump work, 
partially expanding the steam in the turbine and then transferring the steam to the 
process heater. In the latter case, none of the steam passes from the turbine to the 
condenser. From an economic perspective, generating a mixture of electricity and 
process heat is often more desirable because work delivered as electricity to the grid is 
more valuable than process heat, for a given amount of energy. Indeed, one of the 
primary motivations for cogeneration is to take advantage of the capacity of high-
quality energy sources such as high-pressure, high-temperature steam (or gas in the 
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case of the Brayton cycle) to generate some amount of energy before being degraded to 
a lower quality of energy where the only viable application is process heat.

Since energy is conserved across the process heater, any incoming energy from the 
expansion valve or turbine not extracted as process heat must be ejected from the heater 
as saturated water at the system pressure. Let mv.in be the flow in from the valve, mt.in 
flow from the turbine, and mout be the flow out of the heater. Using the energy balance:

 
m h m h m h Qv v t t p. . . .in in in in out out+ = +

 
(6-10)

Rearranging terms gives the following:

 
Q m h m h m hp v v t t= + −. . . .in in in in out out  

(6-11)

Analysis of the mixing chamber is similar, only there is no process heat term. Given 
two inlet flows from pumps 1 and 2 defined as m1.in and m2.in and outflow mout, the value 
of hout can be solved as follows:

 
h

m h m h
mout

in in in in

out

=
+1 1 2 2. . . .

 
(6-12)

In cases where either the process heater or condenser are turned off and there is no 
input from either pump 1 or pump 2, Eq. (6-12) reduces to an identity where the value 
of enthalpy in and out of the mixing chamber is constant. 

Example 6-96 A cogeneration system of the type shown in Fig. 6-9 ejects steam from the boiler at 
7 MPa and 500°C. (Use numbering notation in the figure.) The steam can either be throttled to 
500 kPa for injection into the process heater, or expanded in a turbine, where it can be partially 
expanded to 500 kPa for the process heater, or fully expanded and condensed at 5 kPa. The function 
of the process heater is controlled so that the fluid leaves saturated liquid at 500 kPa. Separate 
pumps compress the fluid to 7 MPa and mix it in a mixing chamber before returning it to the boiler. 
Calculated process heat output, net electrical output, and utilization for the following two cases:

 1. All steam is fed to the turbine and then to the process heater (e.g., m2 = m6 = 0).

 2. Ten percent of the steam is fed to the expansion valve, 70% partially expanded and fed to the 
process heater, and 20% fully expanded.

Solution First, calculate all known values of enthalpy that apply to both (1) and (2)—refer to Fig. 6-10. 
There is no change in enthalpy across the expansion valve, so from the steam tables we have

h h h h1 2 3 4 3411 4= = = = . kJ/kg

Using the isentropic relationship s1 = s5 = s6 and evaluating the quality of the steam at states 5 and 6, 
we obtain

h

h

5 kJ/kg

kJ/kg

=

=

2739 3

2073 06

.

.

Enthalpies h7 and h8 are saturated fluids at 500 kPa and 5 kPa, respectively, so from the tables h7 = 
640.1 and h8 = 137.8 kJ/kg. In order to evaluate h9 and h10, we need to know the pump work per unit 

6This problem is based on Cengel and Boles (2002), pp. 541–543.
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of mass. Using specific volumes of v@ 5 kPa = 1.005 × 10−3 m3/kg and v@ 500 kPa = 1.093 × 10−3 m3/kg, we 
calculate the corresponding values of pump work as 7.0 and 7.1 kJ/kg for the two pumps, respectively. 
We then obtain

h

h

9

10

137 8 7 0 144 8

640 1 7 1 647 2

= + =

= + =

. . .

. . .

kJ/kg

kJJ/kg

The remaining value of h11 depends on the specific circumstances of the mixing chamber.

Case 1. Since m9 = 0, m11 = m10 and h11 = h10 = 647.2 kJ/kg. Therefore, heat input is 

Qin kg/s kW= × − =15 3411 4 647 2 41 463( . . ) ,

Pump work for pump 1 is calculated as follows:

WP1 7 1 15 105 5= =( . )( ) .kJ/kg kg/s kW

Given the enthalpy change for the partially expanded steam and the flow rate m3 = m5 = 15 kg/s, power 
output and net work from the turbine are respectively

W

W W W

out

net out pu

kW= − =

= −

15 3411 4 2739 3 10081( . . )

mmp kW= − =10081 105 5 9975.

From Eq. (6-10), process heat is

Qp = − =15 2739 3 640 2 31 488( . . ) , kW

FIGURE 6-10 T-s diagram for cogeneration cycle with expansion valve, partial turbine expansion, 
and full turbine expansion with condenser.
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It can now be confirmed that utilization is 100%:

εu
pW Q

Q
=

+
=

+
=net

in

9975 31488
41 463

1 00
,

.

Case 2. Based on the allocation of input steam from the boiler, we have m2 = 1.5, m5 = 10.5, and m6 = 3 
kg/s. Thus m9 = 3 and m10 = 10.5 + 1.5 = 12 kg/s. Solving for h11 using Eq. (6-12) gives

h
m h m h

m11
9 9 10 10

11

3 144 8 12 647 2
15

546=
+

=
+

=
( . ) ( . )

..8 kJ/kg

Heat input is then

Qin kg/s kW= − =15 3410 3 546 8 42 952( . . ) ,

Turbine work now consists of two stages, so we account for work done by m3 = m1 – m2 = 13.5 and by 
m6 = 3 kg/s: 

Wout = − + − =13 5 3411 4 2739 3 3 2739 3 2073 0 1. ( . . ) ( . . ) 11072 kW

Subtracting pump work for both pumps 1 and 2 gives the net work:

W W W Wnet out pump1 pump2= − − = − − =11 072 21 1 85 3 10, . . ,, 966 kW

On the process heat side, input to the heater comes both from the expansion valve and the 
turbine so

Qp = + − =1 5 3411 4 10 5 2739 3 12 640 1 26199. ( . ) . ( . ) ( . ) kkW

Finally, utilization in this case is

εu = + =10966 26199
42952

0 865.

Discussion Case 1 illustrates how the operator might vary allocation between the turbine and process 
heater to match process heat output to demand, with remaining energy allocated to electricity 
production. Also, although utilization decreases in case 1 compared to case 2, electricity production 
increases, so that, with the value of electricity often two or three times that of process heat on a per-kW 
basis, it may be preferable to operate using the allocation in case 2.

Limitations on the Ability to Use Process Heat
One limitation on the use of process heat is the variability of demand, whether for 
industrial processes or space heating, which prevents the full use of available process 
heat at certain times. In addition, incremental cost of building a process heat distribution 
system and line losses in the system limit the distance to which the heat can be transferred 
before the system becomes uneconomical. On the industrial side, as long as industrial 
facilities are located next to power plants, line losses are not a concern, but it may not 
be practical to transfer steam over distances of many miles or kilometers. On the 
residential side, existing district heating systems typically heat residences (houses or 
apartments) that have a sufficiently high density, in terms of number of dwellings per 
km2 or mi2, in locations adjacent to the plant. For many modern low-density residential 
developments in the industrialized countries, however, the retrofitting of district 
heating would not be effective.
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Other Cogeneration Applications
In some situations, plant operators may build cogeneration systems on a previously 
undeveloped site in order to provide electricity and process heat where neither were 
previously generated. In others, they may retrofit an existing electric power plant to 
provide process heat to a new or existing load adjacent to the plant in order to improve 
its utilization. Still other cogeneration applications are possible, including the retrofitting 
of a district heating system in order to generate electricity with available steam prior to 
sending it to the distribution network.

An example of such a system is that of Cornell University, where the utilities 
department has retrofitted a district heating system to provide electric power (see 
Fig. 6-11). The campus district heating system was originally built in 1922 to con-
solidate the function of delivering steam to buildings and laboratories in one location. 
In the 1980s, utility managers recognized the economic benefit of generating some 
fraction of the campus’s electric demand from the steam generated, thereby offsetting 
electricity purchases from the grid, and two turbines were installed downstream from 
the boiler for this purpose. The system is different from a typical power generating 
operation in that there is no condenser. Instead, any steam expanded in the turbine 
must then enter into the district heating lines of the campus to eventually transfer heat 
to buildings and return to the cogeneration plant as condensate. (Effectively, the district 
heating network is the condenser for the turbines.) Campus demand for steam therefore 
limits electric output, which is higher in winter than in summer. The maximum output 
from the turbines is 7.5 MWe

7
 as compared to a peak electrical load for the campus of 

FIGURE 6-11 Cornell cogeneration plant. 

Original boilers are housed in building in center between the two stacks. Turbines are located in 
the low building adjoining to the right. Interconnect point to the grid is located in the upper right 
of the photograph; electric demand not met by turbines in the plant is brought in from the grid at 
this point. (Photo: Jon Reis/www.jonreis.com. Reprinted with permission.)

7By convention, the notation MWe, kWe, and so on, is used to refer to electrical power output, as distinct 
from MWt, kWt, etc., for thermal power output.

www.jonreis.com
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32 MW. Such systems can be equally well fired by natural gas as coal, and at the time of 
this writing Cornell is in the process of upgrading the facility to use more gas and less 
coal, so as to reduce overall CO2 emissions from the campus (see Fig. 6-12). A number 
of other examples of electric generation retrofitted to district heating systems exist in 
the United States and in other countries.

Small-scale cogeneration systems are growing in popularity as well. Units as small 
as 30 kWe of capacity can be installed in facilities such as primary and secondary 
schools or apartment buildings where natural gas is being used for space heating or 
domestic hot water (DHW). At this size, reciprocating engines (e.g., diesel cycle 
combustion engines running on compressed natural gas) as well as microturbines can 
be used to drive a generator, with exhaust heat used to heat water. As with large 
turbines in central power plants, multiple small turbines or reciprocating engines can 
be installed in parallel to achieve the desired total electric output as dictated by the 
available demand for water heating. A public school in Waverly, New York, United States, 
uses five 75-kW reciprocating cogeneration units to generate electricity and by-product 
heat, while Pierce College in Woodland Hills, California, United States, uses six 60-kW 
microturbines for the same purpose (see Figs. 6-13 and 6-14). In both cases, the by-
product heat can be used for DHW, space heating, or heat supply to air-conditioning 
chillers.

FIGURE 6-12 Schematic of Cornell combined heat and power project with gas turbine 
(under construction), existing steam turbine, and district heating system for campus buildings. 
(Image: Cornell University Utilities & Energy Management. Reprinted with permission.)
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FIGURE 6-13 375-kW cogen installation using fi ve Tecogen reciprocating generator units in 
Waverley, New York. 

Piping loops (red) connect hot water by-product to DHW, hydronic heaters, or absorption chillers. 
(Photo: Tecogen, Inc. Reprinted with permission.)

FIGURE 6-14 Capstone microturbine 30 kW (left), 65 kW (center), and 65 kW with integrated 
CHP for hot water supply (right) units in upper photo; lower image is cutaway of 65 kW turbine 
components.

Module on top of right unit recovers heat from turbine to generate hot water for space heating 
or DHW. (Images: Capstone Turbine Corp. Reprinted with permission.)
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6-5 Economic Analysis of Investments in High-Efficiency 
Combustion Systems

Economic analysis can be applied to combustion investments at a number of levels. 
Perhaps the most fundamental is the decision to build a new plant on site where none 
existed previously. In this case, the analyst determines whether the proposed plant 
delivers sufficient net income (revenues from sales of electricity minus cost) to be 
attractive, or, if there are several alternative designs, which one is the most economically 
attractive. The analyst can also evaluate proposed upgrades to existing plants, which 
incur some additional upfront cost but pay for themselves by reducing fuel or other 
costs during their investment lifetime. 

The prospective plant owner must make decisions in an environment of considerable 
uncertainty, especially for new-plant investments, where the investment lifetime may be 
20 years or more, and the actual lifetime of the plant before it is decommissioned may last 
for decades beyond that horizon. Uncertainties around future energy costs (not only fossil 
fuels but also renewables such as biofuels) are one example: while the analysis may assume 
unchanging energy cost in constant dollars, recent history illustrates how costs in actuality 
fluctuate up and down. Also, demand for electricity is not known with certainty, and since 
many plants around the world now operate in a deregulated market, the price that will be 
paid for each kWh is not known either. Lastly, the plant availability, or time that it is not off 
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line for routine maintenance or malfunctions, is not known, although with good engineering 
and conscientious upkeep, the amount of uncertainty here can be minimized.

The analyst has a number of tools at her or his disposal to work with uncertainties in 
the data available for analysis. One such tool is sensitivity analysis, in which some 
previously fixed numerical input into the calculations is varied over a range of values to 
shed light on its effect on the bottom-line cost calculation or possibly the build versus 
no-build decision. Another tool is probabilistic analysis. In a conventional analysis, a given 
data input is treated as deterministic over the lifetime of the project, that is, for each month 
or year, it has a single known value that is either fixed or changing, when measured in 
constant dollars. Treating this value instead as a random variable with known mean and 
standard deviation value more accurately reflects reality, since the actual price is certain 
to vary. A complete presentation of the probabilistic approach is beyond the scope of this 
text, but is widely discussed in the literature, and the interested reader can access these 
resources to gain a more sophisticated understanding of the field.8 At a minimum, it 
should be understood that if the analyst makes a recommendation based the assumption 
of fixed values, and the actual values in the future unfold differently from what was 
expected, then the recommendation may later prove incorrect (!).

One other dimension in economic analysis is the need to meet environmental, 
health, and safety regulations. Both the additional technology, especially emissions 
control equipment to limit or eliminate emissions to the atmosphere, and the 
environmental impact assessment process prior to public approval of the plant, add to 
the project cost in a non-negligible way. While eliminating this layer of cost would help 
the profitability of the plant, societies in industrialized countries, and increasingly in 
emerging countries as well, have determined that the benefit to society of preventing 
uncontrolled emissions outweighs the extra cost of more expensive electricity, and 
therefore choose to establish these requirements.

6-5-1 Calculation of Levelized Cost of Electricity Production
For combustion plants, the levelized cost over the lifetime of the project can be calculated 
based on annual costs and expected annual output. The costs of the plant consist of 
three main components:

 1. Capital cost: This item includes cost of land purchase, all mechanical and 
electrical equipment related to power conversion, pollution control equipment, 
and all required structures. The full cost includes repayment of capital debt at 
some specified MARR.

 2. Fuel cost: This cost is calculated based on the amount of fuel that has the required 
energy content to deliver the expected annual output of electricity. Conversion 
losses in going from fuel to electricity must be taken into account.

 3. Balance of cost: This item is a “catch-all” that includes all human resource 
wages and benefits, operations costs, maintenance costs, expenditures on 
outside services (e.g., payment to outside experts for nonstandard work that 
is beyond the skills of plant employees), and overhead. In a simple model, 
these costs can be treated as a fixed per annum amount, independent of the 
level of plant activity. Realistically, however, a plant that is producing more 

8See for example Schrage (1997), Chap. 10, or Dunn (2002).
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kWh/year can be expected to incur somewhat more of these costs, all other 
things equal.

We can now modify Eq. (3-5) to incorporate these three items into the calculation of 
levelized cost as follows:

 
$/kWh

annual capital cost fuel cost balance of c
=

+ + oost ROI
annual_kWh

+

 
(6-13)

It is also possible to calculate the levelized cost based on lifetime cost divided by 
lifetime expected output. If constant dollars are used and the stream of annual costs 
(fuel + balance) is discounted to the present instead of annualizing the capital cost, the 
calculation is equivalent.

The annual expenditure on fuel, or fuel cost, is calculated from the rated capacity of 
the plant and annual output of electricity as follows. The overall efficiency of the 
combustion cycle hoverall is a function of the combustion device efficiency hc (i.e., boiler 
for a vapor cycle or combustor for a gas cycle), the turbine efficiency ht, and the generator 
efficiency hg. Taking the case of a vapor cycle, we have

 
η η η ηoverall = c t g  (6-14)

Turbine efficiencies vary with the characteristics of the cycle, as described in earlier 
sections in this chapter. Boiler, combustor, and generator efficiencies are more uniform, 
with generators having very high efficiency values and combustors/boilers having 
somewhat lower ones; typical values are 98% and 85%, respectively. Since theoretical 
values for ideal turbine cycle efficiency are in the range of 25 to 60% (the highest being 
for combined cycle systems), the largest losses in the process occur in the conversion of 
thermal energy in the working fluid into mechanical energy, rather than the other 
components.

Next, the annual energy output of the plant Eout and required energy input Ein can be 
calculated as a function of the average capacity factor of the plant (dimensionless ratio of 
average output to rated output), the rated capacity of the plant in MWe, and the number 
of hours per year of operation:

 

Eout cap. factor * capacity * hours per year= ( ))(3.6 GJ/MWh

in
out

overal

)

E
E

l

= η  

(6-15)

Average fuel cost per year is then calculated using the cost per GJ for the given fuel. 
Example 6-10 demonstrates the calculation of levelized cost for comparison of two 
investment options.

Example 6-10 Carry out a financial analysis of a coal-fired plant based on the combustion cycle 
in Example 6-1. The actual cycle achieves 80% of the efficiency of the ideal cycle as given, due to 
irreversibilities in pumping and expansion, and so on. The efficiencies of the boiler and generator are 
85% and 98%, respectively.
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The plant is rated at 500 MW and has a capacity factor of 70% over 8760 operating h/year. Its initial 
cost is $200 million. The lifetime of the analysis is 20 years, and the MARR is 8%. The balance of cost 
is $18 million/year. From Table 5-2, use a mid-range value of $35/tonne for the coal, delivered to the 
plant, and an energy content of 25 GJ/tonne. Ignore the need for ROI.

Case 1. Solve for the levelized cost per kWh.

Case 2. Now suppose a supercritical alternative is offered based on Example 6-6. The alternative plant 
costs $300 million and also achieves 80% of the efficiency of the ideal cycle. All other values are the 
same. What is the levelized cost of this option? Which option is preferred?

Solution

Case 1. From Example 6-1, the ideal efficiency is 25.3%, so the actual turbine efficiency is 
(0.8)(0.253) = 20.2%. Multiplying by component efficiencies gives

η η η ηoverall = = =c t g ( . )( . )( . ) . %0 85 0 202 0 98 16 9

The annual electric output is (0.7)(500 MW)(8760 h)(1000 kWh/MWh) = 3.07 × 109 kWh. Annual fuel 
cost is calculated based on an average energy input required using Eq. (6-16):

Eout MW GJ/MWh GJ= × × = ×( . )( . ) .0 7 500 8760 3 6 11 0 106

EE
E

in
out

overall

GJ
0.169

G= =
×

= ×η
11 0 10

65 5 10
6

6
.

. JJ

This amount of energy translates into 2.62 million tonnes of coal per year, or $91.6 million cost 
per year.

In order to discount the repayment of the capital cost, we calculate (A/P, 8%, 20) = 0.102. Therefore 
the annual capital cost is ($200M)(0.102) = $20.4 million.
Combining all cost elements gives levelized cost of

$
$ . $ . $ $

.
/kwh

M M M
kWh

$0=
+ + +

×
=

20 4 91 6 18 0
3 07 109 ..0424/kWh

Case 2. Using data from Example 6-6, the new actual turbine efficiency is (0.8)(0.39) = 31.2%. 
The overall efficiency is therefore 26.0%, and from repeating the calculation in case 1, the annual 
expenditure on coal is reduced to $59.6 million. The annualized capital cost has increased, however, 
to ($300 M)(0.102) = $30.6 million. Recalculating levelized cost gives

$
$ . $ . $ $

.
/kwh

M M M
kWh

$0.0=
+ + +

×
=

30 6 59 6 18 0
3 07 109 3353/kWh

Therefore, the supercritical plant is more economically attractive over the life cycle, although it is 
more expensive to build initially.

Discussion The plant in case 1 is given for illustrative purposes only; its efficiency is poor and it 
would never be built in the twenty-first century. The plant in case 2 is more in line with some plants 
that are currently in operation in the world, but the overall efficiency of new supercritical plants has 
now surpassed 40%, thanks to additional efficiency-improving technology that is added to the cycle. 
Such plants are, however, more expensive, costing on the order of $600 million in the United States 
for a 500-MWe plant. Using the assumptions in this exercise, a supercritical plant with hoverall = 40% 
and $600 million capital cost has a levelized cost of $ 0.0384/kWh.
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Inspection of the cost breakdown between the two plants shows that although for both plants, energy 
costs are the leading component, the improvement in efficiency noticeably reduces the proportion 
allocated to energy costs (see Fig. 6-15). In the case 1 plant, energy consumes 70% of the total, whereas 
in case 2 this has been reduced to 55%.

6-5-2 Economics of Small-Scale Cogeneration Systems: A Case Study9

Example 6-8 above considered the costs and benefits of energy efficiency on a large 
scale, equivalent to the electricity output of a typical modern power plant. Here we 
consider a smaller scale example, namely, a cogeneration system that is sized to supply 
electricity and DHW to an apartment complex. The economic analysis compares the 
proposed new cogen system to an existing system which uses a stand-alone water 
heater for DHW and purchases all electricity from the grid. Financial payback time 
rather than levelized cost is used to evaluate the proposed investment. 

The example is based on a feasibility study for an actual multifamily housing 
complex with approximately 500 residences in Syracuse, New York, United States. 
The facility has an estimated average of electrical and DHW load of 7000 kWh and 
23,250 gal/day, respectively. The goal of the cogen system is to produce as much 
electricity as possible while not exceeding demand for DHW. Any electricity not 
supplied by the system will be purchased from the grid, and the existing boiler that 
previously delivered all DHW requirements will make up any shortfall in DHW 
output. For cost purposes, a value of $0.105/kWh is used for the avoided cost of 
electricity from the grid, and $7.58/GJ is used for natural gas. The analysis assumes 
that the local utility cooperates with owners who wish to install cogeneration systems, 
and ignores the effect of peak electrical charges that are typically charged to large 
commercial customers in proportion to their maximum kW load in each billing period. 

The cost breakdown for the project is shown in Table 6-2. Either microturbine or 
reciprocating engine technology can be used as the electrical generation system. Two 
60-kW cogen units are selected so that, running 18 h/day (except for midnight-6 a.m. 
when DHW demand is expected to be low) the exhaust heat from the turbines can 
generate 20, 805 gal/day, or 89% of the total demand. Based on the DHW output and 
the heat input required to generate this amount, the electrical output is 2160 kWh/day. 

FIGURE 6-15 Comparison of cost breakdown for conventional and supercritical plants.

Supercritical Plant

Capital
28%

Balance
17%

Conventional Plant

Capital
16%

Energy 70%

Balance
14%

Energy 55%

9This case study appeared previously in Vanek and Vogel (2007).
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In a region with a cold winter climate such as that of Syracuse, it would be possible in 
winter to use the exhaust heat for space heating as well as DHW, allowing the units to 
run continuously and improving their utilization and total annual output. However, 
this additional benefit is not included in the analysis.

Each turbine costs $85,000 including all materials and labor, for a total cost of 
$170,000. In addition, the project anticipates a maintenance cost of $15,768/year, on 
the basis of a maintenance contract calculated at $0.02/kWh produced. This calculation 
is conservative, in the sense that the existing gas-fired boiler would be used less in the 
new system and therefore should incur less maintenance cost, but these potential 
savings are not included. Electrical costs have been reduced by nearly $83,000 thanks 
to on-site generation of electricity, while gas costs have only increased by $28,000, so 
that the net savings from the project are about $39,000/year. On the basis of these cost 
figures, the savings pay for the investment in the cogen system in a little over 4 years. 
It is left as an exercise at the end of the chapter to use energy requirements for the 
turbine and the existing water heater to quantify energy savings payback for a similar 
system.

Note that in this example, simple payback is chosen to calculate the payback period. 
This choice is acceptable, because the payback period is short enough that the difference 
between simple and discounted payback for MARR values up to 10% would not change 
significantly, although discounting would make the result more accurate. Also, the 
capital equipment has a lifetime of 10 years or more without a major overhaul, so 
barring unforeseen quality problems with installation or maintenance, the investment 
will pay for itself over its lifetime.

6-6 Incorporating Environmental Considerations 
into Combustion Project Analysis

Environmental considerations affect combustion project decisions both at the level of 
regulatory compliance and of market opportunity. As mentioned earlier, a combustion 
plant is usually required to comply with emissions regulations, so pollution control 

Number of units  2

Total cost (materials + labor)  $170,000 

Daily electricity out, kWh  2,160 

Daily DHW out, gallons  20,800 

Reduction in elec. cost, year  $82,782 

Increase in gas cost, year  $27,620 

Additional maintenance cost, year  $15,768 

Net savings per year  $39,394 

Payback period, years  4.3

TABLE 6-2 Summary of Cost and Savings for Example 
Cogen Project
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equipment adds to the capital cost and to the levelized cost per kWh. Where more 
than one alternative technology for emissions compliance exists, the operator can 
reduce costs and increase net revenue by choosing the technology that has the lowest 
life cycle cost.

In recent years, environmental choices have also provided a market opportunity to 
improve the economics of plant operation, as regulators have created an emissions credit 
market that allows operators to either reduce emissions below what is required and sell 
the “extra” emissions credits on the market, or buy credits on the market if they fail to 
meet targets for their plant. For example, a system for SO2 emissions credits instituted 
by the 1990 Clean Air Act in the United States helped plant operators to reduce total 
emissions below a government target in a shorter time than what was required by law. 
Under this system, an operator may observe the market price of emissions credits and 
decide that it can reduce emissions for a lower cost per tonne than the value of the 
credit. The difference between earnings from credit sales and payment for the reductions 
then adds to the profits of the plant.

Such a regimen is especially interesting for reducing CO2 emissions, because, unlike 
what was done in the past for emissions that are harmful to breathe such as NOx or SO2, 
it is unlikely that any governmental body will in the future legislate exactly how much 
CO2 a given plant can emit. Instead, plant operators, governments, businesses, and 
others will either receive mandatory emissions requirements or adopt them voluntarily, 
and then have flexibility about how much emissions are achieved in which location. In 
this economic environment, it is very likely that carbon markets that have already 
formed will come into widespread use.

One possible scenario is that combustion power plant emissions in a given region 
will fall under a CO2 emissions cap, that is, an absolute limit that must not be exceeded. 
A regulator for that region might then divide the available emissions up among the 
various plants, and require each plant to reduce emissions from the current level in 
order to achieve its targets. Plants that find it economically difficult to reach their target 
might reduce what they can, and buy credits from other plants that surpass their target 
in order to make up the shortfall. Also, if the region as a whole were unable to achieve 
its overall target, it might buy credits from outside.

Some choices might help an operator to achieve CO2 reductions targets in line with 
the cap, while at the same time adding value to the electricity produced. For instance, 
use of biofuels as a substitute for fossil fuels in combustion systems is a way to avoid 
CO2 taxes that also provides a “green” power source for which some consumers are 
willing to pay extra. 

If the ability to sell credits in the market is the “carrot” for reducing CO2 emissions, 
then the concept of a tax on carbon emissions is the “stick.” Carbon taxes have been 
implemented by a small number of countries, notably in Scandinavia, and are under 
consideration in a number of others. For example, the government of Sweden charges a 
tax of $150/tonne of carbon emitted to the atmosphere to most emitters, with industrial 
firms receiving a 75% discount, and some energy intensive industries not required to 
pay any tax, for fear that the tax would drive the industry out of business. The revenue 
stream generated from the carbon tax can be used to invest in efficiency across the 
economy, reduce other taxes such as income taxes, or assist poor countries that do not 
have the means to adapt to climate change.

The potential effect of a carbon tax on the price of electricity can be quite significant, 
as shown in Example 6-11.
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Example 6-11 Recalculate the levelized cost of electricity for the two plants in Example 6-8 using a 
carbon tax like that of Sweden. Assume that power plants, as large operations, receive a 75% discount, 
and that the coal used is 85% carbon.

Solution Solving for the basic plant first, and applying a discount factor of 0.25 to the $150/tonne tax, 
we obtain the dollar value of the tax imposed:

(2.26 × 106 tonnes/year)(0.85 carbon content)($150/tonne)(0.25) = $83.5 million/year

Therefore, the total cost incurred per year is $130 M + $83.5 M = $213.5 million/year. Dividing by 
3.07 × 109 kWh gives a levelized cost of $ 0.0696/kWh.

Repeating this calculation for the supercritical plant gives a tax value of $54.4 million/year and a new 
levelized cost of $ 0.0531/kWh.

Discussion The effect of the carbon tax in this case is to further skew the economics in favor of the 
more efficient plant. The percentage increase in cost for both plants is large, approximately 64% for 
the basic plant and 33% for the supercritical plant. Even if such a tax were phased in gradually, the 
effect on the competitiveness of either plant would be severe, so the operators would likely respond 
by upgrading to the most efficient technology possible. In this way, the carbon tax would achieve its 
desired effect of reducing carbon emissions over the long term. Operators might also consider shifting 
some production to natural gas, which, though more expensive than coal, emits less carbon per unit 
of energy released and therefore incurs a lower carbon tax.

6-7 Fossil Fuel Combustion in the Future 
Initially, under a carbon trading or carbon tax regime, operators might respond by 
improving efficiency at existing coal-fired plants, rather than fundamentally changing 
the combustion technology used. Looking further into the future, however, it is clear 
that under tightening emissions restrictions or increasing carbon taxes, a technology that 
converts coal to electricity and other forms of energy without any CO2 emissions to the 
atmosphere would be highly desirable. Such a technology is the goal of a number of 
research programs around the world.

One leading consortium that is pursuing zero-carbon energy technology is the 
FutureGen Industrial Alliance, a public-private consortium that includes private firms, 
representatives from various national governments such as India and South Korea, and, 
until February 2008, the U.S. Department of Energy. The Alliance has been developing 
a prototype 275 MW facility that will verify the technical and economic feasibility of 
generating electricity from coal with no harmful emissions to the atmosphere and with 
the sequestration of by-product CO2 in a long-term reservoir, with the goal of bringing 
the proposed facility online in the year 2012.

The USDOE withdrew from the Alliance in early 2008 because it had concluded that 
the technology was already sufficiently mature, and did not require continued financial 
support at the level of building an entire demonstration facility. This decision has been 
criticized by the leadership of the Alliance as well as some of the researchers in the field 
of carbon capture and sequestration (CCS) as being premature. Without a commercial-
scale demonstration plant, it may be difficult for the coal combustion with carbon 
sequestration program to develop quickly enough to significantly reduce CO2 emissions 
from coal in the short- to medium term. In the meantime, the USDOE is providing other 
support to private firms that are interested in this technology.

As shown in Fig. 6-16, the first step in the conversion process is the gasification of 
coal to create a gasified carbon-oxygen mixture. This mixture is then fed to a water-shift 
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reactor, which produces high temperature hydrogen and CO2 as by-products; the CO2 
is then transported out of the system for sequestration. Some of the hydrogen released 
is kept in that form for use in hydrogen-consuming applications, which in the future 
might include fuel cell vehicles. The rest is reacted in a high-temperature fuel cell to 
produce electricity. Since the by-product of the hydrogen-oxygen reaction in the fuel 
cell is steam at high temperature, this output can be expanded in a turbine to create 
additional electricity, effectively resulting in a fuel-cell and turbine combined cycle 
generating system. Steam exhausted from the turbine is returned to the water-shift 
reactor for reuse. The structure required to house this energy conversion operation is 
shown in Fig. 6-17.

FIGURE 6-17 Architectural rendering of a zero-emission “FutureGen” coal-fi red plant, with 
by-product CO2 sequestered locally in reservoir or transported off site for sequestration. 

The facility is located next to a body of water for ready access to cooling water, and possibly also 
for delivery of coal if the body of water is navigable. Note the absence of the tall stacks that are 
characteristic of today’s fossil-fuel-fi red power plants. (Image: Courtesy of USDOE and LTI 
[Leonardo Technologies, Inc.]. Reprinted with permission.)

FIGURE 6-16 Schematic of advanced coal fi red power plant concept with hydrogen generation 
and CO2 separation.
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As a first step toward coal combustion with carbon sequestration, plant operators are 
considering gasification technology in new plants. While coal-fired plants with gasification 
cost more to build and operate than those with conventional coal-fired boilers, 
implementing the gasification technology now would provide a first step toward 
eventually transforming plants to be able to separate and sequester CO2 in the future.

6-8 Systems Issues in Combustion in the Future
To conclude this chapter, we return to the systems approach to combustion technology 
that was discussed at the beginning, with a view toward some of the challenges that await 
in the future. All evidence suggests that the bulk of the changes over the next several 
decades will involve major transformation of technology rather than incremental 
improvements. These types of transformations include major changes in core technology 
(e.g., from single to combined cycle), changes in fuel (e.g., increasing the use of biofuels), 
or changes in end use application (e.g., increased use of cogeneration with new applications 
for by-product heat). In this environment, systems engineering and systems thinking will 
have an important role to play. Here are several examples of systems issues:

• Bridge versus backstop technologies: A backstop technology is one that fully achieves 
some desired technological outcome, for example, eliminating CO2 emissions to 
the atmosphere. Thus an advanced combustion plant of the type discussed in Sec. 
6-3 is an example of a bridge technology, and the FutureGen zero-emissions plant 
is a backstop technology. When making investment decisions, utility owners 
must consider the level of advancement of bridge and backstop technologies, and 
in some cases choose between them. In the short run, if the backstop is not 
available, the owner may have no choice but to adopt the bridge technology in 
order to keep moving forward toward the goal of reducing CO2 emissions. 
Eventually, if the backstop technology proves successful, the owner would need 
to carefully weigh whether to continue building even very efficient versions of 
the bridge technology, or whether to transition to the backstop technology. 

• Importance of advance planning for cogeneration and other multiple use applications: 
Decision makers can help to expand the use of cogeneration by considering 
possible cogeneration applications at the time of building new power plants 
or renovating existing ones. This time period provides a window of opportunity 
to simultaneously develop process heat or space heating applications, for 
example, by bringing new industries to the plant site that can take advantage of 
the available process heat. Otherwise, once the plant is built, operators may face 
the problem of retrofit syndrome in that they find it technically impossible or 
economically prohibitive to add an application for by-product heat after the fact. 

• Maintaining use of infrastructure when transitioning between energy sources: Along 
with end-use energy applications and the energy resources themselves, energy 
systems include a substantial investment in infrastructure to convert and 
distribute energy products. It is highly desirable to continue to use this infra-
structure even after discontinuing the original energy product involved, so as to 
maintain its value. For example, many commercial and residential properties 
have pipes that bring in gas from the natural gas distribution grid. With 
modifications, this infrastructure might be some day used to deliver a different 
gaseous product that has a longer time horizon than gas or is renewable, such as 
compressed hydrogen, or a synthetic natural gas substitute made from biofuels. 
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• Pushing technology toward smaller scale applications: One way to expand the positive 
effect of an energy efficient technology is to expand its potential market by 
replicating it for use in smaller-scale applications. Thus the cogeneration 
technology that began at the 500 MW power plant level has become established 
at the 100 kW building complex level. Could this technology go even smaller? 
Already household size cogeneration systems are beginning to appear on the 
market, that provide enough hot water for a house and generate electricity at 
the 1 kW level. Given the number of single-residence water heating systems in 
use around the world, this technology might greatly expand the total amount of 
electricity produced from cogeneration if it proves reliable and cost-competitive. 

• Creating successful investments by coupling multiple purposes: In some cases, the 
business case for a transformative technology can be improved if the technology 
addresses more than one energy challenge at the same time. In the case of the 
FutureGen zero-emission plant concept, the technology addresses one issue requiring 
a major transformation but also promising great benefit in the future, namely carbon 
separation and sequestration. At the same time, it addresses another fundamental 
need, namely, for a clean energy resource for transportation, by generating 
hydrogen as a by-product of the water-shift reaction. The success of this 
application of hydrogen requires the development of a satisfactory hydrogen 
fuel cell vehicle (HFCV) technology. It is possible that the FutureGen plant with 
sequestration and the HFCV technology are more attractive as a package than 
they are separately.

6-9 Summary
Combustion technologies that convert energy in fuel resources into electrical energy are 
crucial for the energy systems of the world, since they generate the majority of the 
world’s electricity. Many of these technologies are built around two combustion cycles, 
namely, the Rankine cycle for vapor and the Brayton cycle for gaseous fuels. The basic 
Rankine and Brayton cycles convert only 30 to 40% of the energy in the working fluid 
into mechanical energy, with additional losses for combustion and electrical conversion, 
so over time engineers have achieved a number of technological breakthroughs to 
improve the overall efficiency of power plants in order to increase efficiency and 
minimize operating costs. Some of the most important of these breakthroughs are the 
result of a radical redesign of the overall energy conversion system: (1) the combination 
of a Rankine and Brayton cycle in combined cycle systems and (2) the addition of other 
applications for by-product exhaust energy in the case of cogeneration systems. 
A systems approach to combustion technologies will be useful in the future to help 
adapt and expand the ecologically conscious use of combustion technologies in an 
environment of changing costs and energy resources.
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Exercises
1. A Brayton cycle operates with isentropic compression and expansion, and air entering the 
compressor 27°C. The pressure ratio is 8:1, and the air leaves the combustion chamber at 1200 K. 
Compute the thermal efficiency of the cycle, using data from a table of ideal gas properties of air.

2. Suppose a power plant using the cycle in problem 6-1 produces 700 million kWh/year of 
electricity. Ignore losses in the compressor and turbine. If the generator is 98% efficient and 
combustor is 88% efficient, and gas costs $10/GJ, calculate:

 a. The total gas energy content required per year
 b. The annual expenditure on gas
 c. The mass of CO2 emitted per year from the plant
 d. The mass of CO2 emitted per million kWh produced

3. Compute the thermal efficiency of a Rankine cycle with isentropic compression and expansion 
for which steam leaves the boiler as saturated vapor at 6 MPa and is condensed at 50 kPa.

4. Suppose a power plant using the cycle in Exercise 3 produces 2.1 billion kWh/year of electricity. 
Ignore losses in the boiler and turbine. If the generator is 98% efficient and boiler is 84% efficient, 
and coal costs $30/tonne, calculate:

 a. The total coal energy content required per year
 b. The annual expenditure on coal
 c. The mass of CO2 emitted per year from the plant
 d. The mass of CO2 emitted per million kWh produced

http://www.fe.doe.gov/programs/powersystems/futuregen/Futuregen_ProjectUpdate_December2006.pdf
http://www.fe.doe.gov/programs/powersystems/futuregen/Futuregen_ProjectUpdate_December2006.pdf
www.sciam.com
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5. A theoretical supercritical Rankine cycle has a maximum pressure of 30 MPa, a maximum 
temperature of 700°C, and a condenser pressure of 10 kPa. What is its thermal efficiency? What is 
its Carnot efficiency?

6. The top cycle of a combined cycle power plant has a pressure ratio of 12. Air enters the 
compressor at 300 K at a rate of 12 kg/s and is heated to 1300 K in the combustion chamber. The 
steam in the bottom cycle is heated to 350°C at 10 MPa in a heat exchanger, and after leaving 
the turbine is condensed at 10 kPa. The combustion gases leave the heat exchanger at 380 K. 
Assume that all compression and expansion processes are isentropic. Determine the thermal 
efficiency of the combined cycle. (Refer to Fig. 6-7.) 

7. Suppose an actual combined cycle plant, in which air enters the compressor at 300K, with 
compression ratio of 12 to 1, at a rate of 443 kg/s and is heated to 1427 K in the combustion chamber, 
has a thermal efficiency of 52% (not considering losses in the combustor and generator).  The 
ratio of air to fuel is 50:1. The steam in the bottom cycle is heated to 400°C at 12.5 MPa in a heat 
exchanger, and after leaving the turbine is condensed at 15 kPa.  The combustion gases leave the 
heat exchanger at 400 K. Determine the ideal efficiency of (a) the top cycle, (b) the bottom cycle, (c) 
the combined cycle, (d) the total heat input to the top cycle in kW, (e) the total work output from 
the combined cycle in kW, and (f) by how many percentage points the losses decrease the thermal 
efficiency between the ideal cycle and the actual cycle that is in use in the plant.

8. Consider a combined heat and power (CHP) system similar to the system in Fig. 6-9 in which 
steam enters the turbine at 15 MPa and 600°C. An expansion valve permits direct transfer of the 
steam from the boiler exit to the feedwater heater. Part of the steam is bled off at 800 kPa for the 
feedwater heater, and the rest is expanded to 20 kPa. The cycle uses a generator that is 98% efficient. 
The throughput of steam is 20 kg/s. Assume isentropic compression and expansion.

 a.  If 40% of the steam is extracted for process heating and the remainder is fully expanded 
(i.e., the mass flow through the expansion valve is m = 0 kg/s), calculate the rate of heat 
output for process heat and electrical output, both in kW.

 b. Calculate the utilization factor eu in this mode of operation.
 c.  If this type of operation is the average setting and the plant runs continuously, how many 

kWh of electricity and process heat does it produce in a year?

9. One potential benefit of a cogen system like the one in problem 6-8 is that it can reduce CO2 
emissions compared to generating the equivalent amount of process heat and electricity in separate 
facilities. Suppose the cogen system is coal fired, with a boiler efficiency of 85%, and that for both 
alternatives, coal has an energy content of 25 GJ/tonne and a carbon content of 85%. Take the 
output from the system required in problem 6-8a, with all energy coming from coal combustion. 
Compare this facility to a process heat plant that generates heat with an 82% conversion efficiency 
from the energy content of the coal to the process heat, and a separate coal-fired electric plant that 
expands steam at 6 MPa and 600°C in a turbine and condenses it at 20 kPa. The stand-alone electric 
plant has a boiler efficiency of 85% and a generator efficiency of 98%. How many tonnes of CO2 
does the cogen facility save per hour?

10. Make a comparison of simple cycle and combined cycle gas turbine economics by comparing 
two plants based on the cycles in Examples 6-2 and 6-6. In both cases, the actual cycle achieves 
80% of the efficiency of the ideal cycle as given, due to irreversibilities in compressors, turbines, 
and the like. The efficiencies of the combustor and generator are 85% and 98%, respectively. Both 
plants are rated at 500 MW and have a capacity factor of 75% over 8700 operating hours per year; 
for the remaining 60 h, the plants are shut down. The simple cycle initial cost is $400 million and 
the combined cycle is $600 million. The lifetime of the analysis is 20 years, and the MARR is 6%. 
The balance of cost is $15 million/year for both plants. From Table 5-2, use a mid-range value of 
$9.75/GJ for gas delivered to the plant. Ignore the need for ROI.
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 a. Show that the combined cycle plant is more attractive on a levelized cost basis.
 b.  As a gas-fired power plant operates fewer and fewer hours per year, the extra investment in 

combined cycle becomes less and less viable. At what number of hours per year, assuming 
that each plant is operating at rated capacity, does the simple cycle plant become more 
attractive? Note that the capacity factor is different from part (a).

11. Economic analysis of small-scale cogeneration. You are considering an investment in three 
60-kW microturbines, that generate both electricity and DHW, for a large apartment complex. 
The microturbines will displace output from the existing natural gas-fired boiler for DHW such 
that 100% of the demand is met by the microturbines. The microturbines start running at 5 a.m. 
in order to generate DHW for the morning peak; they then run continuously at full power until 
they have made enough DHW for the total day’s demand. Thus the cogen system supplies 100% 
of the DHW need. It can be assumed that when the system turns off for the night, there is enough 
DHW in storage to last until it comes back on the next morning. The prices of gas and of electricity 
are $10.75/GJ and $0.105/kWh, respectively. The turbines cost $85,000 each, with an additional 
$0.02/kWh produced maintenance contract cost; the project life is 20 years with an MARR or 3%. 
The turbines convert 26% of the incoming energy to electricity, and 55% of the incoming energy to 
DHW. The existing boiler system transfers 83% of the incoming energy to DHW. Questions: (a) To 
the nearest whole hour, what time does the system turn off? (b) Determine the net present value 
and state whether or not the investment is economically viable. (c) If the complex uses 8000 kWh 
of electricity per day, what percentage of this total demand do the turbines deliver? (d) Suppose 
that for 5 months of the year (assume 30 days/month), the system can provide heat for space 
heating with no additional upfront capital cost, and is therefore able to run 24 h/day. How does 
the answer in part (b) change?



 CHAPTER 7
Carbon Sequestration

7-1 Overview
Carbon sequestration is the key to long-term sustainable use of fossil fuels. Without 
sequestration, it will not be possible to make significant use of these fuels while at the same 
time stabilizing the concentration of CO2 in the atmosphere. In the short term, it is possible 
to sequester some carbon currently emitted to the atmosphere by augmenting existing 
natural processes, such as the growth of forests. For the longer term, engineers are currently 
developing technologies to actively gather CO2 and sequester it before it is emitted to the 
atmosphere. Both short- and long-term options are considered in this chapter.

7-2 Introduction 
In 1994, worldwide CO2 emissions surpassed the 6 gigatonne (Gt) mark for the first time; by 
2004 they were approaching the 7 Gt mark. Although many countries are making progress 
in reducing their rate of growth of CO2 emissions per year, and some countries have even 
reversed their growth and have declining CO2 emissions, it is clear that the amount of 
carbon emitted each year, from use of energy as well as other sources, will remain significant 
for the foreseeable future. Therefore, there is great interest in finding ways of preventing 
CO2 that results from fossil fuel combustion from entering the atmosphere. The term for any 
technique that achieves this end is carbon sequestration, or keeping carbon in a separate 
reservoir from the atmosphere for geologically significant periods of time (on the order of 
thousands, hundreds of thousands, or even millions of years).

Sequestration falls into two general categories. Direct (or active) sequestration 
entails the deliberate human-controlled separation of CO2 from other by-products of 
combustion and transfer to some non-atmospheric reservoir for permanent or quasi-
permanent storage. Indirect sequestration, by contrast, does not require human-
controlled manipulation of CO2; instead, natural processes, such as the uptake of CO2
by living organisms, are fostered so as to accumulate CO2 at a greater rate than would 
otherwise have occurred.

Three main methods for sequestration are presented in this chapter, in the following 
order:

 1. Indirect sequestration: The primary means of indirect sequestration currently in 
use is the growth of forests. For many individual and institutional consumers 
seeking a way to sequester carbon, it is the cheapest option currently available; 
however, it is also limited by available land area for forest plantations.

Grasses and other non-forest plants may also be used for sequestration.
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 2. Geological storage of CO2: The potential volume of CO2 that might be stored using 
this option is much larger than is available from indirect sequestration, and 
may exceed the volume of all CO2 that might be generated if all available fossil 
resources available on earth were extracted and combusted. One possible 
disadvantage is that geologic storage leaves the CO2 underground such that it 
may remain as CO2 for very long lengths of time, with the potential for 
reemerging into the atmosphere at a later date and contributing to climate 
change for generations in the distant future. This risk is sometimes termed a 
“carbon legacy” for future generations, since the carbon is not deliberately 
converted to some other more inert substance (although this may happen due 
to natural forces during geologic storage). Geologic storage is currently 
practiced on a small scale in certain locations worldwide, but engineering 
research and development work remains in order to perfect geologic storage as 
a reliable and cost-effective means of sequestering carbon on the order of 
gigatonnes of CO2 per year.

 3. Conversion of CO2 into inert materials: This option is the most permanent, since 
the CO2 is not only separated from the stream of by-products but also converted 
to some other material that is geologically stable. It is also the most expensive 
due to the additional step of carbon conversion, although the additional cost 
may be offset if the resulting product can be used as a value-added material, for 
example, in the construction industry. Conversion of CO2 is not as technologically 
developed as geologic sequestration at the present time.

Two further observations are merited. First, there are a great number of alternatives 
for carbon separation and carbon storage currently undergoing experimental work in 
laboratories around the globe. It is beyond the scope of this chapter to present each 
variation in detail, let alone to determine which alternatives are the most likely to 
emerge as the dominant technologies of the future.1 The intention of the alternatives 
presented here is to give the reader a sense of the range of possible technologies that 
might become available in time. Secondly, the technologies presented here are applicable 
only to stationary combustion of fossil fuels, due to the large volume of CO2 emissions 
concentrated in a single location. These technologies are not practical for dispersed 
combustion such as that of transportation, although in the future it may be technologically 
and economically feasible on a large scale to convert fossil fuels to a currency (electricity or 
hydrogen) in a fixed location, sequester the resulting CO2, and distribute the currency to the 
individual vehicles for consumption in transportation networks.

7-3 Indirect Sequestration
Indirect sequestration is presently carried out primarily using forests, both in tropical 
and temperate regions of the planet. Experimental work is also underway to use smaller 
organisms that carry out photosynthesis in order to sequester carbon. Researchers have 
in the past also considered techniques to accelerate the uptake of CO2 in oceans by 
altering the chemical balance, for example, by fertilizing the oceans with iron or 
nitrogen. These efforts have been largely abandoned out of concern for possible 
unintended negative side-effects, however, and are not considered further here.

1For an in-depth look at recent developments in carbon separation and storage, the reader is referred to 
White, et al. (2003).
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Forest-based sequestration can be carried out either through afforestation, or planting 
of forests in terrain where none previously existed (in recent history), or reforestation, or 
replanting of forests that have been recently lost. Hereafter both are referred to as 
forestation. During a forestation project, some additional CO2 is released from fossil 
fuels used for transportation and equipment used in planting and maintaining forests, 
so it is the net absorption of CO2 that is of interest for sequestration purposes. Once the 
forest begins to grow, carbon is sequestered as trees grow larger and accumulate mass 
of woody tissue in their trunks and limbs. When the forest reaches maturity, the total 
amount of CO2 sequestered in it reaches its maximum value. Thereafter, the amount of 
carbon contained in the total number of trees in the forest reaches a steady state in 
which old trees die and release CO2 to the atmosphere as they decompose, to be offset 
by young trees that grow to take their place. Thus it is important to maintain the mature 
forest in approximately its ultimate size and degree of biological health in order to 
consider the carbon to be truly sequestered. Some forest managers may also be able 
to harvest and sell a small fraction of the wood from the forest for other applications, 
so long as the total mass of carbon in the trees does not change significantly.

Sequestration in forests is taking place at the present time against a backdrop of 
overall loss of forest coverage worldwide. As shown in Fig. 7-1, total forest cover around 
the world declined by 0.18% per year for the period 2000 to 2005, or a total loss of nearly 
1% for the 5-year period, according to the United Nations Food and Agriculture 
Organization (FAO). It is estimated that loss of forest cover contributes some 20% to the 
total net emissions of CO2 to the atmosphere, as carbon that was previously contained 
in cut trees is released. On the positive side, the rate of forest loss is declining at present, 
both due to natural extension of existing forests and active human efforts to increase 
planting, according to the FAO. Also, the rate of forest loss varies widely by region, 
with Europe and Asia actually increasing forest cover over the period in question. 
Individual countries such as the United States and China are experiencing a net increase 
in total forest cover at present as well. In any case, forest sequestration efforts can not 
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Food and Agriculture Organization.)
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only fight climate change but also bring other biological benefits, especially in Africa 
and Latin America where forest loss is currently happening at the fastest rate.

7-3-1 The Photosynthesis Reaction: The Core Process of Indirect 
Sequestration
All indirect sequestration involving plants depends on the photosynthesis reaction to 
convert airborne CO2 along with water into energy that is stored in plant tissue as 
glucose (C6H12O6) or other compounds for later use. Oxygen is released from the plant 
as a by-product. Although a detailed view of photosynthesis entails the division of the 
reaction inside the plant into several more complex reactions that occur in sequence, the 
net reaction can be reduced to the following:

 6 CO 12 H O energy 6 C H O 6O2 2 6 12 2 2+ + → +  (7-1)

The energy comes to the organism in the form of sunlight. The amount of energy 
required for photosynthesis per molecule of CO2 is 9.47 × 10−19 J. If one compares the 
energy requirement for the photosynthesis reaction to the total available energy from 
incident sunlight on the earth’s surface, at first glance it might appear that the 
sequestration of carbon might take place at a very high rate, perhaps equivalent to the 
rate at which CO2 is currently emitted from worldwide fossil fuel combustion. However, 
a number of factors greatly reduce the rate at which carbon is actually absorbed and 
retained by forests around the world. First, recall from Chap. 4 that light arrives from 
the sun in a range of wavelengths, each with different energy values. Plant and tree 
leaves absorb only light waves in the visible light range (approximately 400 to 700 nm), 
so that energy in waves outside these wavelengths is not available to the organism. 
Furthermore, due to the quantum nature of the photosynthesis reaction, the leaf can 
only make use of energy in the arriving photon up to a maximum value, so additional 
energy in shorter wavelength (higher energy) photons is also lost. In addition, the 
coverage of the plant or tree leaf canopy is not uniform across the surface of areas 
where vegetation is growing, so much of the arriving light energy is either absorbed by 
the earth’s surface or reflected away. Lastly, a large fraction of carbon converted to 
glucose in photosynthesis is subsequently consumed by the organism for various 
cellular functions (growth, repair of cells, and so on) and is therefore not retained 
permanently in the organism. The effects of these factors on conversion of sunlight to 
sequestered carbon is illustrated in Example 7-1.

Example 7-1 A given species of tree can sequester 2 kg of CO2/year·m2 of planted area, in growing 
conditions where average sunlight makes available 100 W/m2, taking into account the night/day 
and seasonal cycles, as well as variability in the weather. (a) How much energy is required to convert 
the CO2 via photosynthesis into carbon that is sequestered? (b) What percentage of annual available 
energy is used for this conversion?

Solution

(a) First calculate the number of molecules of CO2 in 2 kg, using Avogadro’s number, or 6.022 × 1023:

6 022 10
44

1000
23. × ⋅

⋅
molecules/g mol

g/g mol CO
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k2 gg
kg

⎛
⎝⎜

⎞
⎠⎟

= ×( ) .2 2 74 1025

The energy requirement is then (2.74 × 1025)( 9.47 × 10−19 J) = 2.59 × 107 J, or 25.9 MJ.
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(b) The rate of energy transfer from the sun of 100 W/m2 is equivalent to 100 J arriving each second. 
Therefore, the energy available per year is:

100 3600 8760 3 15 1J/s
s
h

h
year

× ⎛
⎝⎜

⎞
⎠⎟

⎛
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⎞
⎠⎟

= ×. 009 J

The amount used in conversion of carbon of 25.9 MJ is therefore 0.822% of the arriving energy. 

Discussion Note that some additional energy use in photosynthesis will have taken place to convert 
CO2 to glucose for later use by the tree. Because of the difficulties in accurately measuring in real 
time the rate of photosynthesis of trees in their natural habitat, it is difficult to measure exactly what 
percent of available energy in sunlight is converted to glucose in photosynthesis. Some estimates put 
the amount at 10 to 11%. Also, because of the relatively small percentage of energy that is actually 
channeled to sequestration, one fruitful area of research may be the development of trees, plants, and 
microorganisms that convert CO2 more rapidly, and retain more of the carbon that they convert.

7-3-2 Indirect Sequestration in Practice
Indirect sequestration is carried out both by national governments seeking to meet 
carbon emissions reduction objectives, and NGOs that administer forestation projects 
on behalf of both institutions and individuals. Rates of sequestration may be on the 
order of 1 to 3 kg CO2/m2·year during the growth period of the forest, with the highest 
rates of sequestration occurring in tropical forests.

Sequestration of carbon in trees is, in many instances, a relatively low-cost 
alternative; costs as low as $1/tonne of CO2 removed have been reported, although 
costs in the range of $20 to $30/tonne may be more typical. In addition, this option 
leads to a number of ancillary benefits to natural ecosystems and to society that enhance 
its value. In some regions, forests can prevent flooding and reduce topsoil runoff, since 
they retain rainwater more easily than bare ground. They are also capable of moderating 
extremes in local climate in the vicinity of the forest. With careful management, forests 
can provide sustainable harvesting of forest products such as specialized timbers, 
edible products, or resins and other extracts, that can provide a revenue stream from a 
project without reducing its ability to sequester carbon. Both the planting and 
management of forests provides employment for local populations, which is especially 
beneficial in some emerging countries where job opportunities are currently 
inadequate.

While these advantages hold promise in the short run, comparison of the total land 
area that might be available for sequestration with the expected rate of total CO2 
emissions over the coming decade show that this alternative will be limited in its ability 
to play a major role in solving the carbon emissions problem over the long term. 
Approximately 4 billion hectares (4 × 1013 m2), or 30% of the earth’s land surface is 
currently forested. Indirect sequestration in forests might yield 1 to 2 kg of CO2 
sequestered per m2/year, for 20 to 30 years, before forests matured and the intake and 
release of CO2 reached a steady state. Even if the countries of the world were able to 
restore the 2.7 billion hectares that are estimated to have been deforested since the 
Neolithic revolution—a Herculean task, given the current human population and 
pattern of the built environment—the total amount sequestered would be on the order 
of 500 to 1600 Gt. At the 2004 emissions rate of 27 Gt/year, this is equivalent to 20 to 
60 years of world CO2 emissions. Therefore, if widespread use of fossil fuels is to 
continue for the long term and sequestration is sought as the solution, additional 
techniques will be necessary.
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An interesting innovation that has entered the sequestration market is the selling of 
forestation “offsets” to individual consumers to counteract their use of electricity, 
transportation, or other applications that emit CO2. Sellers in this market are typically 
not-for-profit organizations that estimate the amount of CO2 sequestered by their 
operations that is equivalent to a kilometer of flying or driving, or a kWh of electricity. 
Consumers then estimate their usage of these services for a period of time (e.g., a 
vacation, or an entire year) and then pay the organization the appropriate amount that 
will result in the requisite number of trees planted. These same organizations may also 
invest in other activities that offset carbon emissions, such as installation of renewable 
energy systems or upgrading systems so that they are more efficient. Example 7-2 
provides an example of this practice.

Example 7-2 A family consumes 400 kWh/month of electricity and wishes to buy sequestration 
offsets from an organization that plants trees in Africa. The organization charges $19.00 per tree, and 
estimates that each tree will on average absorb 730 kg CO2 over its lifetime. The electricity consumed 
emits CO2 at the 2003 New York State average rate, based on the energy mix given in the table below. 
The organization allows consumers to purchase fractions of trees. (a) How much must the family 
spend to offset emissions for one year? (b) Suppose each tree is planted in a stand of trees where it 
covers a cross-sectional area with 6 m diameter, and takes 20 years to mature. What is the rate of CO2 
sequestration in kg/m2·year?

Data on emissions by source:

Notes: Emissions include only end-use emissions from energy conversion, and 
do not include other stages of life cycle, e.g., embodied energy in facilities. 
“Other” includes primarily biofuels and wind. Since New York State is a net 
importer of electricity, each share allocation includes an estimated proportion 
of the net imports from outside of New York State to each source. Total 
consumption amounts to 158.0 TWh; of this amount, 13% are imported.

Source Share Tonnes CO2/MWh

Nuclear 28% —

Hydro 18% —

Gas 19% 0.42

Other fossil 33% 0.77

Other  2% —

Solution

(a) The average emissions per MWh of electricity is the sum of the emissions rates for each source 
multiplied by the fraction allocated to each source. Since all other sources are considered as having 
zero emissions, we need to consider only “gas” and “other fossil.” Thus the average is (0.19)(0.42) 
+ (0.33)(0.77) = 0.33 tonne CO2/MWh. The annual consumption of the household is 4800 kWh, or 
4.8 MWh. This amount of electricity is equivalent to (4.8)(0.33) = 1.6 tonnes emitted, or 2.2 trees, 
which costs $41.68.

(b) The total area covered by the tree is p(3)2 = 28.3 m2. The sequestration rate per unit area is therefore 
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or 1.3 kg/m2·year.
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Discussion The cost per tonne of sequestration in this case is $26.03, which is on the high end of 
projected sequestration cost from forestation. An institutional investor would expect to be able to 
significantly lower its cost of sequestration by purchasing trees in large volumes.

7-3-3 Future Prospects for Indirect Sequestration
Indirect sequestration is a straightforward and economically viable option for 
sequestering carbon that governments, institutions, and individuals can use today to 
offset their emissions. Its future success depends on avoiding pitfalls that may arise, so 
a sustained commitment to high standards of planting and protecting forests is key. The 
following issues are relevant:

• Competence and integrity of planting organizations: Estimates of carbon sequestered 
from planting forests assume that stands are planted correctly and managed 
well. Investigations have already found some examples of sequestration projects 
where trees were lost or net carbon content was not as high as expected. Third 
party certification of forest carbon credits can help hold those planting the trees 
to a high standard.

• Need to maintain forests in equilibrium over the long term: Sequestration of carbon 
in forests comes in the form of a one-time benefit from the initial growth of the 
forest. Thereafter, as long as the forest remains healthy and the total carbon 
mass in the trees remains roughly constant, sequestration is taking place. It will 
clearly be a challenge to maintain this type of very long-term commitment to 
maintaining forests through whatever political and economic swings the future 
may hold. However, there are also historical precedents, such as the bannwald, 
or forbidden forests, of the European Alps that for centuries have been 
maintained to protect communities from landslides and avalanches. It is 
conceivable that, in the distant future, if both nonfossil sources of energy and 
other types of carbon sequestration (as discussed in sections below) are 
flourishing, sequestration forests might gradually be released for other uses. At 
present, it will benefit sequestration forests if they serve multiple purposes, 
such as protecting local ecology, preventing erosion, landslides, and avalanches, 
or other uses.

• Increasing cost of sequestration over time: Since the growing of trees anywhere on the 
planet can sequester carbon, organizations offering this service will tend to choose 
locations where costs are relatively low in order to maximize CO2 sequestered per 
unit of money spent. If the investment in forests for sequestration continues to 
grow over the coming years and decades, prime locations will be exhausted, and 
forestation efforts will move to more marginal lands, driving up the cost.

• Uncertain effect of future climate change on the ability of forests to retain carbon: As 
the climate warms, the amount of CO2 retained by sequestration forests may 
change, although the direction of the change is not clear at the present time. 
Some studies suggest that warming soil in these forests will release more CO2, 
while other studies suggest that forest undergrowth will expand more rapidly, 
accelerating the uptake of CO2. In any case, the actual amount of CO2 sequestered 
may be different from the amount predicted at present, and there is a risk that 
it may fall short of expectations. Further research may allow biologists to better 
understand this relationship, permitting more accurate evaluation in the future 
of the lifetime CO2 sequestered per tree planted.
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7-4 Geological Storage of CO2
Geological storage of CO2 (also called geologic storage in the literature) as an option for 
sequestration entails (1) removal of CO2 from the stream of combustion by-products 
and (2) accumulation in some stable location other than the atmosphere. In geological 
storage, there is no human-controlled conversion of CO2 to other carbon-containing 
materials, although CO2 may be transformed into other compounds that are potentially 
more stable through interaction with other minerals found in the geologic storage 
reservoir. Geologically sequestered CO2 may also “leak” from the underground 
reservoir back into the atmosphere, but as long as this leakage rate is kept to a 
minimal amount, the capacity for reservoirs to sequester large amounts of CO2 may 
be very large.

7-4-1 Removing CO2 from Waste Stream
Any geological storage scheme begins with the separation of CO2 from the stream of 
combustion by-products. Separation techniques should strive to remove CO2 under 
conditions that are as close as possible to the existing flue gas conditions, so as to 
minimize any energy penalty involved in manipulating or transforming the flue gases. 
A gas stream that is rich in CO2 facilitates the collection of CO2. The stream from a 
conventional coal-fired power plant may be on the order of 10 to 15% CO2 by volume—
uncombusted nitrogen is the dominant component—so an alternative with higher 
concentration of CO2 is desirable. Emerging combustion technologies such as the 
FutureGen concept (see Chap. 6) incur an energy penalty upstream from the combustion 
process, for example, for oxygen-blown coal gasification, in order to create a stream of 
by-products that consists largely of CO2 and is therefore easier to separate. 

Many CO2 separation processes rely on either absorption or adsorption to isolate CO2. 
In absorption, the substance whose removal is desired is imbibed into the mass of the 
absorbing agent. In adsorption, the substance adheres to the surface of the agent, which 
can either be solid or liquid.

Figure 7-2 shows a typical CO2 absorption-separation process, in which the flue 
gas stream is reacted with an absorbing agent in an absorption chamber. The absorbing 
agent is then transferred to a regeneration chamber, where the CO2 and the agent are 
separated; the agent returns to the absorption chamber and the CO2 is removed from 
the cycle for sequestration. The primary energy burden in this cycle is in the 
regeneration chamber, where a significant amount of energy must be expended to 
separate the agent and the CO2. Carbon separation processes based on this cycle are 
currently in use in pilot sequestration projects in Europe and North America, and also 
for commercial separation of CO2 for sale to industrial customers, such as the 
carbonated beverage industry. A fossil-fuel-fired electric power plant in Cumberland, 
Maryland, United States, uses the absorption-regeneration cycle, with Monoethanol-
amine (MEA) as the absorption agent, to remove CO2 and sell it to regional carbonated 
beverage bottlers. 

The cycle used at the Cumberland plant is a mature technology for separating 
relatively small volumes of CO2 (compared to the total worldwide emissions from 
stationary fossil fuel combustion) and selling it as a product with commercial value in 
the marketplace. However, the energy penalty for this cycle as currently practiced is too 
large for it to be economically viable for the full inventory of power plants around the 
world. Experimental work is ongoing to find variations on the cycle using either 
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absorption or adsorption that are effective in removing CO2 but with a lower energy 
penalty. Another potential approach is the development of a membrane for separating 
CO2; this alternative could potentially use less energy and require less maintenance 
than the absorption-regeneration cycle. Researchers are exploring the use of cycles from 
the natural world as well. The natural enzyme carbonic anhydrase, which exists in both 
plants and animals as an absorber of CO2, might be synthesized and used in an 
engineered CO2 absorption facility. Alternatively, photosynthesis might be exploited; 
simple organisms such as algae might be maintained in a facility with controlled 
conditions where they would be situated in a stream of by-product CO2 and absorb it as 
it passed.

7-4-2 Options for Direct Sequestration in Geologically Stable Reservoirs
Geological storage of CO2 implies accumulation in some type of reservoir. The term 
“reservoir” in this case includes any geological formation underground or under the 
sea floor where CO2, once injected, might remain for significant lengths of time. It also 
includes the bed of accumulated carbonaceous material at the bottom of the oceans, 
which, though not contained by rock strata, are unable to escape to the atmosphere due 
to the high pressure of ocean water at these depths.

Injection into Underground Fossil Fuel Deposits, with or without Methane Recovery
Among various reservoir options, CO2 can be injected into partially depleted oil or gas 
deposits, thus occupying space made available by oil and gas extraction (see Fig. 7-3). 
For some time the petroleum industry has practiced enhanced oil recovery (EOR), in 

FIGURE 7-2 Absorption-regeneration cycle for removing CO2 from fl ue gas stream.
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which CO2 is pumped to an oil field and then injected into the deposit, increasing the 
output of crude oil. This technique can also be applied to natural gas fields. Although 
the invention of the technique predates interest in carbon sequestration, its use may be 
expanded in the future as requirements for carbon sequestration grow. In order for 
this technique to make a useful contribution to reducing CO2 in the atmosphere, care 
must be taken that the amount of CO2 sequestered equals or exceeds the amount of 
CO2 released from combustion of the oil or gas that results from the CO2 injection 
process.

Enhanced coal bed methane extraction (ECBM) is a related technique in which CO2 is 
injected into unmineable coal seams, driving out methane that is adsorbed to the coal. 
Figure 7-4 illustrates this process, in which the CO2 injection and CH4 extraction are in 
geographically separate locations, and water is removed at the CH4 wellhead, leaving a 
pure gas stream that can be transferred to the long-distance distribution grid. The 
commercial value of the gas in the energy marketplace thus helps to finance the function 
of sequestering CO2. 

FIGURE 7-3  Great Plains Synfuels Plant, Beulah, North Dakota, United States. 

By-product CO2 from the plant, which converts coal into methane for distribution in the national gas 
grid, is transported by pipeline to Canada for sequestration and enhanced oil recovery in Canada. 
(Photo: Basin Electric Power Cooperative. Reprinted with permission.)
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Table 7-1 gives both sequestration and gas recovery for select major coal fields from 
around the world that are estimated to have the highest potential for ECBM. Note that 
the total sequestration potential of approximately 4.4 Gt is small relative to the projected 
eventual CO2 sequestration requirement; an additional 5 to 10 Gt of sequestration might 
be available in smaller fields, but the overall amount sequestered using ECBM will 
likely be small relative to other options that may eventually be used. However, this 
option is also economically attractive, so it would be sensible to exploit it in an initial 
round of geological sequestration efforts before moving on to other options. 
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FIGURE 7-4 System for methane production from coal seam using CO2 injection.

Name of Region Country
CO2 Sequestration 

Potential (Gt)
CH4 Recovery

(bil. m3)
Ratio

(m3/tonne CO2)

San Juan USA  1.4 368 263.0

Kuznetsk Russia  1 283 283.2

Bowen Australia  0.87 235 270.2

Ordos China  0.66 181 274.6

Sumatra Indonesia  0.37  99 267.9

Cambay India  0.07  20 283.2

Note: Projected methane recovery shown is the amount recovered after methane without ECBM is complete. 
Source: White, et al. (2003).

TABLE 7-1 Representative World Coal Fields with ECBM Potential
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Example 7-3 illustrates sequestration potential and value of gas output from an 
ECBM operation.

Example 7-3 Suppose the CO2 output from the plant in Example 6-9 in the previous chapter is piped 
to the Sumatra coal field in Indonesia (see Table 7-1), where it is 100% injected into the field for 
sequestration and to generate methane. Assume that natural gas production without CO2 injection has 
been exhausted prior to the project, and that methane is worth $10.50/GJ. (a) For how long will the 
coal field be able to sequester the CO2? (b) What is the annual value of the methane production?

Solution

(a) From Example 6-9, the annual coal consumption is 2.26 million tonnes/year. With a carbon content 
of 85%, the resulting CO2 is

( . )( . )( ) .2 26 10 0 85 44 120 7 04 106 6× = ×/ tonnes CO2

Since the total capacity of the field is 370 million tonnes CO2, there are 52.5 years of capacity available. 
This is similar to the lifetime of a typical coal-fired plant built today.

(b) The conversion rate of the field is 267.9 m3 CH4 per tonne CO2, and from Chap. 5, the energy content 
of gas is 36.4 MJ/m3. Accordingly, the gas output is 

7 04 10 267 9 36 4 6 876. . . .×( )( )( )⎛
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=
1 GJ

1000 MJ
×× 107 GJ

At $10.50/GJ, the value of the gas output is approximately $721 million/year.

Injection into Saline Aquifers
This alternative for geologic sequestration takes advantage of large bodies of saline 
water that are present under many parts of the earth. Due to its salinity, this water 
resource is not of interest for other purposes such as irrigation or drinking water. Many 
existing power plants are located near saline aquifers; in the United States, for example, 
the majority of power plants are located on top of saline aquifers, so the requirement for 
long-distance overland transmission of CO2 to an aquifer would be minimized.

The available capacity for sequestration from saline aquifers is much larger than 
that of ECBM, and may be 10,000 Gt or more, which is similar in magnitude to the total 
emissions of CO2 that would be produced from combusting all known fossil resources. 
This technique is already in use today, albeit on a relatively small scale. Since 1996, the 
Norwegian company Statoil has been sequestering 1.1 million tonnes of CO2/year, 
which is removed from natural gas as it is extracted from the Sleipner field in the North 
Sea (Fig. 7-5), in a saline aquifer below the sea floor. The CO2 must be removed in order 
for the gas product to meet maximum CO2 requirements for the gas market, and by 
sequestering the CO2, Statoil is able to avoid the Norwegian carbon tax. The CO2 
removal technique used at this facility is a variation on the absorption-regeneration 
cycle shown in Fig. 7-2.

As shown in Fig. 7-6, the CO2 that is sequestered in an aquifer either remains 
trapped as a gas pocket, or dissolves into the saline fluid. In either case, long-term 
entrapment of the CO2 depends on a non-permeable caprock layer to prevent the CO2 
from returning to the surface. Fluid in a saline aquifer moves at a very slow pace (1 to 
10 cm/year) in response to a hydrodynamic gradient that is present, and the sequestered 
CO2 that dissolves in the fluid will move with it, away from the injection well. 
Depending on the extent of the caprock, however, it may take on the order of tens of 
thousands to millions of years for it to move to a location where it could return to the 
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surface. Some CO2 may also react with minerals present in the aquifer, resulting in the 
precipitation of carbonate molecules out of the solution, including calcite (CaCO3), 
siderite (FeCO3), and magnesite (MgCO3). This type of precipitation reaction improves 
the overall reliability of the sequestration operation, as the resulting minerals are very 
stable.

FIGURE 7-5 Sleipner gas platform sequestration process. (Image: StatoilHydro. Reprinted with 
permission.)

(Power plant
image here) CO2 source located

above saline aquifer

Caprock layer

Hydrodynamically trapped CO2

CO2 dissolved into saline fluid

CO2 from remote source

Direction of hydrodynamic gradient

FIGURE 7-6 Two options for injection of CO2 into saline aquifer. 

On the left, the CO2 arrives from a source located at a distance, and dissolves into the surrounding 
saline fl uid. On the right, the CO2 originates from a source directly atop the aquifer, and remains as 
a separate trapped pocket of gas, which is held in place by the pressure of the aquifer against the 
non-permeable caprock. A hydrodynamic gradient in the aquifer gradually moves the CO2 away from 
the well shaft.
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The capacity of a reservoir to sequester CO2 at subcritical pressures (less than 
approximately 7.4 MPa) can be expressed as a first-order approximation as a function of 
the porosity f and the water saturation sw, or fraction of reservoir volume filled with water, 
as follows. Let Vr be the total volume of the reservoir and Vg be the volume displaced by 
the gas sequestered, both in units of cubic meter. The volume of gas in the reservoir is

 
V V sg r w= −φ ( )1  (7-2)

Recall from the ideal gas law that the number of moles of as gas n in a volume Vg is 
quantified n = (VgP)/(RT), where P is the pressure in cubic meter, T is the temperature in 
degrees kelvin, and R = 8.3145 J/mol·K. Using the ideal gas law to substitute in Eq. 
(7-2) gives 

 
n

V s P
RT

r w=
−φ ( )1

 
(7-3)

The intuition behind Eq. (7-3) is that water saturation makes some fraction of the 
reservoir volume unavailable for sequestration. Of the remaining volume, the fractional 
value of the porosity is available for sequestration of the injected gas. In all such 
calculations, the reader should be aware that, while Vr is presented as an exactly known 
figure, the exact volume of an aquifer is subterranean and therefore subject to some 
imprecision when it is estimated with underground sensing techniques. This approach 
is also not appropriate for injection of CO2 to depths below approximately 800 meters, 
where the CO2 becomes a supercritical fluid and the maximum volume that can be 
sequestered is greatly increased. Lastly, the approach does not consider the effect of 
carbonate precipitation on the total volume that can be sequestered.

The full cost of developing CO2 extraction and injection into saline aquifers is not 
known at present, so its effect on the life cycle cost of fossil fuel electric production is 
not clear. Given the size and complexity of the sequestration system, its cost will not be 
negligible; however, it may be low enough to keep fossil fuel electricity competitive 
with other alternatives. The sequestration literature suggests that an additional $0.01/
kWh may be a feasible target. 

Example 7-4 tests for adequacy of a saline aquifer for sequestration over the lifetime 
of a power plant operation, and illustrates the effect of sequestration technology cost on 
life cycle electricity costs.

Example 7-4 For the supercritical plant in Example 6-8, suppose that the CO2 from 15 such plants is 
piped to a saline aquifer where it is injected. The aquifer is approximately 1000 km long and 500 km 
wide, with an average depth of 1000 m. All of the aquifer’s volume is available for dissolution of 
CO2, and the porosity is 10%. The pressure in the aquifer is 500 kPa on average, and the temperature 
is 325 K. (a) If the plants function for 75 years, is there sufficient capacity in the aquifer to sequester 
all the CO2 generated? (b) If the total cost per tonne CO2 sequestered, including repayment of capital 
cost and all operating costs, is $25/tonne, by what percent does the cost of electricity increase?

Solution

(a) Since the full volume of the reservoir is available, there is no part that is saturated with water, and 
sw = 0. The volume of the reservoir is 5 × 1014 m3. Therefore, using the pressure and temperature values 
given, the maximum number of moles is

n =
× ×

=
( )( . )( )

. ( )
.

5 10 0 10 5 10
8 314 325

9 2
5 2 14 3N/m m

55 1015× mol
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At 44 g/g·mol for CO2, this converts to 4.07 × 1011 tonnes. From Example 6-8, the CO2 generated per 
plant is 1.47 × 106 tonnes/year. The amount of CO2 generated by 15 plants over 75 years is 1.66 × 109 
tonnes. Therefore, there is adequate capacity in the aquifer.

(b) If the cost per tonne is $25.00, then the cost per year is $36.9 million. Spreading this cost among 
3.07 billion kWh generated per year gives $0.0120/kWh. Since the original cost was $ 0.0353/kWh, 
the increase is (0.0120)/(0.0353) = 34%.

Other Geological Options
Producers of CO2 from fossil fuel combustion may also be able to sequester it on the 
ocean floor, in such a way that the additional CO2 cannot return to the surface and does 
not affect the chemical balance of the ocean at large. In one scenario under development, 
CO2 is transported by pipeline to a depth of 1000 to 2000 m below the ocean surface, 
where it is injected at pressure into the surrounding water. From there, the CO2 falls 
until it reaches the layer of carbonaceous material at the bottom of the oceans sometimes 
referred to as the “carbon lake,” which may contain on the order of 30,000 to 40,000 Gt 
of carbon. Other options for transporting CO2 to the ocean bottom are under consideration 
as well.

Finding Suitable Locations for Underground Sequestration Reservoirs
Finding a suitable location for a sequestration reservoir depends first on using available 
information about underground geological strata. Both saline aquifers and fossil fuel 
deposits have been studied extensively as part of ongoing geologic activities and, in the 
latter case, as part of efforts to estimate the value of fossil fuel resources awaiting 
extraction. Based on this information, the analyst then estimates the capacity of the 
reservoir to sequester CO2, since this quantity will determine whether the reservoir is 
sufficiently large to be an attractive site, and if so, to which CO2 sources (e.g., fossil-fuel-
powered electric plants) it should be connected. The site must also be carefully surveyed 
for indications of possible leakage points, such as formations above the reservoir that 
may allow CO2 to pass, or passages left by previous fossil fuel extraction activities.

7-4-3 Prospects for Geological Sequestration
Sequestration research up to the present time indicates that between subterranean and 
sea-bottom options, there is adequate capacity for sequestration of all foreseeable CO2 
emissions from fossil fuel production, provided that we invest sufficiently in facilities 
to separate and sequester it. The risk associated with sequestration, both from leakage 
under ordinary conditions and from seismic activity, is a more complex issue, and is 
considered in greater detail here.

Risk of leakage can be divided into acute leakage, where a hazardous amount of 
CO2 is released suddenly, and chronic leakage, where continuous low-level leakage 
leads to detrimental effects over the course of time. The negative effects of chronic leakage 
include possible detrimental effects on human health and on atmospheric CO2 levels. 
Carbon sequestration has received a negative image in some quarters because of the Lake 
Nyos disaster that occurred in Cameroon in August 1986, in which an underground 
cloud of CO2 erupted to the surface suddenly and killed 1700 people. This event was in 
all likelihood unique, because the underground geologic formation first allowed a large 
amount of CO2 to accumulate at high pressure, and then allowed the CO2 to come to the 
surface all at once (a system for venting CO2 so that it cannot build up in lethal 
concentrations has since been installed at this lake). For geological sequestration of CO2, 
engineers will have the option of choosing aquifers or reservoirs with more favorable 
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formations for keeping CO2 underground, and will also be able to limit the maximum 
concentration of CO2 in any one location in the reservoir. Therefore, conditions that 
might lead to acute leakage can be avoided.

Risks from chronic leakage are a greater concern. Leaking CO2 may contaminate 
groundwater or leak into homes; it may also leak back into the atmosphere at a high 
enough rate to undercut the objective of stabilizing atmospheric CO2 concentration. 
CO2 sequestered in an underground reservoir might, in conjunction with surrounding 
materials, react with the caprock and increase its permeability, leading to higher than 
expected rates of leakage. A sequestration reservoir may leak a small amount of CO2 per 
unit of time without compromising climate change objectives. However, some research 
suggests that a maximum of 0.01% of injected CO2 per year should be the limit for this 
leakage.

Other risks must also be considered. Previous experience with the underground 
injection of hazardous waste has shown that these practices carried out in certain 
locations can increase the frequency of earthquakes. The same principle may apply to 
CO2. Along with negative effects on the built environment, seismic activity might 
accelerate the leakage of CO2. There are also risks inherent in the transmission of CO2 
away from the combustion site. Because of the large volumes of gas involved, it is not 
practical to construct intermediate reservoirs for temporary holding of CO2; instead, the 
gas must go directly to the final point of injection. In case of disruption to the transmission 
system, operators would need to build in redundancy or else have in place a permit 
system for the temporary venting of CO2 to the atmosphere.

Thus far, experience with initial sequestration projects such as the Sleipner field 
have been positive, which provides some indication that the risks outlined above can be 
managed on the path toward creating a successful geological sequestration system. 
However, geological sequestration is not yet in widespread use, and CO2 may behave 
in unexpected ways when injected into different reservoirs around the world. The 
research community should continue experimental work, as well as careful observation 
of new sequestration operations as their numbers grow, to ascertain that there are no 
unforeseen adverse effects from injection of CO2 into various types of reservoirs. 
Historically, scientists have accumulated only limited previous experience with CO2 
injection, and conditions in a reservoir are difficult to reproduce in the laboratory or 
using computer simulation. To address this issue, existing CO2 deposits, for example, in 
the states of New Mexico and Colorado in the United States, are being used to calibrate 
computer models of CO2 in underground formations. Once these models can successfully 
reproduce conditions in real-world reservoirs, they can be used as test beds for modeling 
the effect of sequestration procedures.

7-5 Sequestration through Conversion of CO2 into Inert Materials
In this approach to sequestration, captured CO2 is reacted in engineered facilities with 
mineral such as calcium or magnesium to form carbonate molecules that are stable over 
long periods of time and can therefore sequester carbon. Carbonate forming reactions 
occur naturally, and they continually precipitate out some amount of carbon from the 
oceans and from subterranean reservoirs, although the amount is small relative to the 
large volumes of net carbon emissions each year to the atmosphere from anthropogenic 
sources. As discussed above, these compounds can precipitate as a by-product of 
geological sequestration of CO2 in saline aquifers, where the necessary minerals are 
present. In this section we consider actively transforming carbon into carbonate 
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materials in an industrial process, at rates sufficient to keep pace with CO2 production 
from energy generation.

One favorable characteristic of this process is that the reactions are exothermic, and 
therefore can occur without a large energy input during the transformation of CO2 to 
carbonate materials. Taking the case of magnesium oxide and calcium oxide as examples, 
we have

 CaO CO CaCO 179 kJ/mol2 3+ → +  (7-4)

 MgO CO MgCO 118 kJ/mol2 3+ → +  (7-5)

However, at ambient conditions the reaction occurs at too slow a pace to be practical, 
so the temperature or pressure must be elevated to accelerate the transformation of 
CO2, incurring an energy penalty. Even after expending energy to accelerate the rate of 
carbonate production, the overall balance is favorable when one takes into account the 
energy initially released from combusting fossil fuels. Taking coal as an example, the 
reaction is:

 C O CO 394 kJ/mol2 2+ → +  (7-6)

Thus for a coal-based energy life cycle in which coal is first combusted and then the 
resulting CO2 is reacted with CaO to form CaCO3, there is a net gain of 573 kJ/mol, from 
which energy for the sequestration operation including transmission of CO2 and heating 
of carbonate materials can be drawn, and the remainder used for energy end uses.

In the natural world, silicate materials that contain magnesium and calcium are 
much more common than pure calcium or magnesium oxides, and the energy penalty 
incurred in preparing these oxides for use in sequestration may be excessive. Instead, a 
more commonly found mineral might be used, even if it has a lower energy yield per 
unit of CO2 reacted. Taking the case of forsterite (Mg2SiO4), at 515 K we have

 
1
2 Mg SiO CO MgCO

1
2 SiO 88 kJ/mol2 4 2 3 2+ → + +  (7-7)

In addition, the reaction requires the supply of 24 kJ/mol of thermal energy to heat 
the forsterite from ambient temperature to the temperature required for the reaction.2 
Similarly, the energy released by reacting CaO and MgO at high temperatures needed 
for a more rapid reaction is reduced:

 (At 1161 K) CaO CO CaCO 167 kJ/mol2 3+ → +  (7-8)

 (At 680 K) MgO CO MgCO 115 kJ/mol2 3+ → +  (7-9)

The energy required to heat CaO and MgO from ambient conditions to the required 
temperature is 87 kJ/mol and 34 kJ/mol, respectively.

Example 7-5 illustrates the material requirements and energy availability for a 
sequestration process using this material.

2By convention, the input of 24 kJ/mol does not appear on the left-hand side of the reaction in Eq. (7-7), 
although this input is implied since it is a requirement for achieving the net release of 88 kJ/mol shown 
in the reaction.
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Example 7-5  Suppose that the CO2 output from one of the plants in Example 7-4 is sequestered by 
reaction with MgO to form MgCO3, rather than injection into an aquifer. In order to sequester CO2 at 
a sufficient rate, the reactants must be heated to 680 K, consuming 34 kJ/mol CO2; the reaction itself 
releases 115 kJ/mol CO2. (a) What is the mass of MgO that is required each year to sequester the CO2 
stream? (b) What is the mass of MgCO3 produced? (c) Ignoring any losses in the process, what is the 
net energy flux during MgCO3 formation, in MW?

Solution

(a) The atomic masses, rounded to the nearest whole number, of magnesium, oxygen, and carbon are 
24, 16, and 12, respectively. Therefore, the mass of MgO is 40. Since the amount of CO2 sequestered is 
1.47 × 106 tonnes/year, the amount of MgO is (40/44)(1.47 × 106 tonnes/year) = 1.34 × 106 tonnes/year.

(b) The mass of MgCO3 is 84, so the amount of MgCO3 is (84/44)(1.47 × 106 tonnes/year) = 2.81 × 
106 tonnes/year.

(c) The net energy released per mole is 115 – 34 = 81 kJ/mol. The number of moles of CO2 per year is

1.47 10 tonne
44 g/mol

10 g
tonne

6 6× ⎛
⎝⎜

⎞
⎠⎟

= ×3 34 10. 110

Therefore the net energy released per year is (3.34 × 1010)(81) = 2.71 × 1012 kJ. Dividing by the number 
of seconds per year, or 3.1536 × 107 s, gives 8.58 × 104 kW or 85.8 MW.

An engineered system for converting CO2 to inert carbonates would include a CO2 
delivery network, an extraction operation to mine the required raw material, and a 
system for accumulating the carbonate material on site, or possibly a supply chain to 
deliver the material to the marketplace as a raw material. Assuming the material 
produced in the reaction is stored in place, the operator would likely minimize cost by 
siting the sequestration facility at the location of the required mineral deposit and 
piping the CO2 to the facility, rather than moving the mineral to the CO2. Large-scale 
removal of minerals from under the earth raises issues of scarring the natural landscape 
during extraction. However, given that the total mineral resource available for CO2 
conversion is many times larger than the amount needed to sequester the remaining 
fossil fuel reserve, it is likely that, as long as the conversion process itself is economically 
viable, the necessary facilities can be sited in locations that are not sensitive to either 
natural habitat disruption or detrimental effect on other human endeavors. 

7-6 Direct Removal of CO2 from Atmosphere for Sequestration
Current sequestration R&D activities for the most part presuppose that CO2 must be 
prevented from entering the atmosphere if at all possible, since it is not feasible to 
remove it in large quantities once it has accumulated there. (As discussed in Section 7-3, 
some CO2 can be removed indirectly through the forestation process, but the total 
potential for this option is likely to be small relative to the amount of CO2 that might 
accumulate in the atmosphere over the next 50 to 100 years.) If, however, a reliable and 
economical device could be developed to capture CO2 from the air for sequestration in 
reservoirs or carbonate materials, new possibilities for offsetting current carbon 
emissions and even removing past buildup of CO2 would emerge. This technology 
would of course not only need to operate in a cost-effective way compared to other 
options for mitigating climate change, but also incur only a limited CO2 emission 
penalty, that is, for each unit of CO2 generated in the life cycle energy used in the capture 
process, many units of CO2 should be captured.
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One approach to designing such a device is to locate it in terrain with high average 
wind speeds, where CO2 can be extracted from the air as it passes through the facility 
without requiring the mechanical suction of the air, thus reducing the energy 
consumption requirement of the facility. Long-term sequestration options should also 
be located nearby, if possible, so as to minimize CO2 transmission cost. One vision of the 
CO2 capture device is a tunnel with a lining containing some adsorbing material. As the 
air passed through the tunnel, the CO2 would adsorb to the lining, to be removed by 
some secondary process and transferred to the sequestration site. A CO2 capture facility 
would consist of a field of such tunnels, perhaps colocated with a field of wind turbines 
to provide carbon-free energy for the operation, given that the site is chosen to have 
high wind speeds. Alternatively, the energy might be taken from the grid, with CO2 
from the required energy sequestered elsewhere.

Assuming the capture technology can be successfully developed, a comprehensive 
system might be built up around the sequestration or possibly recycling of captured 
CO2, as shown in Fig. 7-7. In this case, the assumed energy source for carbon capture is 
a fossil-fuel-powered energy plant which delivers both energy and CO2 to the capture 
and sequestration site. The sequestration facility then injects the CO2 into an underground 
reservoir. Alternatively, the energy generation facility might emit the CO2 to the 
atmosphere, to be offset by the capture facility. Also, the sequestration facility might 
transmit some fraction of the CO2 to a transportation energy conversion plant, which 
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FIGURE 7-7 CO2 cycle with combustion, capture, and sequestration. 

Solid lines show essential parts of cycle, including the use of fossil fuel energy to capture and 
sequester CO2, with CO2 from combustion sent directly to sequestration facility without release 
to atmosphere. Dashed line shows optional components, including release and recapture of CO2
to and from atmosphere, and conversion of captured CO2 to hydrocarbon fuel for transportation 
applications.
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would transform the CO2 into a synthetic transportation fuel HxCy (i.e., the hydrocarbon 
combustion reaction in reverse), with the carbon emitted to the atmosphere during 
transportation end use and returned to the sequestration facility by the capture 
device.

7-7 Overall Comparison of Sequestration Options
Sequestration options are presented in this chapter in increasing order of complexity, 
but also in increasing order of potential for reliably and permanently sequestering 
carbon in unlimited quantities. Geological sequestration may provide the optimal 
balance of high potential volume of sequestration and manageable life cycle cost, and at 
the time of this writing, it is also the option receiving the greatest research effort. All 
discussion in the next several paragraphs assumes that our R&D efforts can achieve 
mature sequestration technologies that function reliably and that meet required cost-
per-tonne CO2 targets.

Indirect sequestration is limited by the amount of earth surface area available for 
planting of trees or possibly exploitation of smaller organisms that perform 
photosynthesis. It may be possible to increase the yield of CO2 sequestered per square 
meter of area by using genetic engineering or creating some process to assist with the 
conversion of plant or tree activity into sequestered carbon, but the potential is limited. 
Nevertheless, in the short run it should be exploited vigorously, not only because of low 
cost but also because of ancillary benefits from forests.

Some questions remain at the present time about the permanence of geological CO2 
sequestration, including the possibility of leaks from some reservoirs if the practice is 
used on a large scale, and the concern over contamination of drinking water or increases 
in seismic activity. If these issues are resolved favorably, then there may not be a need 
to pursue CO2 conversion. On the other hand, the issue of the “carbon legacy” lasting 
for thousands or even millions of years is difficult to rule out with absolute certainty. If 
CO2 conversion is sufficiently cost competitive, it may be desirable to prioritize it in 
order to completely eliminate any concern about negative consequences of geological 
sequestration that would be impossible to detect until long after human society had 
committed itself to the latter.

Energy penalties are important for all sequestration options. Due to high energy 
content in fossil fuels per unit of carbon combusted, it is often possible to sustain a 
significant energy penalty during the sequestration life cycle and still create an energy 
system that delivers electricity to the consumer at a competitive cost per kWh with no 
net CO2 emissions to the atmosphere. If, however, energy penalties are excessive, too 
much of the energy available in the fossil fuel is eaten up in the sequestration process, 
and fossil fuels become uncompetitive with nuclear or renewable alternatives. 

The role of nonfossil resources in carbon sequestration raises interesting possibilities. 
In some cases it may be possible to use nonfossil energy sources to power any component 
of the sequestration process (air capture, separation, transmission, or injection of CO2, 
as well as recycling of CO2 into hydrocarbon fuels for transportation). On the other 
hand, depending on the efficiency and cost of the processes involved, it may be 
preferable to use the nonfossil resources directly in the end-use applications, rather 
than directing them toward the carbon-free use of fossil fuels. Also, per the preceding 
discussion, CO2 must be sequestered in real time as it is generated, while many 
renewable options function intermittently. Therefore, use of these intermittent resources 
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for carbon sequestration would require backup from some dispatchable resource. We 
pose these questions about fossil versus nonfossil energy resources here without 
attempting to answer them; a quantitative exploration is beyond the scope of the book.

In all consideration of options, the “end game” for carbon sequestration should be 
kept in mind. In the future, the maximum concentration of CO2 in the atmosphere, and 
the length of time over which that maximum exists, will determine the extent and effect 
of climate change, and not the absolute volume of CO2 that is emitted over the remaining 
lifetime of all fossil fuels on earth. Therefore, imperfect or “leaky” sequestration options 
may still be useful if they can help to lower the peak over the coming decades and 
centuries.

Lastly, carbon sequestration, and especially geological sequestration, may be 
applicable first in the emerging economies, where utility operators are rapidly adding 
new power generating facilities to keep up with burgeoning demand. Each new power 
plant represents an opportunity to launch the separation and sequestration of CO2 
without needing to retrofit plants that are currently operating, especially in the 
industrialized countries, at large cost and part way through their life cycle. These 
sequestration projects might provide a very good opportunity for the clean development 
mechanism (CDM) under the Kyoto Protocol (or subsequent UNFCCC protocols), in 
which industrialized countries meet their carbon reduction obligations by financing the 
sequestration component of the new plants. Timing is important—for geological 
sequestration to be useful for the CDM, our R&D efforts must perfect the technology 
and make it available commercially before the current phase of power plant expansion 
is complete. After this time, carbon sequestration will require retrofitting of plants, 
which would greatly increase the cost per tonne of CO2 sequestered.

7-8 Summary
Carbon sequestration, as overviewed in this chapter, is the key technology for making 
fossil fuel use sustainable over the long term; without some means of preventing CO2 
from reaching the atmosphere, an increase in its concentration is inevitable if we are to 
continue to use fossil fuels at current rates. Options for carbon sequestration are evolving 
and will change over time. In the short run, the planting of forests is a viable alternative, 
along with sequestration in underground reservoirs on a demonstration basis in order to 
sequester some CO2 while learning more about its long-term behavior in these reservoirs. 
Enhanced recovery options, such as enhanced oil recovery (EOR) or enhanced coal basin 
methane recovery (ECBM), provide a means of sequestering CO2 while generating a 
revenue stream from recovered oil or gas that is otherwise unrecoverable. Gradually, as 
opportunities for forestation or enhanced recovery are exhausted, geological sequestration 
in saline aquifers or in the carbon pool at the bottom of the ocean may expand in order 
to increase the volume of CO2 sequestered, provided earlier results are satisfactory in 
terms of minimizing leakage and preventing negative side effects. Geological 
sequestration may eventually sequester all CO2 generated from the combustion of 
remaining fossil resources. Further in the future, conversion of CO2 to inert materials or 
air capture of CO2 to reduce atmospheric concentration may emerge, although these 
techniques are still in the laboratory. For all sequestration options, we have an imperfect 
ability to measure how much CO2 will be sequestered and its long-term fate once 
sequestration has started, so further research is necessary to clarify the extent to which 
sequestration can safely and effectively be used to prevent climate change.
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Exercises
1. For a country of your choice, create a rudimentary sequestration program for CO2 emissions 
from fossil-fuel-powered electricity generation. Assume that geological sequestration technology 
is mature enough for widespread use, and that options for forest sequestration are also available. 
What is the total annual inventory of CO2 by fossil fuel type? How is this production of CO2 to 

http://www.osti.gov/bridge/servlets/purl/842996-Bodt8y/native/842996.PDF
http://www.osti.gov/bridge/servlets/purl/842996-Bodt8y/native/842996.PDF
http://www.nyserda.org/publications/trends.pdf
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be allocated among available sequestration options? Document the availability of the chosen 
carbon sinks using information from the literature or internet. Is the carbon to be sequestered 
domestically within the country, or will some of the sequestration requirement be met outside 
the borders?

2. The country of China has 9.6 million km2 of area. Suppose the government embarks on a 
comprehensive sequestration program in which 5% of this area is targeted for reforestation with a 
species of tree that can absorb 1.4 kg carbon/m2·year net for 20 years, after accounting for carbon 
emissions associated with the executing the project, for example, transporting tree seedlings, 
equipment for planting, and so on. In order to develop the reforested area evenly, the project is 
divided into two phases. In the first phase, the reforestation project starts from a small scale in 
the year 2010 and follows a triangle curve in reaching 100% of annual capacity to plant trees over 
10 years. In the second phase, planting continues at a constant rate of 50,000 km2/year until all 
the area has been reforested. Over the life of the project, emissions from the Chinese economy are 
projected to start at 7 Gt/year in 2010 and grow linearly by 0.27 Gt/year.

a.  How many years does it take to plant the entire area with trees, to the nearest whole 
year?

b.  Over the lifetime of the project, what is the percentage of total of carbon emissions from the 
economy sequestered by the project?

c. Comment on your answer from part (b).

3. Design an ECBM system with methane recovery, electricity generation, and carbon sequestration 
for a coal field with 17 billion m3 methane capacity and a yield of 280 m3/tonne CO2 sequestered. 
The methane (assume it is pure CH4 and ignore impurities) is delivered to an advanced technology 
generating plant where it is mixed with a stream of pure oxygen to deliver electricity for the grid, 
CO2 for sequestration, and water as a by-product. Of the energy available in the methane, 40% is 
delivered to the grid in the form of electricity. The remainder is dissipated in losses in the plant 
and to supply energy needed for the operation (methane, CO2 and water pumping, CO2 injection, 
and so on). All CO2 from the generating plant is injected into the coal field, so that there are no 
emissions of CO2 to the atmosphere. Additional CO2 is transported by pipeline from other sources 
located at a distance. The plant is planned to operate for 40 years at a constant output, after which 
all the methane will have been withdrawn.

a How much electricity does the plant produce per year?
b.  What is the net amount of CO2 sequestered, after taking into account the fraction that is 

derived from carbon that was under the ground in the first place?

4. An advanced coal-fired electric power plant uses 1.34 million tonnes of coal to generate 
3 billion kWh of electricity per year. All of the CO2 output from the plant is separated and sequestered 
in a saline aquifer. The aquifer has a volume of 1.76 × 1012 m3, average pressure of 300 kPa, average 
temperature of 350 K, water saturation of 0.22, and a porosity of 14%. How many years would it 
take for the CO2 from the plant to fill the aquifer, to the nearest year?

5. Suppose that the plant in problem 4 requires a 1000 km pipeline to move the CO2 from the plant 
to the injection site. The project has a financial life of 25 years and an MARR of 6%. There is also 
an operating cost of $5.00/tonne to transport the CO2, and a fixed capital cost of $100 million for 
the facilities to transmit CO2 from the plant and to inject it into the aquifer. What is the additional 
levelized cost per kWh to sequester the CO2:

a. If the pipeline costs $500,000/km?
b. If the pipeline costs $5,000,000/km?

6. Sequestration in carbonate materials. You are to build up a sequestration process using 
forsterite, using data on energy required for heating reactants and energy released during carbonate 
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formation found in the chapter. Use of electricity in the problem can be assumed to emit CO2 at 
the rate of 0.12 tonne of CO2 per GJ. Answer the following questions:

a.  How many tonnes of forsterite are required per tonne of CO2 sequestered? How many 
tonnes of magnesium carbonate (MgCO3) are produced?

b.  How much net energy is released per tonne of CO2 sequestered?
c.  The sequestration facility is located on top of a layer of rock strata that is 40% forsterite 

by weight, which is to be mined for the sequestration process. The volume available to be 
mined is 500 million tonnes. The operation is to work for 20 years. How many tonnes of 
CO2 can be sequestered per year?

d.  The total energy consumption per tonne of rock mined to extract the rock, prepare the 
forsterite, and power the plant is 1.0 GJ/tonne of forsterite yielded. Suppose 3/4 of the 
energy released during the sequestration reaction can be usefully made available to the plant 
either as electricity or process heat. What is the net energy required from outside sources 
per tonne of CO2 sequestered?

e.  Suppose the energy requirement in (d) is made available in the form of electricity from 
a fossil-fuel-burning power plant. What is the net amount of CO2 sequestered per ton of 
forsterite processed, taking into account this CO2 “loss”?

f.  Suppose the CO2 for the process is to come from an air capture device. A device is available 
that has a swept area of 20 m × 20 m and is 50% efficient in terms of capturing the passing 
CO2 (ignore any CO2 emissions resulting from powering the device, for this part). The 
average air speed is 3.6 m/s. How many of such devices are needed to supply the CO2 for 
sequestration in part (c)?

g.  Suppose that instead of being captured from the air, the CO2 is delivered from a power plant. 
Also, the output from the sequestration process is not accumulated on site: instead it is sold 
as a building material, similar to gravel, at a value of $8.00/tonne. The facility including 
CO2 delivery, material mining, and carbon transformation, has a capital cost of $3 billion. 
The energy requirement calculated in part (d) is delivered in the form of electricity, and 
the cost of the electricity is $0.10/kWh; all other operating costs are $5,000,000/year. If the 
project lifetime is 25 years and the MARR is 5%, what is the net additional cost per kWh for 
electricity whose CO2 emissions are offset using this facility?



CHAPTER 8
Nuclear Energy Systems

8-1 Overview
Nuclear energy is the first of a number of energy sources to be discussed in this book 
that can deliver significant amounts of energy without emitting greenhouse gases, and 
without consuming finite fossil fuel resources. In the last two decades, the nuclear 
industry in many industrial countries suffered from the perception of safety problems 
and lack of economic competitiveness with fossil-derived electricity, and the construction 
of new nuclear plants in these countries ceased for a time. Today there is renewed 
interest in nuclear energy in a number of countries including China, India, South Africa, 
and the United States, due to concern about both climate change and the future 
availability of fossil fuels. Known fuel resources and present day fission reactor designs 
would allow society to depend on this resource for some 20 to 30% of world electricity 
needs for many decades. The further expansion of the use of nuclear energy, or its use 
over a much longer time span, however, would require some combination of new 
uranium resources, new fission reactor designs capable of fast fission, the successful 
development of nuclear fusion, and a more permanent solution for radioactive waste 
products. These issues are discussed in this chapter.

8-2 Introduction
The term “nuclear energy” means different things in different professions. To a nuclear 
physicist, nuclear energy is the energy in the bonds between subatomic particles in the 
nucleus of an atom. To an energy systems engineer, nuclear energy is the controlled 
release of that energy for application to human purposes, most commonly the generation 
of electricity for distribution in the electric grid.1

Nuclear energy can be obtained either through fission, or splitting of a nucleus of 
one heavy atom resulting in two or more smaller nuclei, or fusion, which is the joining 
together of two light nuclei into a larger one. Energy released during these nuclear 
reactions is transferred to a working fluid such as pressurized water or steam, and then 
the thermal energy is converted into electrical energy in a conversion device similar 
to those studied in Chap. 6 for fossil fuels. Because nuclear bonds are extremely 
strong, the amount of energy released by a nuclear reaction is very large relative to a 
chemical reaction, and nuclear power plants can therefore deliver very large amounts 
of power per mass of fuel consumed.

1 For a full-length work on the principles of nuclear energy and nuclear reactor design, see, for example, 
Glasstone and Sesonske (1994), Volumes 1 and 2.
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In an age of worldwide concern about climate change and other environmental 
issues, nuclear energy has some unique positive attributes, and also some unique 
concerns. Nuclear energy emits no CO2 during the end-use stage of its life cycle, and 
because the facilities built have a small footprint relative to the amount of energy they 
are capable of producing, nuclear energy also emits relatively small amounts of CO2 
during the infrastructure construction stage. There are also no air pollutants emitted 
from the consumption of nuclear fuels in the plant. There are, however, radioactive 
by-products created at the fuel extraction and fuel consumption stages, as well as at the 
disposal stage of a reactor. Managing radioactivity requires management techniques that 
are unique to nuclear energy, including the shielding of reactors, the careful movement 
of by-products in the transportation network, and the management of high-level nuclear 
waste that includes some isotopes that remain radioactive for thousands of years.

It is perhaps also the presence of concentrated radioactivity, unfamiliar as it was to the 
general public before the invention of nuclear weapons and the first construction of nuclear 
power plants in the mid-twentieth century, which has made nuclear energy one of the 
most controversial energy options at the present time. Of course, large-scale generation 
and distribution of energy resources has caused controversy in many forms, ranging from 
debates over the extent to which power plant emissions should be regulated, to the effect 
of inundating land with reservoirs impounded behind hydroelectric dams, to the visual 
and auditory effect of wind turbines. Still, it is hard to think of an energy source where 
two sides have such diametrically opposing views. In the words of one author “ . . . one 
side is certain that nuclear energy will have to expand in the twenty-first century to meet 
energy demand, whereas the other side is equally certain that this energy form is too 
dangerous and uneconomical to be of longer-term use.”2 What is clear is that, in the short 
run, nuclear energy provides a significant fraction of the world’s electricity, and since this 
output cannot easily be replaced, even if that were the intention of the community of 
nations, nuclear power will certainly be with us for many decades. It is less certain 
whether in the long term fission power will be retained as a permanent option for 
electricity, or whether it will be phased out in favor of some other option.

8-2-1 Brief History of Nuclear Energy
The origin of nuclear power begins with the development of nuclear weapons through 
the use of uncontrolled fission of fuels to create an explosion. Fission in a nuclear weapon 
is uncontrolled in the sense that, once the chain reaction of the weapons fuel begins, a 
substantial fraction of the nuclear fuel is consumed within a fraction of a second, leading 
to an extremely powerful and destructive release of energy.

Many of the scientists involved in the development of nuclear weapons advocated 
the application of nuclear energy toward nonmilitary applications such as electricity 
generation. In 1954, a nuclear reactor with a 5-MW capacity at Obninsk in the erstwhile 
USSR delivered power to the surrounding electric grid for the first time in history. The 
first commercial nuclear plant in the world was the 50-MW Calder Hall plant at 
Sellafield, England, which began operation in 1956. The first commercial nuclear power 
plant in the United States was the 60 MW unit at Shippingsport, Pennsylvania, United 
States, which began to deliver electricity to the grid in 1958. 

From the late 1950s and early 1960s, the number of nuclear plants grew rapidly in 
North America, Japan, various countries in Europe, and the former Soviet Union, as 

2 Beck (1999).
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did the size of individual reactors. In 1974, the first plant with a 1000-MW capacity, 
Zion 1, came on line in the United States near Warrenville, Illinois. Since that time, the 
size of the largest plants has remained approximately constant around 1 to 1.5 GW, 
although some utilities have concentrated the total nuclear generating capacity in 
specific locations by installing multiple plants adjacent to one another. In New York 
State in the United States, for example, three plants with a total capacity of approximately 
3 GW are colocated along Lake Ontario near Oswego, New York: Nine Mile Point 1, 
Nine Mile Point 2, and the James Fitzpatrick reactor. 

The other main application of nuclear energy besides electricity generation and 
explosive weapons is in propulsion for naval vessels. Nuclear reactors are ideal for 
warships because a relatively small mass of fuel in the on-board reactor allows aircraft 
carriers, submarines, and other vessels to function for months or years at a time 
without needing refueling, an asset for military applications. On the civilian side, in 
the 1960s and 1970s the Japanese and U.S. governments sponsored the development 
of prototype nuclear-powered merchant ships for carrying commercial cargo, namely 
the Mutsu Maru in Japan and the N.S. Savannah in United States. These vessels 
eventually proved not to be cost-competitive with conventional diesel-powered 
merchant ships and were taken out of service. There are no nuclear-powered merchant 
ships in use at the present time.

Three highly publicized accidents involving nuclear energy since the 1970s have 
slowed its growth around the world. In the first, in 1978 a partial meltdown of one 
of the reactors at Three Mile Island near Harrisburg, Pennsylvania, United States 
led to the permanent loss of use of the reactor, although the adjacent reactor in the 
facility was not damaged and continues to be used at present.3 After Three Mile 
Island, many contracts for the construction of nuclear plants were cancelled, and 
since that time no new plants were ordered in the United States until an announcement 
of an agreement for a new plant in the state of Alabama in 2007. In 1986, a reactor 
malfunction and fire triggered by a poorly designed and executed experiment at 
Chernobyl in the Ukraine led to the complete destruction of a reactor and its 
surrounding structure, as well as the loss of life of 28 firefighters and the evacuation 
of a large geographic area around the plant. Although the accident could not have 
happened if the plant operators had not violated several key safety regulations, the accident 
revealed the vulnerability of the design to the release of radioactivity in the case of a fire or 
meltdown (see discussion of reactor designs Sec. 8-4). At the time of the Chernobyl accident, 
many European countries were moving toward fossil-based electricity generation due 
to relatively low fuel costs, and the Chernobyl accident served as further 
discouragement for the building of new plants. Italy, for example, passed a 
referendum in 1987 to phase out domestic nuclear power production, and closed its 
last plant in 1990. Other countries, notably France and Japan, continued to expand 
nuclear capacity; the former brought on line four 1450-MWe plants between 1996 
and 2003. The third high-profile event was an accident at a fuel reprocessing facility 
in Tokaimura, Japan, in 1999, which led to the death of two workers by radiation 
poisoning.

3 A full report on the accident was published by the President’s Commission, also known as the “Kemeny 
Commission Report” (United States, 1979). For an account of the sequence of events in the Chernobyl 
accident, see Cohen (1987).
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8-2-2 Current Status of Nuclear Energy
The memory of the three incidents previously mentioned continues to influence nuclear 
policy around the world at the outset of the twenty-first century. At the same time, operators 
of existing nuclear plants have improved efficiency and also availability of nuclear plants, 
so that once capital costs have been amortized, the plants operate for the largest percent of 
hours per year of any energy generation technology, and also produce electricity for the 
grid at some of the lowest production costs per kWh of any technology. In countries with 
deregulated electricity markets, operators of these plants can sell electricity for whatever 
price the market will bear while producing it at low cost, leading to attractive profits. 

Among the industrialized nations, at present some countries are expanding the use 
of nuclear energy, some countries are keeping output constant, and some countries are 
attempting to phase out nuclear energy entirely. As shown in Table 8-1, countries with 
high reliance on nuclear energy, in terms of percent of total kWh produced, include 
France with 78%, Belgium with 54%, Switzerland with 37%, and Japan with 30%. As 
mentioned earlier, the United States, along with the United Kingdom and a number of 
other European countries, have not recently been adding new plants, although the 
operators of the plants continue to increase total nuclear power production by improving 
the performance of existing plants. Countries with the stated intention of phasing out 
nuclear energy include Belgium and Sweden. Taking the example of Sweden, the 
government responded to the accident at Three Mile Island by making the commitment 
in the early 1980s to phase out nuclear energy within the country by 2010. Soon after the 
year 2000, it become clear that this goal was unattainable, since the Swedish economy 
continued to rely on nuclear power for a significant fraction of its electricity (48% in 
2006), and there were no alternatives waiting in the wings to replace nuclear. Some 
forecasts suggest that Sweden could only phase out nuclear power by 2045 or 2050 at 
the earliest, were it to follow through on this pledge.

Another major effort has been the upgrading of nuclear plants in the former Soviet 
Union and former Eastern European bloc from obsolete Soviet designs to state-of-the-
art technology. For example, a plant at Temelin in the southern Czech Republic was 
partially completed with Soviet technology at the time of the changing of the regime in 
the former Czechoslovakia in 1990. The Czech operators of the plant subsequently 
entered into an agreement with a U.S. firm, Westinghouse, to complete the plant using 
technology that was compliant with western safety standards. The way in which the 
project was completed was of great interest to the Austrian government, which had 
originally expressed serious concern about the operation of a plant with suspect 
technology some 100 km from the Austrian border. The plant began delivering electricity 
to the grid in 2002.

The use of nuclear energy is concentrated in the industrialized countries, and is 
relatively less of a market player in emerging countries—just 2% of primary energy 
consumption in non-OECD (Organization for Economic Cooperation and Development) 
countries of the world is met with nuclear energy, versus 10% in OECD countries. For 
some of the emerging countries, the combination of a need for a large electricity market 
to justify the size of a nuclear plant, the high capital cost of the plant, and the level of 
technological sophistication are out of reach (although this might change in the future 
if smaller, modular designs become available). On the other hand, emerging countries 
in many parts of the world, including Argentina, Mexico, Pakistan, and South Africa, 
make use of nuclear energy to meet some of their electricity demand, so it cannot be 
said that nuclear power is exclusively the domain of the richest countries. At the present 
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time, countries such as India and China, with rapidly growing economies and concerns 
about the pollution impacts of heavy reliance on coal, are expanding the use of nuclear 
energy.

8-3 Nuclear Reactions and Nuclear Resources
As a starting point for investigating the fuels and reactions used in nuclear energy, 
recall that the atomic number Z of one atom of a given element is the number of protons 
in the nucleus of that atom, which is also the number of electrons around the nucleus 
when the atom has a neutral electrical charge. The atomic mass A is the sum of the 

Country Output (bil. kWh) Share (%)

Armenia  2.4 42.0

Belgium  44.3 54.4

Bulgaria  18.1 43.6

Canada  92.4 15.8

Czech Republic  24.5 31.5

Finland  22.0 28.0

France  428.7 78.1

Germany  158.7 31.8

Hungary  12.5 37.7

Japan  291.5 30.0

Korea  141.2 38.6

Lithuania  8.0 72.3

Russia  144.3 15.9

Slovakia  16.6 57.2

Slovenia  5.3 40.3

Spain  57.4 19.8

Sweden  65.1 48.0

Switzerland  26.4 37.4

Ukraine  84.8 47.5

United Kingdom  69.2 19.9

United States  787.2 19.4

Note: Share is based on percent of total kWh/year generated by nuclear reactors. 
Total output of electricity from nuclear plants was 2661 billion kWh, or 16% of total 
world electricity production. 
Source: International Atomic Energy Agency (2007).

TABLE 8-1 Output of Nuclear-Generated Electricity, and Nuclear’s Share of 
Total Electric Market, for Countries with More than 15% Share of Electricity 
from Nuclear Energy, 2006 
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number of protons and neutrons in the nucleus of that atom, with each proton or neutron 
having a mass of 1 atomic mass unit (AMU). In precise terms, the mass of a neutron is 
1.675 × 10−27 kg, while that of a proton is 1.673 × 10−27 kg; the value of 1 AMU is 1/12 of 
the mass of the most common carbon nucleus, which has 6 protons and 6 neutrons. The 
number of protons identifies a nucleus to be that of a specific element. Nuclei with the 
same number of protons but different numbers of neutrons are isotopes of that element. 
For example, Uranium 233, or U-233, is an isotope of Uranium with 92 protons and 
141 neutrons, U-238 is an isotope with 92 protons and 146 neutrons, and so on.

The binding energy of the nucleus is a function of the ratio of Z to A at different 
values of A across the spectrum of elements. It suggests which isotopes of which 
elements will be most useful for nuclear energy. Using Einstein’s relationship between 
energy and mass:

E mc= 2  (8-1)

we can calculate the mass of a nucleus with neutrons and protons (N, Z) and binding 
energy B(N, Z) using

M N Z Nm Zm
B N Z

cn p( , )
( , )= + − 2

 (8-2)

In other words, the mass of a nucleus is the mass of the individual particles within 
the nucleus, minus the mass equivalent of the binding energy which holds the nucleus 
together. It is this binding energy which is released in order to exploit nuclear energy 
for useful purposes.

From experimental observation, the following semiempirical formula for binding 
energy B of a nucleus as a function of A and Z has been derived:
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 (8-3)

From empirical work, the following coefficients have been found to fit observed 
behavior of nuclear binding energy: C1 = 2.5 × 10−12 J, C2 = −2.6 × 10−12 J, C3 = −0.114 × 10−12 J, 
and C4 = −3.8 × 10−12 J. 

Figure 8-1 shows the binding energy per unit of atomic mass for the range of 
observed atomic mass values, for values from AMU = 1 to 244 (equivalent to the range 
from hydrogen to plutonium), as predicted by Eq. (8-3). At each value of A, a 
representative value of Z is chosen that is typical of elements of that size. The resulting 
values of B/A are therefore slightly different from the observed values when elements 
at any given value of A are analyzed. However, the predicted values of binding energy 
are reasonably close. Table 8-2 gives the predicted and actual binding energy for a sample 
of five elements from Al to U, measured in electron volts or eV (1 eV = 1.602 × 10−19 J). The 
error values are small, ranging from 2 to 5%. 

The ratio Z/A that results in the lowest energy state for the binding energy of the 
nucleus, and hence is predicted to be the most likely value for a given value of A, can be 
approximated by a related, empirically derived formula:
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 (8-4)
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The value of predicted Z/A is plotted as a function of A in Fig. 8-2. As shown, 
Z/A declines with increasing A, consistent with the values for representative 
elements in Table 8-2. For heavier elements, however, Eq. (8-4) predicts values that 
are low relative to observed values. Taking the case of uranium, the main naturally 
occurring and artificially made isotopes range in atomic mass from U-230 to U-238, 
which have corresponding actual Z/A values of 0.400 and 0.387, versus predicted 
values from Eq. (8-4) of 0.330 and 0.327, respectively.4

In summary, the binding energy of the nucleus tells us first that for light atoms, 
the number of neutrons and protons in the nucleus will be approximately equal, but 
for heavier atoms, the number of neutrons will exceed the number of protons. 
Secondly, atoms with the strongest nuclear binding energy per nucleon occur in the 
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FIGURE 8-1 Predicted binding energy per nucleon as a function of number of AMU, using Eq. (8-3).

Note: One nucleon equals one proton or one neutron.

A Z/A Predicted (MeV) Observed (MeV) Error %

Al  27 0.481 8.74 8.33 5%

Cu  64 0.453 9.03 8.75 3%

Mo  96 0.438 8.85 8.63 3%

Pt 195 0.400 8.08 7.92 2%

U 238 0.387 7.73 7.58 2%

Note: 1 MeV = 1 million eV, or 1.602 × 10−13 J.

TABLE 8-2 Predicted Binding Energy per nucleon Using Eq. (8-3) versus Observed for a Selection 
of Elements 

4Isotopes of uranium with atomic number as low as 218 and as high as 242 are possible, but some of 
these synthetic isotopes have a very short half-life.
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middle of the periodic table, while those with the weakest binding energy occur at 
either the light or heavy end of the element spectrum. Nuclei with the lowest binding 
energy per nucleon will be the easiest to either fuse together or break apart. Therefore, 
the elements that are most suited for use in nuclear energy are either very light or 
very heavy.

8-3-1 Reactions Associated with Nuclear Energy
The most common reaction used to release nuclear energy for electricity production 
today is the fissioning of uranium atoms, and in particular U-235 atoms, since 
fissioning of U-235 creates by-products that are ideal for depositing energy into a 
working fluid and at the same time perpetuating a chain reaction in the reactor. U-235 
is also sufficiently common that it can be used for generating significant amounts of 
energy over the lifetime of a nuclear power plant. The chain reaction for splitting U-235 
uses a “thermal” neutron, which, after being released by the fissioning of a heavy nucleus, 
is slowed by collisions with other matter around the reaction site, reducing its energy. 
The most probable energy Ep of the thermal neutron is a function of temperature T in 
degrees kelvin, and can be approximated as:

 E kTp = 0 5.  (8-5)

where k is Boltzmann’s constant, k = 8.617 × 10−5 eV/K. So, for example, if the temperature 
around the reaction site is 573 K (300°C), the most probable energy of the thermal 
neutron is 0.0247 eV.

FIGURE 8-2 Estimated ratio Z/A that minimizes binding energy as a function of A, according to 
Eq. (8-4).
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When a U-235 nucleus is struck by a thermal neutron, the neutron is absorbed and 
then one of two reactions follows, as shown in Eqs. (8-6) to (8-8):

 U n U235 236+ →  (8-6)

 U Kr Ba n MeV236 36 56 2 4 200→ + + +. (in a typical reaaction)  (8-7)

 U U236 236→ + γ  (8-8)

where g is an energetic photon, or high-energy electromagnetic particle. Most of the 
energy comes out of the nucleus in the form of gamma rays with an energy of at least 
2 × 10−15 J and maximum wavelength on the order of 1 × 10−10 m. In Eq. (8-7), the splitting 
of U-236 into Krypton and Barium is a representative fission reaction, though it is not 
the only one; other products of fission are possible. Also, the exact number of neutrons 
released varies with the products of fission; the production of 2.4 neutrons represents 
the average number of neutrons released, and values as low as 0 and as high as 8 are 
possible. In Eq. (8-8), the excess nuclear energy that normally drives fission of the U-236 
is eliminated by radioactive decay and g-ray emission, and the atom remains as U-236. 
Splitting of the U-236 nucleus into smaller nuclei (Eq. [8-7]) occurs in about 85% of 
cases, while in the remaining 15% of cases, the atom remains as U-236.

The output of somewhat more than two neutrons per fission reaction is useful for 
nuclear energy, because it compensates for the failure to release neutrons in 15% of 
reactions, as well as the loss of neutrons to other causes, and allows the chain reaction to 
continue. A process in which on average each reaction produces 1 neutron that eventually 
fissions another U-235 atom according to Eqs. (8-5) and (8-6) is called critical. This state 
allows the nuclear chain reaction to continue indefinitely, since the number of reactions per 
second remains constant, as long as a supply of unreacted fuel is available. A process 
wherein the average is less than 1 fission producing neutron in the next generation is 
subcritical and will eventually discontinue. In a supercritical process, the average fission 
producing neutron per reaction is more than 1 and the rate of fission will grow exponentially. 
Nuclear reactors control systems are designed to regulate the reaction and prevent the 
process from becoming either subcritical or supercritical during steady-state operation.

Uranium found in nature is more than 99% U-238, and about 0.7% U-235. For certain 
reactor designs, it is necessary to have uranium with 2 to 3% U-235 reaction in order to 
achieve a critical reaction process. Therefore, the uranium must be enriched, meaning that the 
U-235 percent concentration in the mixture is increased above the naturally occurring 0.7%, 
a process which entails removing enough U-238 so that the remaining product achieves the 
required 2 to 3% concentration of U-235. The most common enrichment process currently in 
use is the gas centrifuge technique. Uranium fuel for military applications such as ship 
propulsion is enriched to concentration levels of U-235 much higher than 3%, so as to reduce 
the amount of fuel that must be carried and extend the time between refueling stops.

U-238 present in nuclear fuels also provides a basis for a fission reaction, in several 
steps, starting with the collision of a neutron with the U-238 nucleus. The reactions are 
the following:

 U n U238 239+ →  (8-9)

 U Np239 239→ + b  (8-10)

 Np Pu239 239→ + b  (8-11)
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Here the term b represents beta decay, in which a neutron in the nucleus is converted 
to a proton, releasing a beta particle, which is a loose electron in Eqs. (8-10) and (8-11) 
that has been released from a nucleus. (There are also b+ decays that produce a positron, 
or positively charged particle that has the same mass as an electron.) In the beta decay 
in this case, a negatively charge beta particle is released, because the change of charge 
of the remaining particle inside the nucleus is from neutral to positive. 

The plutonium atom that results from this series of reactions is fissile, and will 
fission if struck by a neutron, releasing energy. In a conventional nuclear reaction that 
focuses on the fission of U-235, some quantity of U-238 will transform into Pu-239 after 
absorbing a neutron, and the Pu-239 will in turn undergo fission after being struck by 
another neutron. Although these reactions contribute to the output of energy from the 
reactor, most of the U-238 present in the fuel remains unchanged. Alternatively, the 
reaction can be designed specifically to consume U-238 by maintaining the neutron 
population at a much higher average energy, on the order of 105 to 106 eV. This process 
requires a different design of reactor from the one used for electricity generation at 
present; see discussion Sec. 8-4.

Release of Energy through Fusion of Light Nuclei
While splitting of the nuclei of very heavy atoms such as uranium and plutonium leads 
to the net release of energy, at the other end of the spectrum, the fusion of very light 
nuclei also releases energy. In the case of our sun and other stars, it is the conversion of 
4 atoms of protium, or the isotope of hydrogen that has 1 proton and no neutrons in the 
nucleus, into a helium atom that leads to the release of energy. This conversion happens 
by two different dominant pathways, depending upon the mass of the star. This reaction 
is deemed not to be replicable on earth on a scale practical for human use. However, 
two other reactions involving other isotopes of hydrogen, namely, deuterium (1 proton, 
1 neutron), abbreviated D, and tritium (1 proton, 2 neutrons), abbreviated T, are thought 
to be more promising. These reactions are:

 D T n+ → + +He MeV4 17 6.  (8-12)

 D D n+ → + +He MeV3 3 0.  (8-13)

 or MeV→ + +T p 4 1.  

While these reactions do not yield as large an amount of energy per atom reacted as the 
fission of uranium in Eq. (8-6), the yield is still very large per mass of fuel by the standard 
of conventional energy sources. It is also equal to or larger than the yield from fission 
on a per mass of fuel basis.

Deuterium occurs naturally in small quantities (approximately 0.02% of all 
hydrogen), and must be separated from protium in order to be concentrated for use as 
a fuel. Tritium does not occur naturally, and must be synthesized, as discussed further. 

Comparison of Nuclear and Conventional Energy Output per Unit of Fuel
To appreciate the extent to which nuclear energy delivers power in a concentrated form, 
consider the comparison of uranium and a representative fossil fuel, namely coal, in 
Example 8-1.
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Example 8-1 Compare the energy available in 1 kg of U-235 to that available in 1 kg of coal. 

Solution From Eq. (8-6), 1 atom of U-235 releases approximately 200 MeV of energy. Suppose we react 
1 kg of pure U-235, and take into account that 15% of collisions with neutrons do not yield fission, 
the amount of energy available is

(1 kg)(4.25 mol/kg)(6.022 × 1026 atoms/kg·mol)(200 MeV/atom)(0.85) = 4.36 × 1032 eV

This amount is equivalent to 69.8 TJ. Recall that from Eq. (7-6), oxidation of 1 mol of carbon releases 
394 kJ, so 1 kg of carbon (pure coal with no moisture content or impurities) would release 32.8 MJ/kg. 
Thus the ratio of energy released per kilogram is approximately 2 million to 1.

Even taking into account the fact that reactor fuel is only 2 to 3% U-235, and also accounting 
for losses in the conversion of nuclear energy into thermal energy in the working fluid, the 
increase in concentration going from conventional to nuclear power is very large. It is little 
wonder that, at the dawn of the age of commercial nuclear power in the 1950s, this source was 
projected to be “too cheap to meter” once it had come to dominate the electricity 
market. Proponents of nuclear energy early in its history looked only at the operating 
cost savings of purchasing uranium versus purchasing other fuels such as coal or oil, 
and underestimated the impact that high capital cost would have on the final levelized cost 
per kWh for nuclear energy. While existing nuclear plants operating today are able to produce 
electricity at very competitive prices (see Example 8-2), they are not orders of magnitude 
cheaper than the most efficient fossil-fuel-powered plants, as had originally been predicted.

8-3-2 Availability of Resources for Nuclear Energy
The availability of fuel for nuclear energy, relative to the annual rate of consumption, 
depends greatly on the reaction used and the maximum allowable cost of the resource that 
is economically feasible. Focusing first on uranium as the most commonly used nuclear fuel 
at present, Table 8-3 shows the total available uranium estimate published by the 
International Atomic Energy Agency, as well as amounts available in individual countries. 
This table does not consider the economic feasibility of extracting uranium from various 
sources, so that depending on the price for which the uranium can be sold, the amount that 

Australia  2,232,510

Brazil  190,400

Canada  824,430

Kazakhastan  910,975

Niger  259,382

Russian Fed.  737,985

United States  1,642,430

All other  2,312,348

Total  9,110,460

Source: IAEA (2007).

TABLE 8-3 Available Uranium Resource for World and from Major 
Source Countries, from All Extraction Techniques, in Tonnes, 2007 
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is ultimately recovered may be less. For example, for the United States, at a cost of $65/kg 
($30/lb), the recoverable amount is estimated at 227,000 tonnes, while at $110/kg ($50/lb), 
the amount increases to 759,000 tonnes. Either amount is less than the full amount, including 
resources that are the most expensive to extract, 1.64 million tonnes, shown in the table.

Based on the amounts shown in the table, and taking into account that additional 
resources may be discovered in the future, it is reasonable to project that resources 
should last into the twenty-second century, or possibly as long as several centuries, at 
current rates. If the world were to choose a “robust” nuclear future, for example, if 
nuclear electricity were used to replace most fossil-fuel-generated electricity, then the 
lifetime of the uranium supply would be shorter. It is likely that increasing cost of 
uranium will not deter its extraction, even up to the maximum currently foreseen cost 
of $260/kg ($118/lb), since the cost of the raw uranium is a relatively small component 
of the overall cost of nuclear electricity production.

The above projections assume that the world continues to rely mainly on the U-235 
isotope for nuclear energy. If emerging nuclear technologies can be made sufficiently reliable 
and cost-effective, the lifetime of fuel resources for nuclear energy might be extended by up 
to two orders of magnitude. Recall that in the current uranium cycle, 98 to 99% of the 
uranium, in the form of U-238, is left unchanged by the reaction. If this resource could 
be converted to plutonium and then used as fuel, as in Eqs. (8-9) to (8-11), the lifetime of the 
uranium supply would be extended to several millennia. Nuclear fusion holds the promise 
of an even longer lifetime. Given the amount of water in the ocean, and the fact that 
approximately 1 in 6500 hydrogen atoms is deuterium, a D + D reaction could be sustained 
for billions of years on available hydrogen. The D + T reaction is more limited, since tritium 
must be synthesized from other atomic materials that are in limited supply. Tritium can be 
produced by colliding either a Lithium-6 or Lithium-7 atom with a neutron, yielding one 
tritium and one Helium-4 atom (in the case of Lithium-7, an additional neutron is also 
produced). Reactors based on the D + T reaction could supply all of the world’s electricity 
for several millennia before available Li-6 resources would be exhausted.

8-4 Reactor Designs: Mature Technologies and Emerging Alternatives
Of the more than 400 nuclear power plants operating in the world today, most use 
water as a working fluid, either by using nuclear energy directly to create steam (boiling 
water reactor, or BWR), or by heating high-pressure water to a high temperature, which 
can then be converted to steam in a separate loop (pressurized water reactor, or PWR). 
National programs to develop nuclear energy in various countries have, over the 
decades since the 1950s, developed along different paths, and in some cases developed 
other technologies that are currently in use, though not in the same numbers as the 
BWR and PWR designs. 

Two factors are currently driving the evolution of new reactor designs: (1) the need 
to reduce the life cycle and especially capital cost of new reactors, so that electricity 
from new reactors can be more cost-competitive in the marketplace and (2) the desire to 
make use of new fuels other than U-235, including U-238, plutonium, and thorium.

8-4-1 Established Reactor Designs
The PWR and BWR reactors in most instances use “light” water, that is, H2O with two 
protium atoms combined with an oxygen atom, as opposed to “heavy” water that uses 
deuterium instead, or water with the molecular makeup D2O. The nuclear industry 
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uses the nomenclature light-water reactor (LWR) and heavy-water reactor (HWR) to 
distinguish between the two. In this section we focus on the BWR design; the PWR 
design is similar, but with the addition of a heat exchanger from the pressurized water 
loop to the vapor loop which connects the reactor to the steam turbine.

The reactor core houses the nuclear reactions, which take place continuously, while 
being monitored and controlled so as to remain in the critical range (see Fig. 8-3). Within 
the reactor core, three key components interact to allow the reactor to operate steadily:

• Fuel rods: Many thousands of fuel rods are present in the reactor when it is 
functioning. Fuel in the form of UO2, where the uranium has previously been 
enriched in an enrichment facility, is contained within the fuel rods. The rods 
are encased in a zirconium alloy. Rods are typically 1.2 cm (1/2 in) in diameter. 
Length varies with reactor design, but a length of approximately 4 m (12.5 ft) is 
typical.

• Moderating medium: Because the neutrons from fission of U-235 are emitted at 
too high an energy to split other U-235 atoms with high probability before being 
lost from the reactor core, it is necessary for a moderating medium to reduce the 
energy of the neutrons to the thermal energy corresponding to a temperature of 
a few hundred degrees Celsius. The water that circulates through the reactor 
core serves this purpose; in other designs, graphite and water are used in 
combination. Note this energy level is a target only, and that not all neutrons are 
slowed by this amount before they collide with other materials besides U-235 or 
leave the reactor core; these losses drive the need for more than 2 neutrons per 
fission, when only 1 neutron is needed to perpetuate the chain reaction. 

• Control rods: A typical reactor design has on the order of 200 control rods that 
can be inserted or removed from the reactor during operation, so as to maintain 
the correct rate of fission. Control rods can be made from a wide range of 
materials that are capable of absorbing neutrons without fissioning, including 
silver-indium-cadmium alloys, high-boron steel, or boron carbide. In addition 
to providing a moderating effect on the neutrons, the control rods also provide 
a means to stop the reaction for maintenance or during an emergency. When the 
control rods are fully inserted, the chain reaction goes subcritical and quickly 
stops.

Major components outside the reactor core include the pressure vessel, the containment
system, and the balance of system. The pressure vessel is a high-strength metal vessel 
that contains the core, and the combination of water at the bottom of the vessel and 
steam at the top. Reactors also incorporate a comprehensive containment system that is 
designed to cool the contents of the pressure vessel in the event of an emergency, and 
also to prevent the escape of radioactive materials to the environment. Part of the 
containment system is the containment vessel, a reinforced domed concrete structure 
that surrounds the pressure vessel, which, along with the large cooling towers, often 
provides a familiar landmark by which one can identify a nuclear power plant from a 
distance. Reactors also usually contain some type of containment spray injection system 
(CSIS); in an emergency, this system can spray water mixed with boron inside the 
containment structure so as to both cool the contents and absorb neutrons. The balance 
of system includes primarily the turbine and the generator, which are like those in a 
fossil-fuel-fired plant and are situated outside of the outer concrete structure.
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FIGURE 8-3 Westinghouse MB-3592 nuclear reactor. (Source: Westinghouse Electric Company. 
Reprinted with permission.)
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Thermal and Mechanical Function of the Nuclear Reactor
In the largest reactors currently in operation around the world, energy is released at a rate 
of approximately 4 GW during full power operation. At the given rate of energy release per 
atom split, this rate of energy transfer is equivalent to approximately 1.25 × 1020 reactions 
per second. Energy from the fission reaction is transferred primarily to the fission fragments, 
and to a lesser extent to the gamma photons and neutrons that result from fission. The 
fragments collide with many other particles within a short distance from the fission site, 
and the kinetic energy of the fragments is transformed into heat energy, which eventually 
reaches the working fluid through heat transfer. The heat from the reactions generates 
steam, which is transported out of the containment structure and into the turbine. In the 
case of the PWR reactor, a heat exchanger located within the containment structure transfers 
heat from the pressurized water to water that is allowed to boil in order to generate steam.

To date, nuclear power plants have been limited to operating at steam pressures that 
are below the critical pressure (22.4 MPa), in order to address safety concerns. The loss 
of additional efficiency that might come from a supercritical pressure plant is not as 
significant for nuclear power as it is for fossil fuels, since the cost of fuel is not as dominant  
a concern, and there are no regulated air pollutant or greenhouse gas emissions from 
nuclear plants. The release of water used as a coolant and working fluid in a nuclear 
reactor is strictly limited so as to avoid release of radioactivity to the environment.

Exchange of Fuel Rods
Under normal operating conditions, the fuel rods remain stationary within the reactor core 
as the available U-235 is gradually consumed. After a period of between 3 and 6 years, 
enough of the U-235 has been consumed that the reduction in available fissile material 
begins to affect the output, and fuel rods must be replaced. Plant operators must then shut 
down the reactor to replace the rods. Fuel rod replacement typically takes place every 12 to 
24 months, with one-fourth to one-third of all rods replaced in each refueling operation, so 
that, by rotating through the fuel rods, all the fuel is eventually replaced.

The operator can take a number of steps to minimize the effect of this downtime. Where 
more than one reactor is situated in a given site, fuel rod replacement can be scheduled so 
that when one reactor is taken down, others continue to function. Similarly, an operator that 
owns more than one nuclear power plant may rotate the fuel rod replacement operation 
among its multiple plants so that the effect on total electrical output from combined assets is 
minimized. Lastly, minimizing the time required to replace fuel rods is a means of achieving 
the best possible productivity from a plant. In the United States, for example, the industry 
median length of time for refueling has declined from 85 days in 1990 to 37 days in 2006, with 
durations as short as 15 days achieved during recent years.

Costing of Nuclear Power Plant Operations
The total cost of operating a nuclear plant includes the fuel cost, nonfuel operating cost, 
and, during the first part of the plant’s life when capital must be repaid, capital cost. 
The role of these components in determining the overall cost of producing electricity is 
best illustrated in a worked case study, as shown in Example 8-2.

Example 8-2 A nuclear power plant, whose capital cost has been fully repaid, operates with a total 
of 155,000 kg of uranium (or 175,800 kg of UO2) in its reactor core, which has a U-235 concentration 
of 2.8%. Each year 1/3 of the reactor fuel is replaced at a cost of $40 million, which has built into it 
$0.001/kWh to be paid to a fund for the management of nuclear waste. The facility also incurs $118 
million/year in nonfuel operating and maintenance cost.
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The working fluid is compressed to 10 MPa, and then heated to 325°C, after which it is expanded in 
the turbine to 10 kPa, condensed, and returned to the pump for return to the reactor core. The generator 
is 98% efficient. Assume that all energy released in nuclear fission is transferred to the working fluid, 
and that, due to various losses, the actual Rankine cycle used achieves 90% of its ideal efficiency. Ignore 
the contribution of fission of Pu-239 that results from transformation of some of the U-238 in the fuel. 
Calculate the cost per kWh of production for this plant.

Solution We solve this problem by first calculating the thermal efficiency of the cycle and the rate of 
fuel consumption, and then the annual electrical output and the components of total cost. 
 From the steam tables, at 10 kPa we have hf = 191.8 kJ/kg, hg = 2584.7 kJ/kg, sf = 0.6493 kJ/kg·K, and 
sg = 8.1502 kJ/kg·K. Using the standard technique for analyzing an ideal Rankine cycle from Chap. 
6 gives wpump = 10.1 kJ/kg and the following table of temperature, enthalpy, and entropy values at 
states 1 to 4:

State Temp. (C) Enthalpy (h) (kJ/kg) Entropy (s) (kJ/kg · K)

1 45.8  191.8 0.6493

2 *  201.9 *

3 320 2809.1 5.7568

4 * 1821.1 5.7568

  ∗Value is not used in the calculation, and therefore not given.

Based on the enthalpy values h1 – h4, we obtain qin = 2607.2 kJ/kg, and wt = 988.0 kJ/kg. Accordingly, 
the actual efficiency of the cycle is the ideal efficiency multiplied by the cycle and generator losses:
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Next, regarding the fuel, since one third of the fuel is replaced each year, the annual fuel consumption 
is one-third of the total, or 51,700 kg. Taking into account the proportion of the fuel that is U-235, the 
consumption rate m is
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Given an energy release of 69.8 TJ/1 kg or 69.8 GJ/g of fissioned U-235, the consumption of fuel is 
transformed into electrical output as follows:

 (input) × (effi ciency) × (h/year) = output 
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The average output of the plant is 1.059 GWe. The peak output of the plant is not known exactly from 
the data given, but is on the order of 1.2 GWe, to take into account downtime and the fluctuations in 
demand for output.
 Total cost per kWh is calculated from the fuel and O&M cost components. Fuel cost is
($40 million)/(9.255 × 109 kWh) = $0.00431/kWh. O&M cost is ($118 million)/(9.255 × 109 kWh) = 
$0.0127/kWh. Thus the total cost is $0.0170/kWh.

Discussion The result of the calculation shows the cost-competitiveness of a fully amortized nuclear 
power plant. The cost of fuel and O&M are at or very close to the U.S. average values of $0.0045/kWh 
and $0.0127/kWh, published by the U.S.-based Nuclear Energy Institute. At $65/kg, the cost of the raw 



N u c l e a r  E n e r g y  S y s t e m s  205

uranium constitutes only a small fraction of the total cost of the fuel resupply, so even a substantial 
increase in this price would not appreciably change the overall cost of electricity production. Actual 
plants might vary somewhat from the value given, for example if the maximum pressure is different, or 
if one takes into account the contribution from fissioning of Pu-239, especially toward the end of a fuel 
rod’s time in the reactor core when its concentration is highest. Also, not all of the losses of efficiency 
have been detailed in this simplified problem, so the electrical output per unit of fuel consumed is 
slightly overstated. However, these modifications to the calculation would not appreciably change its 
outcome, namely, that the cost of electricity production is approximately $0.02/kWh. 
 A more substantial impact on electricity cost would come from the recovery of capital investment 
(the calculation appears as an exercise at the end of the chapter). Up until the rise in fossil fuel prices 
that started around 2005, it was difficult to justify the capital cost of nuclear power, despite the large 
amount of energy that could be produced per dollar spent on fuel. In a number of countries, especially 
those with large domestic coal resources such as the United States or China, investors had been 
reluctant in recent years to invest in new plants for this reason. Some countries with few domestic 
energy resources, such as France and Japan, have continued to build nuclear plants, judging that the 
energy security benefit for a country completely dependent on imported fossil fuel outweighed any 
additional cost for nuclear compared to fossil.

Cost of Nuclear Plant Decommissioning
Nuclear plant operators and the government agencies that regulate them anticipate an 
additional cost to decommission the plant and its site and the end of its useful lifetime. The 
decommissioning process has several steps, including removal of spent fuel rods, the reactor 
core, and any cooling water to appropriate waste storage facilities, and the physical sealing 
of the facility (e.g., using concrete) to prevent any contamination of the surrounding area. 

Operators are required to charge a cost per kWh to accumulate a fund to cover the 
cost of decommissioning. The eventual cost of the process and the adequacy of funds 
that are accumulating is a topic of controversy. For example, in the United States, official 
estimates project the cost of decommissioning at $300 to $500 million per plant on 
average, or $30 to $50 billion for all plants currently in use. However, because the 
industry is still young, few plants have actually been decommissioned, so there is 
relatively little actual data on the true cost. Critics express concern that the true cost 
may be higher than the initial estimates, and if these concerns are realized, that the true 
life cycle cost of nuclear energy will turn out to be higher than the price at which it was 
sold in the marketplace over the lifetime of the plant. With the oldest generation of 
plants in North America, Europe, and Japan due to retire over the next 10 to 20 years, 
the true costs will become more transparent, as the industry develops a track record 
with the decommissioning process. The estimated cost of decommissioning can be 
compared to the cost of cleaning up the destroyed reactor at Three Mile Island, which 
cost approximately $1 billion and took 12 years.

8-4-2 Alternative Fission Reactor Designs
In addition to the BWR/PWR reactors discussed in the previous section, a number of 
other reactor designs are either in use or under development at the present time. Some 
are remnants from the early experimental years in the evolution of nuclear energy, 
while others have emerged more recently in response to the need for lower capital cost 
or a more diverse fuel base.

Alternative Designs Currently in Full Commercial Use
In a fraction of the reactors in use today, gases such as helium or carbon dioxide, rather 
than water, are used to transfer heat away from the nuclear reaction. Early development 
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of gas-cooled reactors took place in the United Kingdom and France. In the United 
Kingdom, some gas-cooled reactors known as advanced gas-cooled reactors (AGRs) are still 
in use. Although engineers developed these reactors in the pursuit of higher temperatures 
and therefore efficiency values than were possible with water-cooled reactors, these 
designs eventually lost out to the water-cooled BWR and PWR designs, which then 
became dominant in most countries with nuclear power. In the current designs, heat in 
the gas is transferred to steam for expansion in a steam turbine. However, in future 
designs, the gas may be used to drive the turbine directly, with the aim of providing a 
more cost-effective system that can compete with water-cooled designs.

In another variation, heavy water (D2O) is used as a coolant rather than light water 
(H2O). This approach is embodied in the CANDU (CANadian Deuterium Uranium) 
reactor used by all nuclear power plants in Canada, as well as some plants in other countries 
including Argentina, China, and India. Since heavy water absorbs fewer neutrons than 
light water, it is possible to maintain a chain reaction with natural-grade uranium (~0.7% 
U-235), thus eliminating the need for uranium enrichment. However, these plants require 
the production of heavy water from naturally occurring water. For example, a now-
decommissioned heavy-water plant at Bruce Bay in Ontario, Canada, produced up to 700 
tonnes of heavy water per year, using electrolysis and requiring 340,000 tonnes of freshwater 
feedstock for every 1 tonne of heavy water. CANDU plants also house the nuclear fission 
process in a network of containment tubes, rather than in a single large steel reactor vessel, 
thus requiring less of an investment in high-precision steel machining ability.

Arguably, the Soviet-designed RBMK (Reaktor Bolshoy Moshchnosti Kanalniy, 
meaning “high-power channel-type reactor”) reactor has proven to be the least successful 
alternative design. Although the RBMK design requires neither enriched uranium nor 
heavy water, its combination of graphite reaction moderation and water cooling has 
proven to have positive feedbacks at low-power output levels. That is, loss of coolant 
flow at low output will actually lead to accelerating reaction rates, creating a serious 
safety hazard of the type that caused the Chernobyl disaster. RBMK reactors as built in 
the former Soviet bloc also do not have the same combination of steel and reinforced 
concrete containment systems that are common to other designs, posing a further safety 
risk. As mentioned in Sec. 8-2-2 in the case of the Temelin plant in the Czech Republic, 
a major effort is underway to replace Russian designs with safer alternatives.

Both the CANDU and RBMK reactor designs allow at-load refueling of the system 
(i.e., adding new fuel without needing to power down the reactor), an advantage over 
PWR/BWR designs. At-load refueling is theoretically possible with existing gas-cooled 
designs as well, but earlier attempts to carry out this procedure led to problems with 
the reactor function, and the practice is not currently used in these plants.

Emerging Designs That Reduce Capital Cost
One goal of the next generation of nuclear power plants is to reduce capital costs by 
simplifying the plant design. For example, an advanced pressurized water reactor (APWR) 
design developed by Westinghouse in the United States uses the concept of passive safety 
to simplify the need for a containment system around the reactor. In a passive safety 
approach, a major aberration from the normal steady-state operating condition of the 
nuclear reaction leads to the stopping of the reaction, so that the types of accidents that 
are possible in current generation PWR/BWR plants can no longer happen. This design 
has been developed in both 1000 MW and 600 MW versions. Westinghouse anticipates 
that the levelized cost per kWh for this design will be lower than that of current-
generation plants, thanks to the simpler containment system.
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Another approach is to build smaller, more numerous reactors that can be mass-
produced in a central facility, thus reducing overall cost per MW of capacity. The South 
African utility Eskom is developing the pebble bed modular reactor (PBMR), using this 
approach. Each PBMR unit has a capacity of 185 MW, and the reactor fuel is in the form 
of small spheres rather than fuel rods, with each sphere, or “pebble,” clad in a graphite 
casing. The PBMR simplifies the system design by using high-temperature gas to drive 
a Brayton cycle, rather than transferring heat to steam for use in a vapor turbine. This 
system is thought to be simpler to engineer and also capable of achieving higher 
temperatures and hence efficiencies than current PWR/BWR technology, further 
reducing costs. PBMR reactors are currently under small-scale development in South 
Africa and also in China.

Emerging Designs That Extend the Uranium Fuel Supply
Both the APWR and PBMR reactors in the previous section assume the continued use of 
U-235 as the main nuclear fuel, either in a once-through or reprocessed fuel cycle. 
Emerging breeder reactor designs provide the potential to “breed” or convert U-238 to 
plutonium and then fission the plutonium, thus greatly expanding the amount of 
energy that can be extracted from the uranium resource. In order for breeding to take 
place effectively, neutrons must have a much higher energy at the moment of absorption 
by a uranium nucleus than in the current reactor technology, on the order of 105 to 106 

eV per neutron. Therefore, the moderating medium in the reactor must exert relatively 
little moderation on the neutrons that emerge from the fissioned atoms of uranium or 
plutonium. Breeder reactors have the ability to generate large amounts of plutonium 
over time, so that a future network of breeder reactors might produce enough 
plutonium early in its life cycle that subsequent breeder reactors would no longer 
require uranium as fuel, instead consuming the plutonium stockpile for many decades.

In one leading breeder reactor design, the liquid metal fast breeder reactor (LMFBR), 
liquid sodium at a high temperature is used as a coolant for the breeding reactor, because 
it exerts much less moderating effect compared to water. The liquid sodium transfers 
heat to water in a heat exchanger, and the steam thus generated then operates a turbine. 
Experimental-scale reactors of this type are in use in France, Japan, and Russia. It has 
proven difficult to use liquid sodium on an ongoing basis without encountering leaks 
in the reactor system. Furthermore, the high capital cost of breeder reactors compared 
to other reactor alternatives presently is not acceptable, given the relatively low cost 
and widespread availability of uranium resources at the present time. However, some 
governments are continuing to develop this technology, in anticipation that it will 
eventually become necessary when supplies of U-235 become more scarce. High-
temperature gas cycle breeder reactor designs are also under development.

In summary, the distribution of reactors by type around the world is shown in 
Table 8-4. PWR/BWR technology is dominant at present, but as the current 
generation of reactors is retired at the end of its lifetime, it is likely that other reactor 
types, including APWR, pebble bed, heavy water, and possibly breeder reactors will 
gain a larger share of the market in the future. Also, it is the intention that the new 
designs will reduce the capital cost of nuclear energy, and thereby make it more 
competitive with other alternatives. It remains to be seen how much the capital costs 
will be reduced, what will happen with competing energy sources, and in the end 
the extent to which demand for new reactor designs around the world will grow in 
the years to come.
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8-5 Nuclear Fusion
To take advantage of the most abundant nuclear fuel, namely, deuterium (and also 
tritium synthesized from lithium), scientists and engineers will need to develop a 
reactor that can sustain a fusion reaction at high enough levels of output to produce 
electricity at the rate of 1000 MW or more. The leading design to solve this problem is 
the tokamak, or toroidal magnetic chamber that uses a carefully designed magnetic field 
configuration and a high vacuum chamber to sustain deuterium and tritium in a high-
temperature plasma where fusion can take place. The magnetic field keeps the plasma 
away from the walls of toroid, and by-products of fusion (neutrons and alpha particles) 
leaving the plasma collide with the walls of the chamber and a thermal breeding blanket, 
transferring heat to a working fluid which can then power a turbine cycle.

Advantages of fusion in regard to radioactive by-products are twofold. First, the 
main product of the fusion process is helium, so there is no longer a concern about high-
level nuclear waste as in nuclear fission. Secondly, if materials development efforts are 
successful, the materials that are used in the structure of the reactor and that are activated 
by continued exposure to high-energy neutrons will have a short half-life, so that their 
disposal at the end of the fusion reactor’s lifetime is not a long-lasting concern.

Current and recent research activities related to developing fusion are distributed 
among several sites around the world. The Tokamak Fusion Test Reactor (TFTR) at Princeton 
University operated from 1983 to 1997, and was designed on a 10-MW scale. The Joint 
European Toroid (JET) in Oxfordshire, England was operated collaboratively by European 
governments from 1983 to 1999, and since then by the U.K. Atomic Energy Agency. JET is 
scaled to be able to achieve 30 MW of output, and is currently the world’s largest tokamak. 
The Japan Atomic Energy Agency carries out fusion research at its JT-60 facility, which is of 
a similar size to JET. Other tokamak research facilities exist as well in other countries.

In 2006, representatives of the European Union, along with the governments of 
China, India, Japan, Russia, South Korea, and the United States, signed an agreement to 

Reactor Type Main Countries∗ Number† Share

PWR United States, France, Japan, Russia 252   59%

BWR United States, Japan, Sweden  93   22%

Gas-cooled United Kingdom  34  7.9%

Heavy water Canada  33  7.7%

RBMK Russia  14  3.3%

Breeder Japan, France, Russia   3  0.7%

TOTAL 429 100%

∗Not all countries possessing each reactor type are shown. 
†A small number of reactors that do not fit into the categories given are not shown.

TABLE 8-4 Distribution of World Reactors by Type, 20045

5 Thanks to James Palmer and Jessica Schiffman, M. Eng students 2004, for compiling this table from 
IAEA data as part of a term project on nuclear energy.
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build the next-generation International Thermonuclear Experimental Reactor (ITER), in 
France. The goal of this project is to successfully demonstrate all aspects of fusion 
reactor science and some of the engineering aspects. This stage will be necessarily 
followed by a demonstration commercial reactor that will use the experience of ITER to 
adapt fusion for demonstration of all engineering science required for electric power 
production, and deliver electricity to the grid by 2045. Although output from this first 
grid-connected reactor is not expected to be cost-competitive with alternatives at that 
time, as the technology is further developed and replicated, costs should come down to 
competitive levels sometime in the latter half of the twenty-first century.

Although the majority of funding for nuclear fusion research at this time is dedicated 
to the development of the tokamak design, as pursued by ITER (see Fig. 8-4), other 
designs are also being researched, as follows:

• Stellarator: Like the tokamak, the stellarator concept seeks to create a sustained 
fusion reaction in a toroidal plasma whose shape is controlled by magnetic 
fields. Instead of the symmetrical torus shape used in the tokamak, the stellarator 
uses twisted coils whose configuration precisely confines an asymmetrical torus 
shape without requiring a current to be passed through the toroid, as is the case 
with the tokamak. In theory, this approach should allow physicists to define the 

FIGURE 8-4 Tokamak design under development by ITER. (Image: ITER Organization. Reprinted 
with permission.)
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shape of a plasma field that is optimal for fusion, and then design the coil 
configuration that will create the desired shape.

• Reverse-field pinch: A reversed-field pinch (RFP) is similar to a tokamak, but with a 
modification of the magnetic field that has the potential to sustain the plasma 
configuration with lower fields than are required for a tokamak with the same power 
density. The magnetic field reverses in the toroidal direction as one moves outward 
along a radius from the center of the toroid, giving this configuration its name. 

• Field-reverse configuration: A field-reverse configuration is a magnetically confined 
plasma that leads to a compact toroid without requiring an evacuated chamber 
with a torroidal shape, as is the case with the tokamak. Thus the engineered 
structure for this configuration has only an outer confinement while, leading to 
potentially lower costs than the tokamak.

• Inertial-confinement fusion: Inertial-confinement fusion is an approach that does not 
use a plasma confined by a magnetic field. Instead, the deuterium and tritium fuel 
is compressed to 100 times the density of lead in a controlled space to the point 
where fusion can take place. Current experiments aim to use lasers and a quantity 
of fuel a few millimeters in diameter held at a “target” point to test the feasibility of 
creating a fusion reaction and releasing net positive amounts of energy. 

As with tokamak research, laboratory facilities in several countries are pursuing 
one or another of these approaches to fusion. One of the largest efforts is the National 
Ignition Facility at the Lawrence Livermore National Laboratories in California, which 
aims to begin inertial-confinement fusion experiments in 2009. In conclusion, it is 
possible that one of these variations on nuclear fusion might overtake the tokamak and 
the efforts of the ITER consortium to become the leading candidate for nuclear fusion 
for the future. Even if this were to happen, it appears that commercial electricity from 
nuclear fusion at a competitive price would not arrive much sooner than projected by 
the ITER timetable, barring some unexpected breakthrough.

8-6 Nuclear Energy and Society: Environmental, Political,
and Security Issues

Nuclear energy is a unique energy source, in terms of both its fuel source and its by-products; 
it has therefore posed a number of interesting and challenging questions with which society 
has grappled for the last five decades. Nuclear energy is also a pioneer in terms of a large-
scale attempt to use a resource other than fossil fuel to meet electricity needs in the era after 
fossil fuels became dominant in the first half of the twentieth century. (The other major 
nonfossil source of electricity, hydroelectric power, has been a part of electricity generation 
since the beginning of the electric grid.) Therefore, many of the questions posed by the 
attempt to use nuclear power to move away from fossil fuels are relevant to other alternatives 
to fossil fuels that are currently emerging, or may emerge in the future.

8-6-1 Contribution of Nuclear Energy to Reducing CO2 Emissions
In recent years, nuclear power has surpassed hydroelectric power as the largest source of 
nonfossil electricity in the world. Therefore, the use of nuclear power makes a significant 
contribution to slowing global climate change, since electricity generated might otherwise 
come from the combustion of fossil fuels, resulting in increased CO2 emissions.
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The use of nuclear power can also help to lower the per capita carbon emissions of 
countries with a high percentage of electricity from nuclear. Taking the case of France, 
some 78% of France’s total demand for electricity of 549 billion kWh are from nuclear 
power plants, according to Table 8-1. France’s per capita CO2 emissions are relatively 
low compared to other peer countries, at 6.7 tonnes per person per year.6 If the nuclear-
generated electricity were replaced with fossil-generated electricity at the U.S. average 
of 0.61 tonnes CO2/MWh, French per capita emissions would increase to 10.9 tonnes 
per person per year. Figure 8-5 shows how per capita emissions for France have been 
consistently low compared to those of peer European countries, and also of the United 
States, for the period 1990 to 2004. High share of nuclear power is not the only factor 
contributing to low CO2 intensity, since land use patterns, distribution of transportation 
modes, mixture of industries that contribute to the economy of a country, and other 
factors, all play a role. Nevertheless, it is clear that use of nuclear power instead of fossil 
fuels for generating electricity helps France to hold down carbon emissions.

8-6-2 Management of Radioactive Substances During Life-Cycle
of Nuclear Energy
Radioactive by-products that result from the nuclear energy process include both 
materials from the nuclear fuel cycle and equipment used in the transformation of 
nuclear energy that becomes contaminated through continued exposure to radioactive 
fuel, impurity elements, and cooling media. Although these waste products, especially 
high-level radioactive wastes, are moderately to very hazardous, they are also produced 
in volumes that are much smaller than other types of waste streams managed by society 
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FIGURE 8-5 Comparison of per capita CO2 emissions for France and peer countries (Germany, 
Netherlands, United Kingdom), and also United States. (Data source: U.S. Energy Information 
Agency.)

6For comparison, the per capita energy consumption values in 2004 of France, Germany, and the U.K. 
are 209.2, 208.8, and 197.8 GJ/person, respectively.
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(e.g., municipal solid waste, wastewater treatment plant effluent, and so on). Therefore, 
it is easier to retain these waste products in temporary storage while engineers devise a 
permanent solution for the long term, than it might be if they were produced in the 
same order of magnitude as other wastes.

Radioactivity from Extraction Process
The extraction of uranium for use in nuclear power plants involves the removal of 
material covering the resource, or “overburden”; the removal of the uranium ore; the 
milling of the ore to isolate the uranium; and the enrichment of the uranium to a grade 
that is suitable for use in a reactor.

Removal of mining overburden is like any other mining operation, and does not 
involve exposure to radioactive materials. In terms of the removal of overburden and 
eventual restoration of a uranium mine when resource extraction is complete, uranium 
extraction may have an advantage compared to open-pit coal mining, since the total 
amount of mining required to support a given rate of energy consumption is smaller, 
given the concentrated nature of nuclear energy in uranium ore.

Once the overburden has been removed, extraction of uranium ore involves some risk 
of exposure to radiation. Although radiation from uranium ore is not concentrated in the 
same way that radiation from high-level nuclear waste is, long-term exposure to the ore 
can elevate health risks. The milling process is potentially hazardous as well; uranium mill 
tailings contain other compounds that are radioactive and must be also handled carefully. 
For both processes, protective equipment is required for the health of the worker.

After uranium has been isolated from the ore, it is enriched if necessary and then 
formed into fuel pellets or rods for use in a nuclear reactor. The uranium enrichment 
process leaves behind a volume of “depleted” uranium from which U-235 has been 
extracted, that is, with an even greater concentration of U-238. Depleted uranium is 
useful for applications that require high density materials, such as in the keel of 
ships or in munitions. Use of depleted uranium in munitions is controversial, with 
concerns that use of depleted uranium in warfare exposes both soldiers and civilians 
(who come into contact with the uranium after hostilities end) to excessive health risk.

Radiation Risks from Everyday Plant Operation
Radiation risk from everyday plant operations consists of risks to employees, and risks 
to the general public both in the immediate vicinity of the plant and further afield. Risks 
to the employees at the plant are managed through protective equipment and clothing, 
and through the use of radiation badges. Tasks at nuclear power plants are designed to 
keep employees well below the maximum allowable threshold for radiation exposure, 
and continuous wearing of the radiation badge gives the plant worker assurance that 
health is not at risk.

The radiation risk to the public from modern nuclear plants with state-of-the-art 
safety systems is extremely small. This is true because the release of harmful amounts 
of radiation requires not only that the reactor experience a major failure (reactors are 
strictly prohibited from releasing radiation during normal operating conditions) but 
that the containment system designed to prevent radiation release must fail as well. The 
chances of both events happening are infinitesimally small in countries with strong 
safety standards such as the United States or France. A comparison of failures at different 
plants illustrates this point. In the case of Three Mile Island, the failure of the reactor 
was a very low probability event that nevertheless cost the utility, and its customer 
base, a significant financial amount in terms of both the loss of the reactor and the 
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resulting cleanup requirements. Any operator in the nuclear energy marketplace has a 
very strong incentive to design and operate its plants so that such an event will not be 
repeated. However, the containment system did keep the contaminated fuel and coolant 
from escaping, and there was no perceptible health effect on the public in the subsequent 
months and years. Operators did in the days after the accident release contaminated 
steam and hydrogen to the atmosphere, but after making the judgment that the 
released material would not pose a health risk. Furthermore, after TMI, plant operators 
made changes to control equipment to further reduce the risk of a repeat accident of 
this type.

The Chernobyl accident had the unfortunate effect of persuading many members of 
the public that nuclear power is inherently dangerous in any country. However, one of the 
key failures of the Chernobyl design was precisely the lack of a comprehensive containment 
system that succeeded at TMI to prevent the escape of large amounts of radioactive 
material. RBMK designs of the Chernobyl type are being phased out or upgraded to 
international safety standards, and once this task is complete, it will no longer be accurate 
to make assessments of the safety of nuclear power on the basis of the Chernobyl 
accident. 

More recently, an accident at the Kashiwazaki plant in Japan caused by an earthquake 
in July 2007 caused the shutdown of the plant for repairs for several months, and the 
release of some amount of radioactive coolant water that the IAEA later judged not to 
pose a significant risk to human health. This event provides further evidence that the 
risks from nuclear plant malfunctions, including those caused by events such as 
earthquakes, are primarily financial and not risks of mortality. The experience did show 
the financial vulnerability of nuclear power in a seismically active region, and other 
sources of energy may have an advantage in terms of their ability to withstand or 
recover from such an event. However, the safety systems of the plant were in general 
successful in preventing a Chernobyl-type release of harmful materials, which would 
be an extremely unlikely event.

Differences between actual and perceived risks from nuclear power are discussed in 
later sections in this chapter.

Management of Radioactive Waste
Radioactive waste from nuclear energy comes in two types, namely, high-level waste, 
primarily made up of spent fuel from reactors, and low-level waste, which includes 
reactor vessels at the end of their life cycle, cooling water from nuclear reactors, garments 
that have been used by nuclear plant employees, and other artifacts. The main objective 
in management of low-level waste is to keep these moderately radioactive materials 
separate from the general waste stream. Facilities for storing low-level waste therefore 
tend to be widely distributed. The management of high-level waste is more complex, 
and is the focus of the rest of this section.

At the end of their useful life in the reactor, fuel rods are removed by remote control 
(due to high levels of radiation) from the reactor and initially placed in adjacent pools 
of water inside the containment of the reactor structure. After a period of several 
months, the fuel rods have cooled sufficiently that they can be moved into longer-term 
storage outside of the reactor. To prevent exposure to radiation outside of the reactor, 
and to protect the waste during shipment, they are placed in storage containers made 
of lead and steel. Storage facilities for holding the waste containers may be on the site 
of the nuclear plant, or in some off-site location. 
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Unlike other types of wastes, high-level wastes require ongoing monitoring for two 
reasons:

1. High levels of radiation: Facilities must be carefully monitored to protect the 
health of the public. 

2. Use of wastes for unlawful purposes: High-level wastes could potential provide 
materials for illicit weapons (see Sec. 8-6).

A useful goal is therefore to have high-level waste concentrated in relatively fewer 
facilities, located far from population centers. Although a number of governments are 
working toward permanent storage facilities that address these needs, at the present 
time there are none in operation, and all high-level waste storage is considered to be 
temporary and awaiting further technological developments.

The movement of high-level wastes from nuclear plants to distant storage sites 
naturally requires a carefully devised system for moving the wastes with minimal risk. 
The worldwide nuclear energy industry has developed a system for safe waste 
movement that includes extremely secure waste movement containers, routing of 
wastes over the transportation network to minimize risk to the public, and a network 
of recovery facilities in key locations to provide support in case of emergencies. To 
date, there have been no major accidents involving the large-scale leakage of nuclear 
waste during shipment, and although the occurrence of such an event in the future is 
theoretically possible, its probability is very low.

One alternative to long-term storage of spent nuclear fuel is reprocessing, in which 
useful components are extracted from spent fuel in order to be returned to nuclear reactors 
in mixed-oxide pellets, containing both uranium and plutonium. Levels of reprocessing vary 
around the world. France, Japan, and the United Kingdom carry out significant amounts 
of reprocessing, with major reprocessing centers at Sellafield in the United Kingdom 
and at La Hague in France, in addition to the facility at Tokaimura in Japan mentioned 
in Sec. 8-2-1. Reprocessing has been banned in the United States since the 1970s as a precaution 
against nuclear weapons proliferation, so U.S. plant operators instead use uranium on the 
once-through cycle from extraction, to single use in the reactor, to long-term storage of the used 
fuel rods as high-level waste. At the time of this writing, the Bush administration is making an 
effort to lift the ban in order to accommodate an anticipated rise in the amount of spent 
nuclear fuel generated in the future, and it is possible that the ban will be lifted.

Another concept for managing nuclear waste is to “transmute” long-lived isotopes 
in the waste stream into shorter-lived ones by inserting them into an appropriately 
designed reactor. The long-lived isotopes would be separated from others in the waste 
stream and then positioned in the reactor so that they collide with neutrons and fission 
or otherwise are transformed into isotopes with shorter half-lives. 

Yucca Mountain: A Debate About the Best Strategy for High-Level Waste
One of the leading projects in the world today to develop a permanent storage facility 
for high-level nuclear waste is the underground facility at Yucca Mountain, some 150 km 
northwest of the city of Las Vegas, in the state of Nevada in the United States. In this 
proposed facility, tunnels are to be dug into igneous rock deep below the surface; waste 
containers are then placed in the tunnels, which are sealed once they are filled. The 
location has been chosen to minimize risk of seismic activity or seepage of water into 
the waste. The tunnels are partially completed at the time of this writing. Since construction 
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is ongoing, the final cost of the facility is unknown, but current estimates project a price 
tag of $60 billion.

Yucca Mountain has been the subject of a protracted legal battle between the U.S. 
federal government, which is its principal sponsor, and the state of Nevada, which 
opposes the facility. In 2004, federal courts ruled in favor of the federal government, 
which appeared to open the door to eventual completion of the project. At that time, a 
timetable was set that would have allowed the facility to begin receiving waste in the 
year 2017. However, with the change in the leadership of the U.S. Senate in 2007, political 
leaders in the legislative branch were able to greatly reduce funding for the project, 
effectively stopping its continued development for the indefinite future. It is therefore 
possible that the opening of the facility may come much later than 2017, or if it is delayed 
long enough, the site of the first permanent disposal facility in the United States may 
move elsewhere.

Assuming Yucca Mountain eventually opens and operates as planned, it should 
achieve the goals of permanent storage, namely, that the high-level waste will be 
removed from the possibility of harming people, and theft of the waste for illicit 
purposes would be virtually impossible. The facility design could then be reproduced 
in other geologically stable formations around the world, with the hope that the lessons 
learned at Yucca Mountain site would reduce the cost per tonne disposed at other sites.

Even as the construction of the facility stops and starts, the debate continues over its 
value. Proponents claim that Yucca Mountain will allow nuclear plant operators to take 
responsibility on behalf of both present and future generations to permanently solve 
the waste disposal problem. They point out that the cost of the facility, while large in 
absolute terms, is small relative to the total value of electricity represented by the waste 
that it will eventually contain. Depending on the amount of funds eventually gathered 
from surcharges on nuclear electricity that are dedicated to waste disposal, it may be 
possible to cover the cost entirely from these funds, though this cannot be known until 
the project is finally completed. 

Detractors claim that it is both expensive and premature to put nuclear waste beyond 
reach in an underground facility, when other less costly options (including not moving 
the waste at all for the time being) are available. For example, a well-guarded ground-
level facility, in a remote location and with sufficient capacity to store large amounts of 
waste, would achieve the same aims for a fraction of the cost. Such a location might be 
found in the United States in one of the western states, which contain large expanses of 
land that are for the most part uninhabited. Alternatively, the government might maintain 
the status quo, in which high-level waste is in temporary distributed storage at nuclear 
plants across the United States. Ground-level storage, either in situ in current plant 
locations or in a future centralized facility, would also allow for the high-level waste 
someday to be “neutralized” in a permanent way, should researchers eventually develop 
the necessary technology. Potential options include the transmutation to isotopes with 
shorter half-lives mentioned earlier, or reuse of the waste for some other purpose that is 
yet to be identified. Skepticism has also been raised that underground storage, even in a 
very stable location such as Yucca Mountain, can truly be “guaranteed” to be safe for the 
lengths of time envisioned, and that some future unintended consequence might emerge 
that would be difficult to mitigate, once the wastes had been sealed underground in 
large quantities. Lastly, because the project cost has grown so significantly since its 
inception, the waste disposal fund may eventually prove inadequate to finance the entire 
facility, in which case the U.S. taxpayer would be forced to cover the shortfall.
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In response to these objections, proponents might argue that the development of 
such a use or superior disposal method for high-level waste is highly unlikely, and that 
it is therefore better to take responsibility now for putting the waste into permanent 
underground storage, rather than postponing. They might also argue that a ground-
level facility implies the presence of human staff in some proximity to the stored waste 
(for guarding and monitoring), and that this staff is then put at unnecessary risk of 
exposure to radiation.

The debate over Yucca Mountain illustrates the complexities of designing a 
permanent storage solution for high-level waste, many of which revolve around the 
long-lasting nature of the hazard. Other efforts to develop permanent solutions involving 
deep geologic burial are proceeding slowly in a number of other countries, including 
China, Germany, Sweden, and Switzerland. If the United States or any of these countries 
can eventually complete and bring into operation a geological storage facility, this 
achievement would likely accelerate development in the other countries. However, 
many of the same concerns about the long-term safety and viability of underground 
permanent disposal are being raised in these other countries as in the United States, so 
it may be some time before any such facility is completed, if at all.

Total Volume of Nuclear Waste Generated
The problem of the disposal of high-level nuclear waste requires an eventual solution, 
but at the same time does not pose an imminent threat such that the nuclear industry 
must act overnight. This is true because the total amount of high-level waste accumulates 
at a very slow rate. Example 8-3 illustrates this point.

Example 8-3 Uranium dioxide, a common nuclear fuel, has a density of 10.5 g/cm3. Assuming that 
the fuel used is pure uranium dioxide, and ignoring the effect of changes to the composition of the 
fuel during consumption in nuclear reactor, estimate the total volume of waste generated each year 
by the world’s nuclear reactors.

Solution From Table 8-1, the world’s total nuclear electricity output in 2006 was 2661 billion kWh. 
Using the values from Example 8-2 as an approximation of the average rate of UO2 consumption in 
nuclear plants, each year a plant generating 9.26 billion kWh yields 58,600 kg in spent fuel. On this 
basis, nuclear plants around the world would generate (58,600 kg) × (2661)/(9.26) = 1.68 × 107 kg of 
waste. This amount is equivalent to 1.60 × 109 cm3 of volume, or approximately 1600 m3. To put this 
volume in visual terms, if it were laid out on the playing area of standard a tennis court (32 m × 16 
m), it would fill the area to a depth of approximately 3 m. This calculation assumes no reprocessing 
of the fuel.

The actual footprint of land area required to store high-level waste at ground level 
is actually higher than the value given in the example, since the volume of the 
containment vessel is not included, and space must be allowed between each unit of 
stored waste for access and heat dissipation. Nevertheless, the total area required is still 
small, compared to other types of waste streams. Fuel reprocessing has the potential to 
further reduce the total area occupied by waste storage, since 80 to 90% of the waste 
stream is diverted into new fuel pellets.

In conclusion, should we be concerned about finding a permanent solution for 
waste storage? Given the recent growth in concern about other environmental 
challenges such as climate change or protection of the world’s supply of clean water, 
it is not surprising that nuclear waste as a global issue has been pushed out of the 
media spotlight, except in regions that are directly affected by disposal plans, such as 
in the region around Yucca Mountain. There are at least, however, two compelling 
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reasons why society should continue to push toward a solution in a timely fashion. 
First, the total demand for nuclear energy may grow significantly in the future. Under 
a “robust” nuclear future scenario, total demand for electricity and the total share of 
electricity generated by nuclear power may both grow rapidly, greatly accelerating the 
rate at which high-level waste is generated. Under such a scenario, the logic that the 
increment of waste added each year is small, may no longer hold, especially if the amount 
of reprocessing does not also increase. Secondly, the generation of waste without providing 
a solution over the long term violates the “intergenerationality” principle of sustainable 
development, since future societies may be left to solve a problem that they did not create, 
or suffer adverse consequences if they are not able to do so.

8-6-3 Nuclear Energy and the Prevention of Proliferation
The relationship between commercial use of nuclear energy to generate electricity, and 
military use of nuclear technology to develop weapons, complicates the international 
status of the nuclear energy industry. Uranium enrichment technology that is used to increase 
the concentration of U-235 for use in commercial reactors can also be used to enrich uranium 
to the point where it can be used in a weapon. Commercial energy generation and nuclear 
weapons production can be located in the same facilities. It is difficult to separate the two.

In order to prevent nuclear proliferation, or the spread of nuclear weapons capabilities 
to states not currently possessing them, the world community has ratified and put into 
force the Nuclear Non-Proliferation Treaty (NPT). The NPT makes a distinction between 
nuclear states and nonnuclear states. Major provisions include the following:

 1. Nuclear states are prohibited from transferring nuclear weapons technology to 
nonnuclear states.

 2. Nuclear states are prohibited from using, or threatening the use of, nuclear 
weapons in aggressive (i.e., nondefensive) military action.

 3. Nonnuclear states agree not to develop nuclear weapons, and to subject their 
nuclear energy facilities to inspection by the International Atomic Energy 
Agency (IAEA), to verify that they are meeting this requirement.

The nuclear states that adhere to the treaty include China, France, Russia (previously 
the USSR was party to the treaty), the United Kingdom, and the United States. Most of 
the remaining nations of the world are signatory to the NPT as nonnuclear states. There 
are some exceptions as well: India and Pakistan, for example, are not signatories to the 
NPT and have both tested nuclear weapons in the past.

While the NPT has been fairly effective in preventing nuclear proliferation, it has 
inherent loopholes and weaknesses that would be difficult if not impossible to entirely 
eliminate. First, there is no mechanism within the NPT to prevent a nation from 
withdrawing from the treaty in order to develop nuclear weapons. Secondly, the NPT 
does not specifically limit the ability of nonnuclear parties to develop dual-use 
technologies such as uranium enrichment. If other parties suspect that an NPT signatory 
nation is developing enrichment for the purposes of weapons production, the treaty 
does not provide any means to address the situation effectively. Two recent experiences 
with NPT members and former members illustrate these weaknesses:

• North Korea: In 2003, the government of North Korea formally withdrew from 
the NPT, signaling its intentions to develop nuclear weapons. By late 2006, the 
North Korean military was able to successfully test a small nuclear device. 
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Although the international community attempted to block this development 
through diplomatic pressure in the intervening 3 years, it was unable to do so.

• Iran: At present a conflict between Iran (an NPT signatory nation) and other UN 
member states is ongoing, regarding the nature of Iran’s uranium enrichment 
efforts. The Iranian government claims that its enrichment program is for peaceful 
purposes only, and is necessary for it to develop an alternative to the generation 
of electricity from fossil fuels. Out of fear that the ability to enrich uranium will 
eventually lead to Iran obtaining a nuclear weapons capability, the UN demanded 
that the enrichment program be halted, and in response to Iran’s refusal, passed 
limited sanctions. At the time of writing, these sanctions had not convinced Iran 
to forego enrichment, although it is possible that in time they will.

Without delving into details of either of these conflicts, the underlying issue is that 
in an era of international mistrust, much of which stems from a previous history of 
armed conflict (e.g., on the Korean peninsula or in the Middle East), it is impossible to 
create an international agreement that is 100% certain to prevent proliferation. For the 
foreseeable future, the possibility exists that other states might feel compelled to leave 
the NPT and develop nuclear weapons, claiming the need for self-defense. We can 
hope that, many decades from now, these sorts of international tensions might 
dissipate to the point that nonnuclear states would develop their commercial nuclear 
programs without other states fearing that they will also develop weapons, or indeed 
that the nuclear states might completely dismantle their arsenals, thus eliminating the 
distinction between nuclear and nonnuclear states. In the short to medium term, 
however, a commitment to preventing proliferation through ongoing monitoring and 
diplomacy is an essential part of the peaceful use of nuclear energy. It must therefore be 
seen as part of the cost of nuclear-generated electricity. Furthermore, if the amount of 
nuclear electricity generation grows in the future and the state of international relations 
does not improve, the need for monitoring will intensify, and the risk that a nonnuclear 
state may secretly develop a weapon may increase as well.

8-6-4 The Effect of Public Perception on Nuclear Energy
Many energy technologies, nuclear energy among them, are hampered by a lack of 
understanding or trust by the public, which slows their deployment and use. While 
engineers and other professionals in related technology fields may dismiss problems of 
perception as not being “real” problems, and therefore not relevant to their line of work, 
the power of these problems should not be underestimated. If enough people believe 
incorrect information about a technology having some serious flaw, and base their 
opinions and decisions about that technology on this information, then the “perceived” 
flaw in the technology is as large of a problem as if it were an actual flaw.

A comparison of nuclear and fossil energy illustrates this point. In 50 years of 
commercial use of nuclear energy, acute exposure to radiation in nuclear-related 
facilities has led to very few radiation deaths, those of firefighters at Chernobyl and 
processing workers at Tokaimura being the two exceptions. It is possible that there have 
been a larger number of premature deaths (i.e., not stemming from emergency 
circumstances) from long-term exposure to radiation brought about by nuclear energy, 
including both workplace and mining exposure, and exposure caused by the Chernobyl 
accident. Controversy surrounds this issue, since it is difficult to isolate this contribution 
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from the background rate of cancer and other chronic, life-threatening disease. In the 
most conservative estimate, nuclear energy might contribute to 100s or 1000s of 
premature deaths per year, but not more, and probably less. Industrial accidents in the 
nuclear energy supply chain may also claim some number of lives, though these risks are 
associated with any energy source and are not particular to nuclear energy. For example, 
use of heavy equipment, whether in uranium or coal mines, in large-scale energy 
conversion plants, or in the installation and maintenance of wind turbines, entails some 
risk, but these risks can be minimized with proper safety equipment and practices, and 
there is no evidence that the nuclear energy industry is worse than any other.

By comparison, the effect of fossil fuel combustion on human health is orders of 
magnitude worse. This is especially true in the emerging countries, where inadequate 
emissions control leads to severe air quality problems that cause literally hundreds of 
thousands of premature deaths per year. Emissions controls are better in industrial 
countries, and the state of the art scrubbing technology on fossil-fuel-powered plants 
can eliminate all but a small fraction of harmful emissions, but many premature deaths 
still occur in these countries as well, especially among those who are vulnerable to poor 
air quality (e.g., those suffering from asthma and other respiratory diseases), because 
there remains a large stock of antiquated power plants and vehicles that contribute to 
smog. There are additional effects on quality of life due to poor health, on lost 
productivity due to workplace absenteeism, and on nonhuman living organisms that 
also suffer from poor air quality. Yet, despite this toll of death and suffering, there is no 
widespread outcry that might dramatically change the way fossil fuels are used. 

Thus it appears that nuclear energy has been “handicapped” in the debate over 
energy choices that has taken place in the “court of public opinion,” so that the 
world’s energy resources priorities have not been those that statistics on mortality and 
health might dictate. Some of the contributing factors include: 

 1. A different standard for high-consequence, low-risk events, versus chronic risk: Social 
scientists have long noted that many people weigh the risk of death in a large-
scale disaster more heavily than death in an event that happens on an individual 
basis. Thus flying in airplanes induces profound fear in some consumers 
compared to driving on the highway, even though, statistically, flying is much 
safer than driving, per unit of distance traveled. An analogy can be made between 
the steady-state and continuous loading of the atmosphere with harmful emittants 
from fossil fuel combustion, and the hypothetical loading of the atmosphere with 
highly poisonous reaction by-products in a nuclear accident. In the latter scenario, 
according to folk wisdom, a nuclear reactor meltdown might spew clouds 
containing dangerous radioactive elements, which would come into contact with 
the human population once fallen to earth, leading to thousands of poisoning 
deaths. This scenario is in fact close to impossible, with modern reactor designs 
other than the RBMK reactors, which had no enclosure to prevent the escape of 
radioactive by-products. Even a complete meltdown of a modern reactor vessel 
would be contained within the containment system. Nevertheless, fears such as 
these lead many consumers to consider nuclear energy to be more dangerous 
than fossil fuel energy, so that they prefer to tolerate compromised air quality in 
order to avoid the perceived greater “risk” from nuclear energy.

 2. The association of controlled nuclear fission in energy generation with uncontrolled 
fission in nuclear weapons: There is a misperception in some quarters of the 
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general public that the controlled reaction in a nuclear plant could, if control 
systems were to fail, degenerate into an uncontrolled, accelerating chain 
reaction, leading to a nuclear explosion. According to this logic, a terrorist 
attack on a nuclear plant might provide the catalyst for the explosion, for 
example, the impact of a missile or airplane might provide a source of heat or 
impact that would accelerate the reaction and at the same time disable the 
control systems that normally function, triggering an explosion. Alternatively, 
a reactor core might melt down with such force that it would melt through the 
entire containment structure and engulf the surrounding area in a runaway 
nuclear reaction. Experience has shown and calculations show that either 
scenario is either virtually or completely impossible. For example, the partial 
meltdown at Three Mile Island barely penetrated the 13-cm (5-in) thick steel 
casing of the reactor vessel, and crash-testing of aircraft at high speeds into 
structures that replicate a reactor containment system has shown that the 
structure of the aircraft collapses without destroying the building. Furthermore, 
by the laws of physics, a nuclear reaction cannot consume non-fissile material 
outside of the reactor. Nevertheless, some members of the public continue to 
believe that a nuclear plant poses a risk of a nuclear explosion in case of a 
catastrophic failure or terrorist attack. 

 3. The association of the nuclear energy industry in nuclear states with secretive nuclear 
weapons development programs: In the nuclear states, the development and 
maintenance of nuclear weapons is by necessity a closely guarded secret; among 
other reasons, governments in these states are committed to preventing proliferation, 
including through theft of plans or materials by agents of nonnuclear states or 
terrorist organizations. The civilian nuclear power industries in many of these 
states began as spin-offs from nuclear weapons programs, so that early nuclear 
power operations inherited a “culture of secrecy” from their military predecessors. 
In time, public opinion came to view both military and civilian applications of 
nuclear energy with suspicion, and it has proven difficult to overcome this history 
of mistrust. In particular, in some countries, the nuclear industry downplayed both 
the time required and cost of permanent disposal of high-level waste (e.g., with the 
Yucca Mountain project), and when initial projections of both time and cost proved 
overly optimistic, the industry was faulted.

Public perception factors such as these have hindered the growth of nuclear energy 
in the past. In recent years, nuclear energy industries in a number of countries have 
taken steps to address this obstacle by becoming more open about explaining the 
function of nuclear energy, and sharing data about its operation, including rates of 
resource consumption and waste generation, as well as the cost of generating nuclear 
electricity. Industry representatives have also made the case for the safety of nuclear 
power and for its contribution to prevent climate change. Although it is difficult to 
judge the overall effectiveness of these efforts, it appears that in the United States and 
some of the European countries, criticism of nuclear power is more muted than in the 
past, and part of the population is more open to supporting some construction of new 
nuclear plants to meet growing demand for electricity while limiting CO2 emissions. 
Lessons learned from the experience of trying to introduce a new, large-scale energy 
industry, including mistakes made, are valuable for other emerging energy sources, 
such as large-scale wind energy, which is also facing opposition in some regions.
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8-6-5 Future Prospects for Nuclear Energy
The future of nuclear energy can be divided into two phases: a short- to medium-term 
phase, approximately to the middle of the twenty-first century, and a long-term phase 
that lies beyond.

In the short- to medium-term phase, predictions that nuclear energy would 
completely disappear from use early in the twenty-first century, due to high cost or a 
poor safety record, have proven unfounded. Instead, the nuclear industry has found a 
new life due to concern about climate change; scarcity of oil and gas resources; effects 
on air quality from the combustion of fossil fuels, notably coal; improved reliability and 
increased ease of relicensing of operating reactors; and slower than expected growth in 
renewable energy sources. At a minimum, nuclear power will serve as a bridge 
technology to combat climate change while fossil-with-sequestration or renewable 
energy alternatives continue to develop. It is possible that output of nuclear power may 
grow substantially during this period, depending on the path over which nuclear, fossil, 
and renewable technologies evolve. A key variable is the actual delivered capital cost of 
the new generation of fission reactors that is emerging. If the capital cost per kW remains 
high as in the generation of reactors completed in the United States during the 1980s 
and 1990s, demand may be limited, but if the new generation of designs truly achieves 
lower cost per kW, demand may grow.

Beyond the middle of this century, long-term continued use of nuclear energy 
requires that two problems be solved. First, new fission and/or fusion technologies 
must evolve to levels of technical and economic performance so that the total amount 
of nuclear electricity that can be produced, based on available resources of deuterium, 
tritium, U-238, or other nuclear fuel, is greatly expanded. (Alternatively, the horizon for 
current fission reactor technology might be greatly extended by developing 
unconventional sources of U-235, such as extracting it from the oceans.) Secondly, a 
satisfactory solution for the storage of high-level waste must be found that is not only 
safe and cost-effective, but that also gives society confidence that future generations 
will not be adversely affected in a way inconsistent with the ideals of sustainable 
development.

8-7 Summary
Nuclear energy is the conversion of energy available in nuclear bonds to other forms of 
energy that are useful for human purposes, most commonly electricity. Formulas that 
quantify the energy in the nuclear bond or the ratio of atomic number to mass that 
minimizes binding energy show that the most promising materials for use in nuclear 
fusion are at either the light or heavy ends of the atomic spectrum. Scientists and engineers 
have therefore pursued the harnessing of nuclear energy using either uranium or other 
very heavy elements in fission reactions, or deuterium and tritium in fusion reactions. An 
analysis of the function of today’s nuclear reactors with typical efficiency values confirms 
that, based on current cost of nuclear fuels, existing plants are capable of producing 
electricity at a very low cost per kWh. Capital costs for new nuclear plants are high; 
however, so current efforts are focused on new designs that can reduce the cost of nuclear 
power per installed kW, by making the designs more uniform. Breeder or fusion reactors 
may someday greatly expand the fuel available for use in generating nuclear energy.

Since nuclear plants produce electricity without emitting CO2, there is a strong 
motivation for maintaining or expanding the use of nuclear energy systems. At the 
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same time, issues surrounding the long-term disposal of nuclear waste and the potential 
for nuclear weapons proliferation pose ongoing concerns for the nuclear industry. 
Long-term use of nuclear energy will require a more permanent solution for the waste 
problem, a system for preventing proliferation that is effective regardless of the number 
of reactors in use for civilian purposes, and an expansion of the fuel supply beyond 
U-235 obtained from mining, which supplies most nuclear reactors at present.
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Exercises
1. For thorium-234 (atomic number 90), calculate the percentage difference between the actual 
ratio Z/A and the ratio Z/A for this atomic number that results in the lowest energy state.

2. Revisit Example 8-2. (a) If the cost of raw uranium is $65/kg, what percent of the cost of 
$40 million worth of fuel rods does this amount constitute? (b) If the cost increases to $260/kg, 
and all other cost components of the refueling remain the same, what is the new cost of the 
refueling each year?

3. Repeat the calculation of levelized cost per kWh for electricity in Example 8-2 applied to a new 
nuclear plant with a total capital cost of $2200/kW, an output of 1000 MWe, an investment lifetime 
of 20 years, and an MARR of 5%. This is the cost of one of the most recently completed nuclear 
plants in the United States, at Seabrook, NH, according to one estimate. Include fuel, O&M, and 
capital cost in your calculation.

4. Carry out the rudimentary design of a small modular nuclear reactor which delivers
100 MWe. The reactor is based on a Rankine cycle where the steam is expanded in a turbine 
from 12.5 MPa and 350°C to condensed water at 5 kPa. Assume that the generator is 98% 
efficient, the actual cycle achieves 90% of the efficiency of the ideal cycle, and 90% of the 
thermal energy released in the nuclear reactions is transferred to the working fluid. (a) If the 
reactor uses uranium as a fuel which is enriched to 3% U-235, what mass of fuel is consumed 
each year? (b) What is the flow rate of steam in kg/s required when the reactor is running 
at full power?

5. Suppose in problem 4 that the reactor has a capital cost of $1500/kWe, costs $5 million/year 
for refueling, and $6 million/year for nonfuel maintenance costs. If the project lifetime is 25 years 
and MARR = 6%, what is the levelized cost of electricity per kWh?

6. A reactor has a rated capacity of 1 GWe and produces 7.9 billion kWh/year. It is fueled using 
fuel rods that contain 2.5% U-235 by mass. The electric generator is 98% efficient, the thermal cycle 
of the plant is 33% efficient and 90% of the thermal energy released in fission is transferred to the 
working fluid. (a) What is the capacity factor of the plant? (b) What is the rate of U-235 consumption 
in g/s in order to deliver the average output? (c) What is the total mass of fuel rods consumed 
each year? (d) Based on the amount of energy released in fission reactions, what is the reduction 
in mass of fuel each year?

7. Refueling the reactor in problem 6 costs $35 million/year, and other maintenance costs are 
$90 million/year. What is the levelized cost of electricity: (a) if the plant is fully amortized, (b) if 
the capital cost of the plant is $2 billion and must be repaid over 30 years at MARR = 6%?

http://www.eia.doe.gov/cneaf/nuclear/page/analysis/nucenviss2.html
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8. Suppose that the Yucca Mountain facility discussed in the chapter ends up costing $60 billion, 
and stores 70,000 tonnes of nuclear waste. Ignoring transportation costs for waste, and the effect 
of the time value of money, what is the surcharge that is required on each kWh of electricity to 
exactly pay for the facility, based on the amount of electricity production that results in this volume 
of waste? State your assumptions regarding the amount of waste generated per unit of electricity 
produced.

9. From the internet or other source, gather information on the rated capacity in MW of several 
nuclear reactors and the year of commissioning. Plot the rated capacity as a function of year. Does 
your graph agree with the claim in the chapter that reactor size has reached a plateau since the 
1970s? Discuss.

10. For a country of your choosing, calculate the amount of CO2 emissions per year avoided by 
using nuclear power to generate electricity, based on total output from nuclear reactors and average 
emissions of CO2 from fossil fuel sources.



CHAPTER 9
The Solar Resource

9-1 Overview
This chapter explains how light from the sun becomes available to do useful work on 
earth, as a basis for looking at how that sunlight can be turned into electrical or thermal 
energy. Topics covered here include the measurement of energy available from the sun, 
the effect of the atmosphere on light transmission, and the impact of angular geometry 
between sun, earth, and the surface of a solar device, instantaneous versus integrated 
values, and variations of real data from averaged values. 

9-2 Introduction
Solar power and solar energy resources on earth are enormous, nonpolluting, and 
virtually inexhaustible. Moreover, solar energy is the driving mechanism behind 
other renewable energy sources such as wind, hydropower, biomass, and animal 
power. Until the past two centuries and the exploitation of coal, oil, and natural gas, 
civilization grew and developed almost entirely based on solar energy in its various 
manifestations.

Solar intensity is more than 1 continuous kW/m2 outside the earth’s atmosphere, 
while on the surface of the earth the average daily interception is nearly 4 kWh/m2. The 
solar energy intercepted by earth in less than 1 month is equivalent of all the energy 
originally stored in the conventional energy resources of coal, petroleum, and natural 
gas on the planet. This chapter reviews techniques for measuring and understanding 
the availability of the solar resource, as background for understanding the devices 
explained in Chaps. 10 and 11.

9-2-1 Availability of Energy from the Sun and Geographic Availability
The intensity of energy arriving from the sun in space just outside the earth’s atmosphere 
is approximately 1367 W/m2, called the solar constant. Although it is termed a “constant,” 
it varies over time. Solar flares and sun spots change the value slightly. The distance 
from the sun to the earth is a greater factor, varying the value during the year. The daily 
solar constant, I0, can be calculated from the following equation where N is the day 
number of the year (e.g., January 1 is day 1; December 31 is day 365). N is also called the 
“Julian date,” from the Julian calendar. A Julian date calendar is provided, for 
convenience, as an appendix to this chapter.

 I0 = 1367(1 + 0.034 cos(2pN/365 )) (9-1)
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Average insolation, or solar energy reaching a given location on earth, will be lower 
than the amount available outside the atmosphere due to absorption and diffraction of 
sunlight in the atmosphere, changing weather, loss of sunlight at night, and so on. 
Table 9-1 shows that worldwide average values for some representative cities, taking 
all these factors into account, range between 100 W/m2 for Glasgow, Scotland, and 
280 W/m2 for Cairo, Egypt. 

Figures 9-1 and 9-2 give national average values for representative countries. These 
figures indicate that countries with large areas of arid land, such as the United States 
and Australia, have relatively high values of average energy gain and hours of sunshine 
per day. The figures for the United States must be interpreted carefully, of course, as 
certain regions (e.g., Pacific northwest and parts of the northeast) have much lower 
values than those shown. In general, winter values are lower than those in the summer, 
especially in the case of high latitude countries such as the United Kingdom (between 
46 and 54° north latitude), due to the shorter days and the more oblique angle with 
which direct sunlight strikes horizontal surfaces. In contrast, for India, proximity to the 
equator gives seasonal values that are closer together in the case of energy gain, and 

City Insolation City Insolation

  Seattle 125   Naples 200

  El Paso 240   Cairo 280

Rio de Janeiro 200 Johannesburg 230

  Glasgow 100   Mumbai 240

  Tokyo 125   Sydney 210

Source: Data obtained from Trewartha & Horn, 1980.

TABLE 9-1 Mean Annual Daily Insolation in W/m2 for Select World Cities 
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FIGURE 9-1 Average seasonal solar energy gain per square meter for select world countries. 
(Source: Norton [1992].)
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reversed for average daily sunshine compared to cities in the temperate countries, as 
much of the summer energy gain is in the form of diffuse rather than direct solar energy 
due to high humidity and monsoon rains.

It is likely that global climate change in the twenty-first century will lead to changes 
in regional values given here, although with the long data series required to establish 
average annual values, such changes will only become apparent over the course of 
years if not decades. 

Insolation varies greatly during a day, during a year, and as a function of latitude. 
Table 9-2a and b shows this variation for two latitudes. Data are for direct normal 
radiation from a clear sky (sky clearness number = 1.0), local solar time, and for the 
twenty-first of each month in the northern hemisphere. 

9-2-2 Direct, Diffuse, and Global Insolation
Light traveling from the sun can reach the surface of the earth either through direct or 
diffuse transmission. In the direct case, it is transmitted through the atmosphere without 
interference. In the diffuse case, light is diffused by refraction and aerosols in the 
atmosphere, and some portion of the diffused light continues to travel forward toward 
the earth and strikes the surface. This diffuse light can strike the earth at a range of 
different angles, depending on how it was diffused. The diffuse and direct light together 
make up the total amount of light reaching the surface, also called “global” insolation. 
The energy flux embodied in the light can be measured in units of W/m2, so energy flux 
in the global insolation is the sum of the direct and diffuse components.

To put the pathways in the figure in context, we can consider the energy flux 
available on a clear day at or close to midday, when the sun is highest in the sky. Even 
in this situation, the full energy flux in solar radiation striking the earth will not be 
available, as some portion is reflected or absorbed by the atmosphere. Thus for purposes 
of estimating available solar energy, practitioners will use values of 900 or 1000 W/m2

to represent the maximum value possible (see Table 9-2a and b).
A simple model to calculate insolation intensity is based on the air mass number, 

which functions to quantify the reduction of solar power passing through the 
atmosphere and attenuated by aerosols and air molecules. The air mass number can 
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FIGURE 9-2 Average seasonal daily hours of direct sun for world countries. (Source: Norton [1992].)



Month
5 a.m. 
7 p.m.

6 a.m.
6 p.m.

7 a.m.
5 p.m.

8 a.m.
4 p.m.

9 a.m.
3 p.m.

10 a.m.
  2 p.m.

11 a.m.
  1 p.m.

Noon

Jan 0 0 4/0 640/102 848/278 931/430 966/524 977/556

Feb 0 0   352/30 771/200 905/401 963/556 990/651 998/684

Mar 0 0  582/100 820/314 914/515 958/666 980/762 986/795

Apr 0 210/23  648/191 804/408 876/593 913/735 931/824 937/854

May 0 374/67  665/256 787/460 848/632 881/766 898/846 903/872

Jun 0 412/89  662/279 773/476 831/642 863/770 879/847 884/871

Jul 0 357/70  640/257 761/457 823/626 856/757 873/836 878/861

Aug 0 187/25  599/192 756/403 830/583 869/721 888/808 894/837

Sep 0 0   514/97 758/303 857/498 905/644 927/737 934/769

Oct 0 0   312/30 723/198 862/394 923/546 951/639 959/671

Nov 0 0 5/0 619/102 828/277 912/427 948/521 959/552

Dec 0 0 0 556/69 811/228 907/375 948/468 960/499

(a)

Source: Handbook of Fundamentals, ASHRAE, 2001.
Note: times of day in column headings indicate hours for which insolation is equal in the morning and afternoon, since insolation is symmetric around 
noon.

TABLE 9-2 Direct Normal/Horizontal Surface Clear Sky Insolation, W/m2, as a Function of Solar Time, (a) at 32° North Latitude (b) at 48° North 
Latitude
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TABLE 9-2 (Continued)

Month
5 a.m.
7 p.m.

6 a.m.
6 p.m.

7 a.m.
5 p.m.

8 a.m.
4 p.m.

9 a.m. 
3 p.m.

10 a.m.
  2 p.m.

11 a.m.
  1 p.m.

Noon

Jan 0 0 0  116/7 584/79 754/174 823/244 842/269

Feb 0 0    11/1  568/78 780/210 869/330 908/408 919/435

Mar 0 0  481/64 743/214 852/371 905/493 931/568 939/593

Apr 0  340/46 646/189 778/359 846/506 883/618 902/688 908/712

May 129/16 510/125 689/287 781/448 833/584 863/689 879/755 883/785

Jun 243/38 544/162 693/324 774/479 822/610 849/711 864/774 868/796

Jul 135/18 492/130 666/290 757/448 809/581 839/684 854/749 859/771

Aug 0  311/51 599/193 732/358 801/501 839/610 858/678 864/702

Sep 0 0  414/62 678/206 792/358 848/476 875/549 883/573

Oct 0 0    12/1  521/79 734/208 825/326 866/403 878/428

Nov 0 0 0  115/7 565/80 734/175 803/244 822/269

Dec 0 0 0 0 442/42 675/119 765/181 789/204

(b)
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be interpreted as the ratio between the direct beam path length divided by the path 
length were the sun directly overhead. In its simplest form (see Fig. 9-3), the air mass 
number, AM, is calculated from Eq. (9-2), where qz is the zenith angle, the angle from 
directly overhead, described later in this section.

AM = = =CB
AB

CSC
z

z

1
cos( )

( )θ θ  (9-2)

Equation (9-2) becomes incorrect for large values of the zenith angle because it 
predicts an infinitely large air mass number when the sun is at the horizon and the 
zenith angle is 90°. To account for the earth’s curvature, the following somewhat more 
complex equation can be used when the sun is near the horizon.

AM
cos

= + − −
1

0 50572 96 07995 1 36364( ) . ( . ) .θ θz z

 (9-3)

The next way to calculate air mass is by using the distance from where the light 
enters the atmosphere, the radius of the earth RE, and the geometry between the two 
lines thus defined, as shown in Fig. 9-4. The thickness of the atmosphere is denoted HA
in this approach. As shown in the figure, a beam travels from the sun to the surface of 
the earth, denoted by the inner concentric circle, at point a. Therefore the distance from 
point a to the center of the earth is HA + RE. The distance the beam travels through the 
atmosphere is along the line from point a to point b on the outer edge of the atmosphere, 
denoted by the outer concentric circle. The angle Ψ is formed by the beam and the radius 
at point a, hence Ψ = a + 90, where a is the solar altitude, or angle of the sun above the 
horizon.

B

Z

A

B
C

z

Earth

Z

A C
Idealized atmosphere

Earth surface

z

FIGURE 9-3 Defi nition of air mass; air mass = CB/AB. Top sketch is idealized atmosphere as a 
constant thickness layer. Bottom sketch greatly exaggerates the atmosphere thickness.
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We next calculate the ratio m of the distance over which the beam travels to the 
distance over which it would travel if it were exactly overhead. For a given Ψ, m can be 
calculated using the law of cosines as

m R H R H R HE A E A E A= + + ( ) +1 2
2 2/ / /cos cosΨ Ψ (9-4)

The derivation of this value is given as a homework problem at the end of the 
chapter. To calculate representative values for m, we can use standard values of RE =
6372 km and HA = 152.4 km. The effect of flattening of the earth at the poles has a 
negligible impact on the value of m and can be ignored. When the value of Ψ is 90°
(i.e., at the horizon), 135° (half way between horizon and overhead), and 180° (directly 
overhead), the value of m is 9.2, 1.4, and 1.0, respectively. Given that this ratio is up to 
9 to 1, depending on the hour of day, one would expect that the insolation at early or 
late hours of the day would be diminished, which is consistent with the findings in 
Table 9-2a and b.

As an approximation for clear sky (pollution free) atmosphere transmittance, 
Eq. (9-5) can be used to within perhaps 5% accuracy.

τ atm
AM AM= +− −0 5 0 65 0 095. ( ). .e e  (9-5)

Models of varying complexity exist in the meteorological and solar energy literature 
to calculate direct, diffuse, and total solar radiation as functions of atmospheric 
conditions and other factors. An early and relatively simple model to estimate “clear 
sky” beam radiation was proposed by Hottel (1976), based on solar altitude, local 
elevation above sea level, and atmospheric parameters. Atmospheric transmittance (tb,
beam radiation transmittance only) is calculated from Eq. (9-6).

τ αb a a k= + −0 1 exp( ( ))csc (9-6)

a

b

RE

HA

Sun

Earth

Ψ

FIGURE 9-4 Relationship between angle Ψ between earth radius and incoming ray of sun, and 
length of path ab through atmosphere.
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Parameters a0, a1 and k depend on local elevation above sea level and atmospheric 
conditions. These parameters are available for a variety of situations, such as in 
Table 9-3. The 23 km haze model, for example, applies to atmospheric conditions of 
sufficient clarity to see as far as 23 km, in contrast to the 5 km haze model that refers to 
a clear sky condition but with sufficient atmospheric haze that visual distances are 
limited to 5 km. The data in Table 9-3 are used to calculate the example data in Table 9-4, 
which contains calculated atmospheric transmittance values for a range of solar 
altitudes, the 5 km haze model, and an elevation of 0.5 km above sea level. Direct normal 
insolation is the product of atmospheric transmittance and the solar constant. Horizontal 
surface insolation values are based on the law of cosines to take into account the 
spreading of irradiation that is not normal to the surface, Ehorizontal = Enormal cos(qz).

Altitude above Sea Level, km

0 0.5 1.0 1.5 2.0 2.5

23 km Haze Model

a0 0.1283  0.1742 0.2195  0.2582  0.2915 0.320

a1 0.7559  0.7214 0.6848  0.6532  0.6265 0.602

k 0.3878  0.3436 0.3139  0.2910  0.2745 0.268

5 km Haze Model

a0 0.0270  0.063 0.0964  0.126  0.153 0.177

a1 0.8101  0.804 0.7978  0.793  0.788 0.784

k 0.7552  0.573 0.4313  0.330  0.269 0.249

Italicized figures are interpolated or extrapolated from the original work.

TABLE 9-3 Coefficients for the Hottel Clear Sky Solar Transmittance Model

Solar Altitude, 
Degrees

Atmosphere 
Transmittance

Beam Radiation, 
Direct Normal

Beam Radiation, 
Horizontal Surface

10 0.2335 319  55

20 0.3192 436 149

30 0.4108 562 281

40 0.4837 661 425

50 0.5395 737 565

60 0.5824 796 689

70 0.6158 842 791

80 0.6422 878 865

90 0.6633 907 907

TABLE 9-4 Example Results, 5 km Haze Model, 0.5 km above Sea Level, Assuming 1367 W/m2

outside the Atmosphere
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Weather changes from day to day, more so at some locations of the earth than at 
others. Seldom is there frequent ideal atmospheric transmittance. Figure 9-5 shows 
an example of substantial variability. The figure contains 14 years (1983 to 1996) of 
integrated daily kWh/m2 on a horizontal surface in Ithaca, New York, United States 
(latitude 42° 24′ N and 76° 30′ W). The upper line in the figure is the variation of 
insolation calculated for directly outside the atmosphere on a plane horizontal to 
the earth’s surface, directly above Ithaca. The daily integral outside the atmosphere, 
Hday, can be calculated from the following equation where L is the local latitude, d is 
the solar declination and gs is the solar hour angle (all are defined in more detail 
below).

H I
N

day cos= ⎛
⎝⎜

⎞
⎠⎟

+ ⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

24
1

2
3650π
π

cos (LL s) ( ) ( )cos sinδ γ  (9-7)

Figure 9-6 is included to show the trend of clear sky atmospheric transmittance,
which is defined as the fraction of insolation available outside the atmosphere that
is transmitted to the earth’s surface. Atmospheric transmittance values in the figure are 
based on total received daily insolation on the best day of each date of the 14 years 
of data, divided by the expected value outside the atmosphere. The scatter, 
although not large, arises from almost no days being perfectly clear during the 
14-year period. Transmittance is lower during winter when the solar altitude is 
lower, and decreases as summer proceeds and the atmosphere becomes dustier 
and more humid.

The average of the real data in Fig. 9-5 over the year is 3.29 kWh/m2·day (11.8 MJ/
m2·day) but the highest values are between one and two orders of magnitude greater 
than the lowest values regardless of the time of year. This magnitude of variation 
becomes an important consideration when analyzing and designing solar energy 
systems and their associated thermal energy and/or electricity storages and the location 
of the installation is characterized by variability such as in Fig. 9-5.
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FIGURE 9-5 Fourteen years of integrated kWh/m2 for Ithaca, New York, United States.
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9-3 Definition of Solar Geometric Terms and Calculation 
of Sun’s Position by Time of Day

In the preceding section, we considered sunlight traveling through the atmosphere, 
without necessarily considering the effect of the sun’s position in the sky on the amount 
of energy available. In this section, we introduce several other terms used to discuss solar 
geometry, and then chart the sun’s position in the sky as a function of various parameters. 
Measures used in this section capture the effect of changing tilt of the earth relative to the 
sun, changing distance from the sun as a function of time of year and time of day, and the 
changing angular distance traveled by the sun, as a function of the same.

Solar angle calculations are done in solar time, which is defined by solar noon being 
when the sun is due south of the observer. Solar time is synchronous with local standard 
time but leads or lags it because of two factors. One factor is the difference between the 
local longitude and the standard longitude value that defines the local time zone. One 
degree of longitude difference is equivalent to 4 min of solar time difference. The second 
factor is the equation of time, ET, which exists due to the earth’s path around the sun 
being an ellipse rather than a circle. The angle swept by the earth’s path is less per 24-h 
cycle when the earth is farthest from the sun. The reverse is true during the other half 
of the year. 

Solar and standard time are related by the following equation, where time is 
formatted as hour:minute and Longstd and Longloc are standard and local longitudes 
(degrees), respectively.

 solar time = standard time + 0: 04(Longstd − Longloc) + ET (9-8)

Standard time zones are defined in 15° longitude steps, with the 0° longitude 
passing through Greenwich, England. For example, within North America, Atlantic, 
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FIGURE 9-6 Maximum averaged daily atmospheric transmittance for data in Fig. 9-5.
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Eastern, Central, Mountain, and Pacific standard time zones are defined as 60°, 75°, 90°,
105°, and 120°, all west of the zero meridian. These are the standard meridians but 
actual time zones have ragged borders to accommodate various geographic areas and 
cities, and some time zones around the world have half or quarter hour offsets from this 
standard definition.

The equation of time is calculated from a fitted equation and may be expressed in 
Fourier series form. One expression is the following, where t = 360N/365 in degrees, 
or t = 2pN/365 in radians, and scales the year through one trigonometric cycle. Note, 
Eq. (9-8) provides ET in decimal minutes, which should be converted to hour:minute:
second format when used in Eq. (9-8).

ET = a1 sin(t) + b1 cos(t) + a2 sin(2t) + b2 cos(2t) + a3 sin(3t) + b3 cos(3t) (9-9) 

         + a4 sin(4t) + b4 cos(4t)

a1 = −7.3412 b1 = +0.4944

a2 = −9.3795 b2 = −3.2568

a3 = −0.3179 b3 = −0.0774

a4 = −0.1739 b4 = −0.1283

The value of ET makes the sun appear to be “fast” during part of the year and 
“slow” during other parts. The effect is small (plus or minus a quarter of an hour at 
most) but leads to unexpected observations such as the following. In the northern 
hemisphere, the shortest day of the year is the winter solstice, December 21, but the 
earliest sunset is during the first week of December and the latest sunrise is during the 
first week of January.

We now define several terms used in calculating solar geometry. The first two are 
zenith angle, qz, and solar altitude, a. Zenith angle is the angle formed between a line 
from the sun and a line to a point directly overhead (angle ABC in Fig. 9-3); solar 
altitude is the angle between the line from the sun and a line to the horizon. Thus qz +
a = 90°, and the maximum value for either is also 90°.

Next, we consider the surface of some solar device, for example, a solar photovoltaic 
panel, which may be rigidly fixed to the earth’s surface and therefore keep a certain 
orientation relative to the compass directions. With this, we also introduce the surface
azimuth angle, g, the angle between the orientation of the surface and due south, and the 
solar azimuth, gs, which is the angle between the direction of the sun and due south, as 
shown in plan view in Fig. 9-7.

For both g and gs, angles to the west of due south are positive and angles to the east 
are negative (e.g., in the diagram, gs > 0, g < 0), and at solar noon (the time when the sun 
is the highest in the sky), gs = 0. For a solar panel that is installed facing due south, g = 0 
as well. From the plan view perspective in Fig. 9-7, we could think of the solar panel as 
lying flat on the ground. However, it is of course possible that the surface is tilted with 
some tilt angle b, which is the angle at which the surface is tilted from horizontal. This 
tilt is usually in a southern direction, especially at higher northern latitudes, in order to 
increase the energy flux reaching the surface.

We must also consider the declination d based on the time of year. Declination is the 
angle between the line of the sun and the plane of the equator; as shown in Fig. 9-8 for 
the case of a point on the equator. At the equinox, the line of the sun is in the plane of 
the equator, and the declination is zero. At the solstices, the north pole is either inclined 
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toward or inclined away from the sun, so the declination is +23.45° or −23.45° (the 
maximum possible variation from zero) in (northern hemisphere) summer or winter, 
respectively.

The declination on any given day of the year N, for example, N = 1 on January 1, 
N = 365 on December 31, and so on, can be calculated using the following formula:

 d = 23.45 × sin[360(284 + N)/365] (9-10)

It is also possible to calculate the solar altitude at solar noon, amax, using this 
formula:

 amax = 90 – L + d (9-11)

For example, at 40° north latitude, the sun will reach a = 26.55° (= 90 – 40 – 23.45) at 
solar noon on the winter solstice and a = 73.45° (= 90 – 40 + 23.45) at solar noon on the 
summer solstice. Example 9-1 illustrates the calculation of the declination value for a 
given day of the year.

Sun

Solar
device

Solar
azimuth

Surface
azimuth
angle

FIGURE 9-7 Plan view of sun striking solar device at oblique angle.

Earth

Equator

Summer solstice

Equinoxes

Winter solstice

FIGURE 9-8 Declination at summer solstice, equinox, and winter solstice.
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Example 9-1 Verify that the declination reaches its lowest value at the winter solstice.

Solution The winter solstice occurs on December 21, or the 355th day of the year. Substituting N = 355 
into the equation gives the following: d = 23.45 × sin(630°) = 23.45 × sin(3.5 p radians) = 23.45 × (−1), 
so δ is, in fact, at its lowest possible value, that is, d = −23.45.

Once declination is known, zenith angle and solar altitude can be calculated as a 
function of latitude, declination, and hour angle, w:

 cos qz = sin a = sin d sin L + cos d cos L cos w (9-12)

where w can be calculated by subtracting or adding 15° for each hour before or after 
solar noon, respectively (e.g., w = hour × 15 – 180, where hour is given in 24 h decimal 
time, so that 10 a.m. = −30°, 2 p.m. = +30°, 10:30 a.m. = −22.5°, and so on). The solar hour 
angle expresses the degrees of earth rotation before or after solar noon at a given 
longitude. (Note that the solar hour angle is the same at any latitude along a line of 
constant longitude.)

The value of w is different from that of the solar azimuth gs, with which it may be 
confused when first encountered but which is calculated as a function of d, w, and a, as 
follows:

 sin gs = cos d sin w/cos a (9-13)

The following calculation of w and gs on the summer solstice at 42° north latitude 
from 10 a.m. to 2 p.m. illustrates the difference:

Time Hour Angle (deg) Solar Azimuth (deg)

10:00 a.m. −30 −62.8

11:00 a.m. −15 −38.6

12:00 p.m.   0   0.0

  1:00 p.m.  15   38.6

  2:00 p.m.  30   62.8

Calculating a through the hours of the day for different declination values at different 
times of year gives us the figure shown for the case of 52° north latitude (Fig. 9-9). Note 
that when the formula predicts a negative value for the solar altitude, for example, 
before 8 a.m. at the winter solstice, the value is given as 0°, since the sun is below the 
horizon at this point. Repeating this exercise for a tropical location, such as 5° north as 
shown in Fig. 9-10, gives a range of solar altitudes in which the altitude around solar 
noon consistently reaches high values (50° to 75°) year round, but without the variation 
in length of day year round (such as 4 a.m. sunrise on the summer solstice at 52°
latitude). The first point explains why many of the sunniest locations in the world 
(Mumbai, Cairo, and so on), as shown in Sec. 9-2-1, are in regions near the equator.

9-3-1 Relationship between Solar Position and Angle 
of Incidence on Solar Surface
Ideally, the surface of a solar device would always face the sun (i.e., the plane of the 
surface is orthogonal to the direction of the beam); this can be accomplished with a 
tracking mechanism that moves the device to face the sun as it moves through the 
sky during the course of the day. In practice, not all devices are able to face the sun. 
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For example, local conditions may dictate attaching the device to a fixed surface that is 
oriented away from due south or due north (which are ideal in the northern and 
southern hemispheres, respectively) by some surface azimuth angle g, and tilted up 
from horizontal by some angle b. Here we solve for the angle of incidence qi between the 
beam of sunlight and the direction of the surface, as a function of solar altitude, tilt 
angle, hour angle, and surface azimuth angle, in the following way. 

Suppose we have two unit vectors, one parallel to the incoming solar rays and the other 
normal to the device surface. Then the value of qi is given by the following relationship:

 cos qi = S • N (9-14)
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FIGURE 9-9 Solar altitude as a function of time of day at 52° north latitude (equivalent to 
The Hague, The Netherlands).
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FIGURE 9-10 Solar altitude as a function of time of day at 5° north latitude (equivalent to Abidjan, 
Ivory Coast).
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where S and N are the parallel and normal vectors, respectively, and “•” is the dot 
product operator from vector calculus. It can be shown using the Cartesian axes of the 
site that qi is given by

 cos qi = sin a cos b + cos a sin b cos (g − gs) (9-15)

This formula can be simplified in certain situations. For a flat surface, b = 0° and 

 cos qi = sin a (9-16)

For a vertical surface, b = 90° and

 cos qi = cos a cos (g − gs) (9-17)

Lastly, for a south-facing surface, g = 0° and

 cos qi = sin a cos b + cos a sin b cos gs (9-18)

Knowing the relationship between incident sunlight and position of the device 
surface gives us the proportion of incoming energy that is available to the device. 
Suppose we know the hourly beam radiation normal to the sun In,b (i.e., the component 
of global solar radiation that arrives directly to the earth’s surface, as opposed to by the 
diffuse pathway). We can solve for the component normal to a horizontal surface, 
defined as Ib, using the following relationship:

 Ib = In,b cos qz (9-19)

We can also solve for the value of Ib,b from the relationship 

Ib,b = In,b cos qi (9-20)

The ratio Rb of beam radiation received by the tilted surface to radiation received by an 
equivalent horizontal surface is of interest for solar installations, and can be solved from 

 Rb = Ib,b/Ib = In,b cos qi/In,b cos qz (9-21)

9-3-2 Method for Approximating Daily Energy Reaching a Solar Device
In this section, we take the formulas from the previous two as a basis for a means of 
approximating the total amount of energy reaching the surface of a solar device, as a 
function of the amount of energy in the direct solar beam, the orientation of the surface, 
the time of day, and the time of year. It is possible to estimate this quantity of energy by 
continuously calculating the energy flux from sunrise to sunset. However, for brevity, 
we will limit the discussion to an approximation in which a single measure each hour is 
used to represent the average value for that hour.

The amount of energy reaching the device surface is a function of the angle of 
incidence between the beam of light and the normal to the surface. The process of 
calculating the angle of incidence includes the following steps:

 1. Calculate the hour angle based on the hour of day in solar time.

 2. Calculate the solar altitude based on latitude, declination, and hour of day.

 3. Calculate the solar azimuth from the declination, hour angle, and solar altitude.

 4. Calculate the angle of incidence from the solar altitude, the solar azimuth, the 
surface angle b, and the surface azimuth.
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Care must be taken that the correct values are used in each step of this process. First, 
the analyst must verify that the beam of light is above the horizon for the time of day in 
question; negative values of a imply that the sun is below the horizon and flux at this 
time should not be included in the energy estimate. Secondly, the beam of light must 
strike the front of the solar device and not the back of it. It is possible (especially at 
higher latitudes between the spring and autumn equinoxes), when solar altitude is low 
and solar azimuth is large, for the outcome of step 4 to be a value of qi greater than 90°,
that is, the sun is striking the back of the device, and therefore is assumed not to be 
contributing useful energy to its function! Lastly, the solar azimuth must be interpreted 
correctly from the arcsin value in step 3, especially at high latitudes and at early and late 
hours of the day. Refer, for example, to Fig. 9-7, which shows that on the summer solstice 
at 52° north latitude, the sun rises at approximately 4 a.m.. At this time, the solar azimuth 
is 127°, that is, the sun is rising at a point that is north of due east. At this point, the value 
of the arcsin from step 3 is 0.794, for which gs = 53° is also a solution. If care is not taken, the 
result may lead to a spurious result in which the value of gs starts out with a value less than 
90° at sunrise, increases to 90° by 9 or 10 o’clock, then decreases to 0° at solar noon. This 
problem arises because calculators and computer programming languages generally 
return inverse trigonometry values in the first and fourth quadrants only.

Example 9-2 A normal beam of radiation In,b has a flux value of 350 W/m2. What is the flux reaching a solar 
surface facing due south and tilted south by 25° at 11 a.m. on the summer solstice at 42° north latitude?

Solution The surface faces south so the value of the surface azimuth is g = 0. On the summer solstice, 
the declination is d = 23.45°, and at 11 a.m. the hour angle is −15°. Solving for solar altitude gives 
67.6°. Solving for solar azimuth on the basis of w, d, and a gives gs = −38.6°. Solving in turn for angle 
of incidence as a function of a, b, g, and gs gives qi = 15.5°. Thus the energy flux onto the device is 
350 w/m2 × cos(15.5°) = 337 w/m2.

Using the calculation in Example 9-1 as a basis as well as the insolation values from 
Table 9-2a, we can create a complete table of results for an entire day, this time for 32°
north latitude, as shown in Table 9-5. Clear sky conditions are assumed for the entire 
day. Recall that the value of the normal insolation changes as a function of time of day, 
from a low of 412 W/m2 at close to sunrise and sunset, to 884 W/m2 at solar noon.

The hourly values in Table 9-5 can be interpreted as taking the flux measured on 
the hour (8, 9, 10 o’clock, and so on) as representing the average flux from 30 min 
before to 30 min after. For example, the value at 8 a.m. represents the energy per unit 
area from 7:30 a.m. to 8:30 a.m. Since the chosen unit for estimation is 1 h, the total 
energy received for that hour can be directly converted from flux in W/m2 to hourly 
energy in Wh/m2. Using the preceding example, the flux is 389 W/m2 on average 
from 7:30 a.m. to 8:30 a.m., so the energy received during that hour is 389 Wh/m2.
Summing the values in the column entitled “Actual Flux” gives a total energy value 
of 6.27 kWh/m2. This value can be compared to the sum of the “Available Flux” of 
9.72 kWh/m2; 36% of the available energy is lost due to the surface not being normal 
to the insolation as the sun’s position changes.

9-4 Effect of Diffusion on Solar Performance
We now expand on the air mass model described previously in this chapter. As 
mentioned above, there are a number of possibilities for loss of beam energy as the 
sun’s rays travel from the edge of the atmosphere to the earth’s surface, such as 
absorption by atmospheric particles or diffusion in different directions. 
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One factor that affects the amount of diffusion is the distance that the beam must 
travel through the atmosphere, which is in turn a function of the angle relative to vertical 
at which the sunlight reaches the earth, as calculated using Eqs. (9-2) to (9-4). Another 
factor is the amount of humidity, pollution, or other particles in the atmosphere. The 
amount of atmospheric diffusion of sunlight can be quantified using empirical 
observations under different climatic and seasonal conditions. First, we introduce the 
variable H to represent daily integrated insolation, in contrast to I used in previous 
sections that represents hourly insolation. We make a distinction between the global 
value of insolation, H , and the diffuse component of that insolation, H d. The more clear 
the air, the smaller the ratio H Hd/ . An additional indicator of diffusion is the clearness
index K, which is the ratio of the insolation on a horizontal surface to the insolation on 
an extraterrestrial horizontal surface in the same location. From observation, the 
following relationship for the ratio H Hd/  holds, assuming isotropic sky conditions:

H H K K Kd T T T/ = − + −1 39 4 03 5 53 3 11
2 3

. . . .  (9-22)

where KT  is the monthly clearness index, or average value of K over a month. Numerous 
similar equations can be found in the solar engineering literature to calculate H Hd/ .

It has also been observed that if we know the yearly average clearness index, K, then 
it is possible to provide a projection of the likelihood of a given value for the daily value 
of the clearness index, K. Plotting the distribution of K for a range of values of K
gives Fig. 9-11, where K = 0.7 might represent a sunny region,  K = 0.3 a cloudy region, 
and K = 0.5 a region in between. As an example of how to read the curves, taking K = 0.7, 

Hour

Available 
Flux*

(W/m2)

Hour
Angle
(deg)

Solar
Altitude
(deg)

Solar
Azimuth
(deg)

Incident
Angle
(deg)

Actual
Flux

(W/m2) Fraction

 6 412 −90 12.2 −110.2 87.2  20 0.05

 7 662 −75 24.3 −103.4 73.5 188 0.28

 8 773 −60 36.9  −96.8 59.7 389 0.50

 9 831 −45 49.6  −89.4 46.2 575 0.69

10 863 −30 62.2  −79.7 33.2 722 0.84

11 879 −15 74.2  −60.9 21.9 816 0.93

12 884   0 81.5    0.0 16.5 848 0.96

13 879  15 74.2   60.9 21.9 816 0.93

14 863  30 62.2   79.7 33.2 722 0.84

15 831  45 49.6   89.4 46.2 575 0.69

16 773  60 36.9   96.8 59.7 389 0.50

17 662  75 24.3  103.4 73.5 188 0.28

18 412  90 12.2  110.2 87.2  20 0.05

∗Values from Table 9-2a for June 21.

TABLE 9-5 Estimate of Energy per m2 Received by the Surface of a Solar Device (L = 32° N, d = 23.45, 
b = 25°, g = 0°) 
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we can expect K < 0.63 for 20% of the days of the year, K < 0.78 for 80% of the days of the 
year, and so forth.

Let KT represent the average clearness index for each month. If KT is known, then it 
is possible to approximate a distribution for the likelihood that the value of KT is less 
than or equal to a given value KT,i. Taking KT,min and KT,max as the lowest and highest 
values of the clearness index, respectively, the cumulative distribution function for KT
can be written 

F K
K K

KT
T T

T

( )
exp( ) exp( )

exp( ) exp
,min

,min

=
−

−
γ γ

γ (( ),maxγ KT

 (9-23)

The value of g must be found by taking the average annual clearness index Kavge (i.e., 
average of the 12 monthly values) and finding g such that Eq. (9-24) holds:

K
K K KT T T=

− − −( )exp( ) ( )exp(,min ,min ,max1 1/ /γ γ γ γγ
γ γ

K
K K

T

T T

,max

,min ,max

)
exp( ) exp( )−  (9-24)
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FIGURE 9-11 Distribution of daily clearness ratios K for a range of annual average clearness 
values Kavg.
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The use of these equations is illustrated in Example 9-3, as follows.

Example 9-3 Suppose you are given the following values for KT for a location in the midwestern 
United States:

  Jan 0.41   Jul 0.68

  Feb 0.45   Aug 0.67

  Mar 0.51   Sep 0.66

  Apr 0.55   Oct 0.59

  May 0.61   Nov 0.44

  Jun 0.67   Dec 0.38

Calculate g and graph F(KT) as a function of KT.

Solution The values of KT,min, KT,max, and K are 0.38, 0.68, and 0.55, respectively. The best fit value for 
g can be solved iteratively using software; solving to two decimal place, in this case using the Solver 
function in MS Excel, gives either g = −1.12 × 10−7 or g = 3. The appropriate value must then be chosen 
based on observed conditions. For the case of g = −1.12 × 10−7, there is a 50% chance that the clearness 
will be less than or equal to 0.53, which implies relatively cloudy conditions. In the case of g = 3, the 
value is only 39%, so that conditions are relatively sunny. From the given data, we see that 8 out of 
12 months have values of KT in the range of 0.5 to 0.68, so g = 3 is the correct value. Plotting F(KT)
then gives the curve shown in Fig. 9-12.

9-4-1 Effect of Surface Tilt on Diffusion
The preceding formulas consider only the case of a flat, horizontal surface. Next, we 
adapt the calculations for tilted surfaces that are common to many installations of solar 
collector arrays and photovoltaic panels. The global insolation on a surface tilted at an 
angle b is 

H H H R H Hd b d gβ β
β β ρ= − + +⎛

⎝
⎞
⎠ + −⎛

⎝
⎞
⎠( )

cos cos
,

1
2

1
2

(9-25)
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FIGURE 9-12 Plot of F(K-T).
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Here Rb,b is the ratio of insolation on a tilted surface to insolation on a flat surface, and 
rg is the reflectivity of the ground. Note that in the case of perfect transmission of light 
through the atmosphere, Hd = 0, and Hb = HRb,b + H((1 − cos b)/2) rg.

The procedure to calculate the daily integral of insolation on a south-facing tilted 
surface begins with Eq. (9-22). The next step is to calculate the sunset hour angle on the 
surface. From the fall to spring equinox, the sunset hour angle on the tilted surface is 
the same as for a horizontal surface (the sun rises south of east, and the like). Between 
the spring and fall equinoxes, the calculation must be adjusted because the sun rises 
north of east and sets north of west. Equations (9-26a) and (b) applies to September 21 
to March 21, and March 21 to September 21, respectively.

ws = cos−1(−tan(L) tan(d )) (9-26a)

w ′s = min [w s, cos−1 (−tan(L − b) tan(d ))] (9-26b)

The next step is to calculate Rb , the ratio of average direct beam insolation on the 
tilted surface to the corresponding average direct beam insolation on a horizontal 
surface. Note that Eq. (9-27) assumes the sunset hour angle value to be in radians. If in 
degrees, multiply the second term in both the numerator and denominator by p/180.

R
L L

b
s s=

− ′ + ′ −cos( ) cos( )sin( ) sin( ) sin( )β δ ω ω β δ
ccos( )cos( ) sin( sin( ) sin( ))L Ls sδ ω ω δ+  (9-27)

Then calculate the ratio of average total insolation on a tilted surface to the 
corresponding average total insolation on a horizontal surface

R
H
H

R
H
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d
b
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2
− cos( ))β  (9-28)

where r is the reflectivity of the ground for insolation. The three terms in Eq. (9-28) are 
for the direct, diffuse, and reflected components of insolation on the tilted surface.

The final step is to calculate HT, the average daily total insolation on the tilted surface.

H HRT =  (9-29)

Example 9-4 Consider February in Ithaca, New York, United States. Calculate the expected daily 
insolation to fall on a south-facing solar collector panel having a tilt angle of 45°. The ground reflectance 
is 0.7 (snow more than 1 in deep). Solar data for February in Ithaca are H = 8.61 MJ/m2 and K

T
= 0.435; 

these parameters are derived from the analysis of local insolation data over time. 1Assume isotropic 
sky conditions as a first approximation.

Solution From geographic data sources, the latitude of Ithaca is 42.3° north. The middle of February 
is day number 45. The solution sequence is to calculate solar declination, the sunset hour angle, and 
then the terms as defined through Eqs. (9-22), (9-26), (9-27), (9-28), and (9-29).

d = −13.6° = 0.237 radians

1One approach is to approximate local insolation data by looking at national weather data websites 
such as http://rredc.nrel.gov/solar/old_data/nsrdb/bluebook/state.html and estimating local values 
using nearby cities. In this case, nearby cities such as Syracuse, NY, and Binghamton, NY, could be used.

http://rredc.nrel.gov/solar/old_data/nsrdb/bluebook/state.html
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ws = 77.3°, equivalent to 77.3/15 = 5 h and 9 min after solar noon and w¢s = ws

Rb
= 1.973, or 97.3% more beam insolation than on the horizontal surface

H = 1.598, or 59.8% more total insolation than on the horizontal surface

H
T

= 1.598 × 8.61 = 13.5 MJ/m−2

Components of HT are

direct: 1.130 × 8.61 = 9.73 MJ/m2

diffuse: 0.365 × 8.61 = 3.14 MJ/m2

reflected: 0.103 × 8.61 = 0.89 MJ/m2

9-5 Summary
Solar energy, which arrives at an approximately constant intensity at the outer edge of 
the earth’s atmosphere, is affected by geographic location on earth, weather, and time 
of year, in terms of the amount of energy available at a given location. The total energy 
available at a given location, or “global” insolation, is the sum of direct insolation, 
which arrives unimpeded from the sun, and diffuse insolation, which is diffracted as it 
passes through the atmosphere.

The location of the sun in the sky at a given time of day, and hence amount of 
energy available to a solar device, can be determined based on latitude and time of year. 
The orientation of the device relative to due south and the angle of inclination of the 
device also impact the amount of energy available. An appreciation for the day-to-day 
variations of insolation is important in understanding the temporal dynamics of any 
solar energy gathering system.

The clearness index, or ratio of energy available on the earth’s surface to energy 
available in space, can be measured on a daily, monthly, or yearly basis. Observation has 
shown that if the average clearness index in a location is known, the distribution of days 
or months with a given amount of diffusion can be approximated for a wide range of 
locations on earth.
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Exercises
1. A solar panel is mounted facing due south in a location at 48° north latitude, with a tilt angle of 
30°. If the sun shines on the panel for the entire day on the equinox with clear skies, (a) calculate the 
total energy incident per square meter on the panel during the course of the day in kWh, (b) suppose 
there is an obstruction on the site such that from 2:30 p.m. onward on this day, the obstruction blocks 
the sun from reaching the panel. What percent of energy is lost due to the obstruction, compared to the 
amount that would reach the panel if it were not there, on the day being studied? 

2. A house at 42° north latitude has a roof that faces due south, and is elevated to an angle of 23°.
A solar panel is mounted to the roof. What is the angle of incidence between the sun and the array 
at 10 a.m. on May 5th? 

3. A solar device is located at a point that is blocked by an adjacent building for part of the 
morning (see illustration). The building has a west wall that faces due west, and is located 10 m 
east of the point. The south wall of the building extends 8 m south of the point. The building is 
located in Edinburgh, Scotland, at 56° north latitude. On the summer solstice, does the building 
block the sun from shining on the device at 9 a.m.? You can assume that the building is sufficiently 
tall such that it is not possible for the sun to reach the device by shining over the top, it must shine 
in past the southwest corner of the building. 

North

10 m

8 m

4. Use the law of cosines (c2 = a2 + b2 – 2abcos(c)) to derive Eq. (9-4) in this chapter.

5. As a thought experiment, determine where on the earth, and on which days, the solar azimuth 
can be the same value all day as the solar hour angle. Then prove this equality by calculations.
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6. You are at 76° west longitude, 37° north latitude, and observe the sun to rise at 05:10:20 hours 
local clock time. Your friend is at 87° west longitude and 49° north latitude. What will be your 
clock time when she sees the sun rise?

7. You are at 94° west longitude in the Mountain time zone of the United States. The date is 
July 14, and daylight savings time is in effect. If your watch reads 13:55:23 hours, what is the 
corresponding local solar time? 

8. On July 17 (daylight savings time is in effect), what is the value of the equation of time, and 
is the sun “fast” or “slow”? What will be the clock time when the sun is exactly due south? What 
are the answers for November 17 (daylight savings time is not in effect)?

9. Use Eq. (9-9) to graph the equation of time as a function of the day of the year, and identify 
those periods of the year when the sun is “fast” and those periods when it is “slow.”
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 CHAPTER 10
Solar Photovoltaic 

Technologies

10-1 Overview
This chapter discusses the internal function and application of solar photovoltaic 
technology. In the first part, we discuss how photovoltaics convert sunlight to electricity, 
and how to quantify their performance relative to objectives for acceptable efficiency 
values. In the second part of the chapter, we discuss practical issues related to applying 
photovoltaics, including design considerations, output in different regions, economic 
payback, and environmental considerations.

10-2 Introduction
The photovoltaic cell, or PV cell, is a technology that converts energy in sunlight to 
electricity using an adaptation of the electrical semiconductor used in computers and 
other types of information technology. PV cells are designed to transfer the energy 
contained in individual photons penetrating the panel to electrons that are channeled 
into an external circuit for powering an electrical load. This function is achieved both 
through the layout of molecular structure at the microscopic level, and the arrangement 
of conductors at the edge of the cell at the macroscopic level.

A PV panel consists of multiple photovoltaic cells (on the order of 50 to 120 cells) 
connected together in an electrical circuit that can be connected to an exterior circuit at 
a single point. Since the individual PV panel has a limited output compared to typical 
residential or commercial loads (maximum output on the order of 80 to 200 W per 
panel), a PV system usually combines a large number of panels together in an array, or
integrated system of panels, so as to deliver the electricity produced at a single 
connection point and at the desired voltage. 

Although other systems for converting sunlight to electrical energy exist, such as 
systems that generate steam to drive a turbine of the type discussed in Chap. 6, PV 
systems are the largest producer of electricity directly from solar energy1 in the world at 
this time, in terms of kWh produced per year.

The PV panel takes advantage of the photovoltaic effect, discovered by Henri Becquerel 
in 1839, in which sunlight striking certain materials is able to generate a measurable 

1Wind energy, which has a larger annual output worldwide than PV panels, is an indirect form of solar 
energy since it originates from uneven heating of the earth’s surface by the sun; see Chap. 12.

249
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electrical current. It was not until 1954 that scientists were able to generate currents 
using the photovoltaic effect that could be applied to an electrical load in a laboratory 
setting. Thereafter, application in the field followed relatively quickly, with PV panels 
first used commercially in a remote telecommunications relay station and on the U.S. 
satellite Vanguard I by the end of the 1950s. PV cells were first used in applications such 
as these because the high added value of an independent remote energy source justified 
the high cost per kW of rated panel output of the original PV panels. In the case of 
telecommunication systems, the high added economic value of the relay station system 
combined with the remote location of some of these facilities made it attractive to install 
PV. For orbiting satellites, PV panels proved to be an ideal energy technology, due to 
stronger insolation values in space, lack of cloud cover or weather-related deterioration, 
and ability to function except when in the shadow of the earth. PV panels have been 
used for both of these types of applications ever since.

While the cost per unit of output matters relatively little in telecommunications or 
space applications, where the cost of the core technology will dominate the total cost of 
the system in any case, it is clear that the technology must be affordable for use by 
mainstream electricity consumers in the commercial and residential sectors. It is here 
that R&D from the 1970s onward has lowered cost per installed watt and opened up 
growth potential in the world market for PV panels. Figure 10-1 shows, for the period 
1975 to 2000, both the reduction in cost of photovoltaic panels and the growth of 
worldwide sales of panels, especially after 1995. Costs fell from $30/kW in 1975 to 
approximately $4/W by the end of the 1980s; thereafter, they have fluctuated between 
$3.50 and $5/W. Note that cost per watt as used by the solar energy industry is the total 
cost of a panel divided by the output at ideal conditions at which it is rated (full sun, 
perpendicular to the sun’s rays, and so on). Since panels operate much of the time at less 
than optimal conditions (e.g., with partial cloud cover or at oblique angles to the sun), or 
do not operate at all at night, economic analysis of the panel system must be calculated 
based on actual and not ideal operating conditions, as discussed later in the chapter. 
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FIGURE 10-1 Annual output of world PV manufacturing and average cost per rated watt of panels, 
1975 to 2003. (Source: Energy Information Agency, U.S. Department of Energy, for cost; Renewable 
Energy World, for production data.)

Note: The global market has continued to expand rapidly, with 2006 production estimated at 2400 MW.
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As shown in Table 10-1, photovoltaic production is distributed among the 
industrialized countries; although not shown, a small but growing share is produced in 
the emerging countries as well. While Japan was the leading producer in terms of market 
share in 2001, output from the European Union and the United States was significant as 
well in terms of share. In that year, the United States and Japan were leading exporters 
of output of photovoltaics, with 67% and 42% of total output of PV modules exported 
from the two countries, respectively. As of 2001, Japan and Germany had 100 MW and 
75 MW of PV panels installed in grid-connected systems, respectively. The United States 
had 32 MW installed in both grid-connected and off-the-grid systems, the latter being 
popular in remote locations that are more likely to be found in sparsely populated 
regions. Figures for these representative industrialized countries can be compared to 
125 MW of systems installed in emerging countries, almost entirely in off-the-grid 
situations where the cost of a stand-alone PV system with battery storage compares 
favorably to the cost of bringing in electric lines from the nearest grid-connected location.

The dominant material for creating PV panels is the silicon wafer, which can be 
manufactured in three forms: monocrystalline, multicrystalline, and amorphous. These names 
refer to the form of the PV cell, which may consist of a single crystal, multiple crystals, or 
may not have any crystalline structure. Single crystals are the most efficient in terms of 
converting sunlight to electrical output, but they are also the most difficult to manufacture 
and hence the most expensive. Conversely, amorphous PV cells are the cheapest to 
produce and have the lowest efficiency, with multicrystalline cells lying somewhere in the 
middle. In general, it is the cost per unit of rated output of the panel that is important to 
the engineer, and not the maximum efficiency, so multicrystalline or amorphous cells can 
compete with monocrystalline cells, despite inferior efficiency, as long as they have an 
offsetting cost advantages. There are, however, exceptions to this rule, such as applications 
with limited surface area (e.g., spacecraft), where the system must generate the maximum 
possible energy per unit of surface area, regardless of cost. 

In the future, the PV industry will need to respond to cost and material resource 
pressures both by improving mature technologies and by developing new alternatives 
that are currently in an embryonic state. In the case of silicon-based technologies, 
amorphous PV cells may offer the most room for improvement, including the use of 
“thin-film” amorphous cells that can be mass-produced more easily and may ultimately 
provide lower cost per watt over the life cycle than crystalline-type silicon cells. All 
types of silicon cells face the problem of shortages of pure silicon resources, which are 
used by both the solar PV and semiconductor industries. While silicon as an element is 
abundant in the earth’s crust, most of it occurs in compounds from which it would be 
more costly to extract pure silicon. Resources of pure silicon are still available, but are 
becoming increasingly scarce. 

Japan 42%

European Union 25%

United States 24%

Other   9%

TABLE 10-1 Share of World Production of 
Photovoltaic Modules on the Basis of kW 
of Capacity Produced, 2001
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The PV industry is therefore developing alternatives to silicon-based PV cells, 
including gallium arsenide (GaAs), cadmium telluride (CdTe), and copper indium 
diselenide (CuInSe2), which could alleviate the pressure on silicon. Use of heavy metals 
in these PV cell formulations may in the future create a hazardous waste challenge both 
at the manufacturing and disposal stages of the life cycle, so the industry will need to 
proceed carefully. Lastly, for many types of materials that can be used to make PV 
panels, nanotechnology may play an important role in the future, since fabricating the 
cells at a nanoscale level may provide the desired structural qualities of the cell more 
efficiently and at a lower cost than is possible using current techniques.

10-3 Fundamentals of PV Cell Performance
The objective of the PV cell is to convert as much of the energy in the incoming stream 
of photons into electricity as possible. In this section, we will describe the phenomena 
that are occurring, as the individual photons are either converted to electrical charge or 
not, depending on the circumstances. We will also quantify the effect of rates of 
conversion and rates of loss on the overall efficiency of the cell.

In order to encourage the conversion of photons to electrons using the photoelectric 
effect, the two layers of silicon that constitute a silicon-based PV cell are modified so that 
they will be more likely to produce either (1) loose electrons, or (2) holes in the molecular 
structure where electrons can reattach. Recall that the silicon atom has 4 valence electrons 
in its outer shell. In one PV cell design, the upper or n-type layer is doped with phosphorus, 
with 5 valence electrons, while the lower or p-type layer is doped with boron, which 
has 3 valence electrons (see Fig. 10-2). This type of molecular structure is known as a 

Photons incident on PV cell

n-type layer

p-type layer
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–

+
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Elements of
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comb

Solid conductive backing

Direction of current

FIGURE 10-2 Cross section of PV cell. 
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p-n junction and is common to most designs of PV cells. The imbalance of electrons across 
the cell creates a permanent electrical field which facilitates the travel of electrons to and 
from the external circuit and load to which the PV system is attached.

In Fig. 10-2 upper layer is n-type silicon doped with phosphorus, which has an 
excess of electrons; lower layer is p-type silicon doped with boron, which has extra 
holes for absorbing electrons. On the right-hand side, an incoming photon breaks loose 
an electron within the cell structure. The electron then travels toward the collector 
comb, while the electron hole travels toward the conductive backing, contributing to 
the current flow to the load outside the cell.

An arriving photon possessing an energy value equal to or greater than the bandgap
energy EG is able to break loose an electron from the structure of the PV cell. The value 
of EG depends on the type of panel used; recall that energy is inversely related to 
wavelength, that is, E = hc/l, where h is Planck’s constant and c is the speed of light. 
Therefore, photons with a wavelength greater than the bandgap wavelength lG do not 
have sufficient energy to convert to an electron. Electron holes can also move through 
the cell structure, in the opposite direction to that of the electrons, in the sense that as an 
electron moves to fill a hole, it creates a hole in the position previously occupied.

Electrons leave the structure of the PV cell and enter the exterior circuit via 
conductive metal collectors on the surface of the cell. Typical collectors are laid out in a 
“comb” pattern and are readily observed on the surface of many PV cells. The collector 
networks, where present, block the incoming sunlight from entering the PV cell. 
Therefore, design of the collectors involves a trade-off between having sufficient area to 
easily collect as many electrons as possible, but not so much area that the ability of the 
sun’s energy to enter the cell is greatly reduced.

10-3-1 Losses in PV Cells and Gross Current Generated by Incoming Light
If it were possible to convert all the energy in the incoming light into electrical current, 
then the magnitude of this current would be equivalent to the energy available in the 
light per unit of surface area. For applications outside of the earth’s atmosphere, this 
flux amounts to 1.37 kW/m2, while for applications at the earth’s surface, in full sun, 
the flux is reduced to approximately 1 kW/m2 due to collisions with molecules in the 
atmosphere. However, there are a number of sources of loss within the cell itself that 
reduce the amount of energy actually available, as follows:

• Quantum losses: As mentioned above, photons with E < EG are unable to produce 
the photoelectric effect, so the energy they contain is not available to the system, 
constituting one type of loss. Also, each photon can only produce 1 electron, 
regardless of the energy of the photon, so the “excess” energy is also not 
available for producing current.

• Reflection losses: Photons arriving at the surface of the PV cell are subject to a 
fractional reflection loss r(E), where 0 < r < 1; the amount of reflection varies 
with the energy of the photon. PV cells are typically coated with an antireflective 
coating to reduce r(E). 

• Transmission losses: Because PV cells possess finite width (i.e., thickness of the cell 
in the direction of travel of the photon), it is possible for a photon to pass through 
the cell without colliding with an atom in the structure. In this circumstance, the 
photon has been “transmitted” through the cell, leading to transmission losses. 
The amount of these losses are a function of both the width of the cell and the 
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energy of the photon, and are written t(E,W), where 0 < t < 1. One possible way to 
make better use of all available energy is to position a solar thermal application, 
such as a solar water heater, underneath the cells of a PV panel; photons that pass 
through the cell can then be used to accumulate thermal energy.

• Collection losses: In a real-world PV cell, some fraction of the electrons released 
will permanently reabsorb into the structure before they have a chance to leave 
the cell, so that the collection efficiency, denoted hcol(E), will be less than 100%. 
For a range of photons with energy E such that EG < E < E*, where E* is some 
approximate upper bound that is specific to the design of cell in question, hcol(E) 
is close to unity for many types of cells. However, especially at very high photon 
energy values, empirical observation shows that electrons released are very 
likely to reabsorb, and hcol(E) falls to nearly 0. Thus, collection losses constitute 
another type of significant loss in the cell.

The gross current generated by the PV cell, also known as the light current IL since it 
occurs only when the cell is illuminated, can now be calculated by taking into account 
the full range of losses. To simplify notation, define the absorption coefficient a(E,W) to 
take into account reflection and transmission losses as follows:

 α ρ τ( , ) ( ) ( , )E W E E W= − −1  (10-1)

Also define the function S(E) of frequency of arriving photons as a function of photon 
energy. In practice, the curve for wavelength of arriving photons is observed to have a 
shape approximated by an appropriate statistical function with a single peak and zero 
probability of negative values, such as a Weibull or Gamma distribution. IL is now 
calculated by integrating over the range of photon energy values from EG upward:
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(10-2)

Here IL is given per unit of area (e.g., mA/cm2), and e is the unit charge per electron.
Typical values of losses vary widely between PV cell designs, but in all cases the 

total effect is significant. Depending on the design, bandgap energy losses may amount 
to up to 23%, while quantum losses from photon energy greater than electron energy, 
combined with collection losses, may amount to up to 33%. Absorption losses are 
typically on the order of 20%. Therefore, a device that achieves on the order of 15 to 25% 
overall efficiency is considered to be relatively efficient. Some commercially available 
devices with efficiency values lower than this range can compete in the marketplace if 
their cost per unit of area is acceptable. Also, there are inherent limits on the extent to 
which losses can be eliminated: while there is no theoretical lower bound on the 
reduction of absorption losses possible, through advances in technology, quantum 
losses are an integral part of the photoelectric effect and cannot be avoided.

Example 10-1 illustrates the effect of various types of losses on overall current 
production and device efficiency.

Example 10-1 A solar cell has a constant collection efficiency of 95% between energy values of 1.89 × 
10−19 and 5.68 × 10−19 J, and 0% outside of this range. The absorption coefficient is 80% for all energy 
values at the given width of the solar cell. Photons arrivals are distributed as a function of energy 
such that S(E) = (2.5 × 1021 particles/s·m2)( f(E)), where f(E) is a Weibull(a = 3, b = 3) distribution with 
E measured in units of 10−19 J. Calculate IL.
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Solution From the data, we are given that hcol(E) = 0.95 over the range in which the device operates, 
and a(E,W) = 0.8 throughout. Therefore, we can integrate Eq. (10-2) between 1.89 and 5.68 × 10−19 J, 
and take the hcol and a(E,W) terms outside the integral since they are both constant:
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The Weibull (3,3) probability density function has the form shown in Fig. 10-3 over the interval from 
E = 1 to E = 6, which contains the desired interval 1.89 < E < 5.68:

Thus the peak frequency of photons occurs around E = 2.5 × 10−19, and over 99% of the photons 
incident have an energy less than the upper bound of E = 5.68 × 10−19 J. To solve the integral, we take 
the cumulative distribution function of the Weibull, that is
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or 236.4 A/m2. Note that the inputs into this calculation are somewhat simplistic, because the actual 
values of hcol(E) and a(E,W) are likely to vary with E, and the chosen value of S(E) is a simplified 
approximation of an actual spectral distribution.

10-3-2 Net Current Generated as a Function of Device Parameters
An additional energy loss occurs in the PV cell due to the potential difference created 
from the presence of extra electrons in the n-type layer and extra holes in the p-type layer. 
This potential difference is common to any semiconductor, and any current resulting from 
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FIGURE 10-3 Distribution of photon frequency as a function of energy 10−19 J.
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its presence is called the dark current, or ID, since it can occur regardless of whether the PV 
cell is in sunlight or not. The dark current has the following functional form:
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(10-3)

Here I0 is known as the saturation current and has a small value relative to IL when the 
device is in full sun; e is the charge per electron, or 1.602 × 10−19 J/V; V is the voltage 
across the device; m is a parameter whose value depends on the conditions of operation 
of the device; k is the Boltzmann constant (k = 1.38 × 10−23 J/K), and T is the operating 
temperature in kelvin. The value of m depends on the voltage at which the device is 
operating, with the minimum value of m = 1 occurring at ideal device voltage under full 
or nearly full sun, and 1 < m < 2 for partial voltages. For brevity, we will focus on device 
operation under ideal conditions with voltage near the maximum value possible, and 
use m = 1 through the remainder of the chapter.

Because ID flows in the opposite direction from IL, the net current from the PV cell is 
the difference between the two, that is 
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(10-4)

Plotting I as a function of V for representative parametric values for a cell gives the 
function shown in Fig. 10-4. At V = 0, the amount of current produced is the short-circuit 
current ISC, which is equal to the light current since exp(eV) = 1 and ID makes no 
contribution, that is, ISC = IL. Due to the exponential nature of ID, its effect on I grows 
rapidly above a certain value, so that at the  open-circuit voltage VOC, the device ceases to 
produce a positive current. 
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FIGURE 10-4 Current as a function of voltage in ideal PV cell for values between V = 0 and V = VOC.
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It is now possible to solve for VOC by setting I = 0 in Eq. (10-4) since, by definition, 
there is no current flow in an open circuit:
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We are now able to characterize the function of the cell, since we know the range of 
voltages over which it operates, 0 < V < VOC, and we can calculate the current at any 
value V given fixed device parameter I0, value of m at the operating condition, and 
temperature T. 

Calculation of Maximum Power Output
Now that I can be written in terms of fixed device parameters ISC and VOC, and also 
independent variable V, we wish to know the values IM and VM that maximize the 
power output from the device. Recall that power P is the product of current and voltage, 
that is, P = I × V. From inspection of Fig. 10-4, it is evident that P will at first increase 
with V, but that at some value of V close to VOC, P will peak in value and thereafter 
decline due to falling I. We can solve for values of IM and VM by taking the derivative 
and setting equal to zero:

 

P IV

dP dV IdV VdI

dI dV I VM M

=

= + =

= −

/

/ /

0
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In addition, the values IM and VM must satisfy Eq. (10-4):
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(10-7)

We now have two equations for two unknowns, IM and VM. The solution to this 
system of equations does not exist in analytical form; however, an approximate solution 
that gives satisfactory results is available. Define parameters a and b such that a = 1 +
ln(IL/I0) and b = a/(a+1). IM and VM can be written in terms of a and b as follows:

 I I aM L
b= − −( )1  (10-8)
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Once we can calculate IM and VM, we would also like to know how good are the 
values achieved relative to some maximum possible value. Looking again at Fig. 10-4, 
it is clear that a device with IM = ISC and VM = VOC would achieve the maximum possible 
power output from the device. Such a result cannot be achieved in an actual PV cell, so 
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a measure known as the fill factor (FF) is used to evaluate the actual maximum value of 
P relative to this upper bound:
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Substituting Eqs. (10-8) and (10-9), we can rewrite FF in terms of a and b:
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In actual devices, fill factor values of FF > 0.7 are considered to be an acceptable result.
Example 10-2 illustrates the performance evaluation for a representative device.

Example 10-2 Consider a PV cell with light current of 0.025 A/cm2, saturation current of 1.0 × 
10−11 A/cm2, open circuit voltage of 0.547 V, and operating temperature of 20°C. For simplicity, assume 
a value of m = 1 and constant saturation current across its operating range. What is the combination 
of voltage and current that maximizes output from this device, and what is its fill factor?

Solution From the description above, we have IL = 0.025 A/cm2, I0 = 1.0 × 10−11 A/cm2, and VOC = 0.547 V. 
Since VOC is known, we can proceed directly to calculating IM and VM:
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By plotting I as a function of V across the operating range of the cell, it is possible to verify by 
inspection that the values of IM and VM from Eqs. (10-8) and (10-9) are in good agreement with the 
peak shown in the curve in Fig. 10-5:
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FIGURE 10-5 Current and power as a function of voltage for PV cell.
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The FF is then calculated

FF
(0.0237)(0.471)
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= = =
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M M

L ( . )( . )0 025 0 547
00 82.

Thus, the device is considered to have acceptable output.

10-3-3 Other Factors Affecting Performance
A number of factors affect the actual performance of a PV cell, causing it to vary from 
the theoretically derived values above. Notable among these

• Temperature: Temperature affects the output of the cell, with output at first 
increasing as temperatures increase from cryogenic temperatures close to 0 K, 
peaking in the range of 50 to 100°C, and decreasing thereafter. Current I increases 
with rising temperature, but VSC falls; up to the peak output value, the increase 
in I drives the change in the power output, but thereafter the decrease in V
dominates.

• Concentration: It is possible to increase the output from a PV cell by concentrating 
the amount of light striking the cell relative to ambient insolation, up to a point. 
Concentration is achieved using flat or curved mirrors to focus additional light 
onto the cells. Up to 15 to 20 times concentration will increase output from a 
cell; however, above this range of values resistance losses dominate, so that 
output decreases with increasing concentration.

Other factors that affect performance include resistance in series and in parallel 
with the PV cells in a panel, as well as the age of the device, since performance degrades 
gradually with age.

10-3-4 Calculation of Unit Cost of PV Panels
The calculation of maximum output per unit of area from a PV cell leads directly to the 
cost to build a complete PV panel, if the cost per unit of cell area is known. In addition to 
the individual cells, the panel consists of a backing material to support the cells, a 
transparent laminate to protect the cells from above, a structural frame for mounting the 
panel, and all necessary wiring to connect the cells into a circuit. Most of the cost of the 
panel is in the cost of the cells, as illustrated in Example 10-3.

Example 10-3 Suppose that the cell from Example 10-2 is to be incorporated into a panel with rated 
output of 120 W at peak conditions. Total cost for manufacturing the cell material including labor, 
and so forth, is $0.03/cm2. The cells are approximately square, with 15 cm on each side. The balance 
of the panel, including all materials and assembly labor, adds 20% to the total cost of the panel. 
(a) What is the cost per watt for this panel? (b) Approximately how many cells are required to be fitted 
to the panel in order to achieve the desired output?

Solution To calculate the cost of the panel, we first calculate output per unit of area in peak conditions, 
and then calculate the amount of area required to meet the target. From the calculation of IM and VM in 
Example 10-2, the output is (23.7 mA/cm2)(0.471 V) = 11.2 mW/cm2. Therefore, the required area is 
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11 2

1000 10 700 1 072 2
W

mW/cm
mW/W cm m2.

, .( ) = =



260 C h a p t e r  T e n

For this amount of area, the cost of the cell material is $321. Adding 20% for balance of panel adds 
$64.20, so that the total cost is $385.20. Thus the cost per watt is ($385.20)/(120 W) = $3.22/W. This 
value is in line with typical current wholesale market values presented in Fig. 10-1.

Since each cell is 15 cm on a side, its total area of 225 cm2 will produce 2.52 W in rated conditions. 
Therefore, the number of cells required is (120)/(2.52) = 47.6 = ~ 48 cells.

10-4 Design and Operation of Practical PV Systems
The design of a PV system requires both understanding of the possible components that 
can be incorporated in a system, and a means of estimating the future output per year 
from the system, taking into account both the available solar resource in the region and 
the conversion efficiency of the PV panels. Using known capital cost values and 
projected future output, it is possible to forecast the economics of the investment. PV 
systems come in a great range of sizes, from those sized to meet the needs of a single 
family-sized residence, to multimegawatt commercial systems (see Figs. 10-6, 10-7, and 
10-8). The size of the system will influence design and component choices.

10-4-1 Available System Components for Different Types of Designs
Any PV system will require the purchase of the panels themselves (the single most-
expensive component) and some sort of structure to mount them in place. In addition, 
since most systems generate dc power so as to serve ac loads, an inverter is required to 
transform the current from dc to ac, although some new panels incorporate the 
conversion to ac into the panel itself, avoiding the need for a separate, detached inverter. 
Also, roofing shingles with integrated PV cells are an emerging technology that blends 
into the roofline of the building and also avoid the need for a structural rack for 
mounting PV panels. This technology may enable the implementation of solar electric 
generation in situations where aesthetics are a primary concern, and the owner is 
unwilling to install PV panels on racks for aesthetic reasons.

FIGURE 10-6 10-MW solar PV power station in Muehlhausen, Germany. (Source: Courtesy of 
SunPower Corporation. Reprinted with permission.)
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Whether and how the PV system is connected to the electrical grid will affect what 
other equipment is necessary. An off-the-grid system requires a battery bank to store 
excess production during sunny times, to be used at night or during cloudy weather. If 
there are no batteries, then some other outlet must be provided for excess production, 
which otherwise poses a hazard. For grid-connected systems, the grid provides the sink 
for excess production. In such cases, the system owner must have in place an agreement 
to interconnect with the grid, giving the owner the right to supply power to the grid. In 
addition, it is highly desirable to have an agreement for net metering, whereby excess 
production is counted against electricity bought from the grid, so that the system owner 
gets the economic benefit of the excess production.

FIGURE 10-7 Ground-mounted PV array. Ground mounting permits seasonal adjustment of 
array angle (higher angle in winter, lower angle in summer). (Source: Philip Glaser, 2007, 
philglaserphotography.com. Reprinted with permission.)

FIGURE 10-8 Roof-mounted PV system on a multifamily housing complex near Boston, MA. 
(Source: Paul Lyons, Zapotec Energy. Reprinted with permission.)
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The effect of net metering is illustrated by comparing a sample of daily output from 
a PV system with a typical consumption pattern, as shown in Fig. 10-9. The output data 
were gathered on March 10, 2005; the pattern shows that output was reduced in the 
morning due to partial cloud cover, and stronger in the afternoon. The residence on 
which the system is installed uses more electricity per year than the system producing, 
so with net metering it is possible for any excess output on a given day to be used to 
offset purchases from the grid at some other time of the year. With net metering, the 
total output on the day shown of 8.2 kWh is counted against electricity purchases from 
the grid; at $0.13/kWh, this credit is worth $1.06. However, from 10 a.m. to 4 p.m. 
system output exceeds purchases—presumably, there is a drop in demand as some or 
all of the members of the household go out for the middle of the day, and are not using 
lights, computers, and the like. The excess production from the PV system amounts to 
2.6 kWh, so without net metering, the owner does not get credit for this $0.33 worth of 
production, or 32% of the value available with net metering. While the loss on this one 
day is not significant, the percentage loss is. One can infer that, over the course of an 
entire year, these types of losses would noticeably diminish the value of the investment. 
One caveat: if the building total electric load is large and the PV system is small, there 
may be few hours of the year when PV output exceeds consumption, in which case it 
may not be as important to obtain net metering status.

For owners of larger residential units such as apartment complexes, it may be 
beneficial to have in place a master meter with submetering, whereby the owner pays the 
utility for electricity purchased at the master meters and then charges individual tenants 
for consumption at their submeters. The owner may then be able to benefit from 
economies of scale in purchasing a larger single PV system for the entire complex, rather 
than several smaller systems that are each attached to individual meters. 
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FIGURE 10-9 Comparison of sample output from a PV system on March 10, 2005, with typical 
consumption pattern with morning and evening peak consumption, and trough in the middle of 
the day. Hours of the day are divided into 2-hour blocks (6 a.m. to 8 a.m., 8 a.m. to 10 a.m., 
and so on).
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The above options assume that the building owner, whether residential or 
commercial, owns the PV system as well, but it is also possible for the utility to own the 
system and install it on behalf of the building owner. The owner then purchases 
electricity produced by the system when available, and the utility manages the excess 
production from the system, when it is available. Utilities may also own and operate 
stand-alone PV power stations that produce electricity for the grid like any other 
generating asset.

In order to connect safely to the grid, a grid-connected (or “intertied”) inverter must 
be able to sense the ac oscillations of the electricity being delivered by the grid, and 
synchronize its ac output panels with those oscillations. This capability adds complexity 
to the design of the inverter beyond the inverter designs used for remote production 
of ac power, for example, producing ac electricity from the battery in a car or other 
vehicle to run household appliances. The standard grid-tied inverter requires a pulse 
from the grid in order to operate; during a grid failure, or “blackout,” the system cannot 
produce output and the system owner loses power just like other grid customers. 
Alternatively, the owner may install a modified inverter along with a battery backup 
system, which allows the owner to isolate from the grid during a blackout and to 
continue to produce and use electricity from the system.

Options for Mounting PV Panels
For all PV systems associated with either a residential or commercial building (i.e., other 
than PV power stations), the mounting options are either on the roof of the building or 
on the ground adjacent to it. In many instances, roof-mounted systems are favored 
because they do not take up additional space (especially for larger commercial systems in 
the size range of 50 to 200 kW, where the required surface area is very large), they are less 
susceptible to incidental damage, and they reduce the building heat load in summer since 
they convert or reflect thermal energy that might otherwise penetrate the building. 
However, ground-mounted systems are advantageous in some situations, especially for 
residential system owners who may have system sizes on the order of 2 to 5 kW. Ground 
mounting may allow more options for finding a shade-free location; it also simplifies 
cleaning and snow removal from the panels, and may allow seasonal adjustment of the 
tilt angle of the panels in response to the changing declination of the sun (see Fig. 10-10).

Auxiliary Components That Enhance Value
Some variations in the components of the array are possible that add to the cost but also 
improve the output. PV systems can be mounted on a “tracking” frame that follows the 
sun as it moves across the sky; depending on local factors, the additional output from 
the array may offset the extra cost of the tracking system. Similarly, it is possible to add 
a mirrorized concentrating system that focuses light on the panels so as to increase 
output. Roof-mounted systems are often mounted flat to the roof so that they assume 
the tilt angle of the roof, but it is possible to add a structure that raises the tilt angle of 
the panels above that of the roof (see Fig. 10-11). Any such additional investment should 
be evaluated on the basis of the additional capital cost and the projected increase in 
output from the system.

Operation and Maintenance Considerations for Design of PV Systems
PV panels have no moving parts and a long expected life, so there are relatively few 
operations and maintenance considerations. PV panels typically fail by gradually losing 
their ability to produce the expected output for a given amount of insolation, rather 
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FIGURE 10-10 Ground-mounted 2.8-kW PV array near Mecklenburg, New York, January 2007.

Ground mounting allows snow removal, and snow has just been swept from the panels at the 
time the picture was taken. Note that due to the overcast conditions, snow removal had only 
marginal effect at the time: with a thin cover of snow, the system produced 60 W, while in the 
condition shown it produced 120 W. 

FIGURE 10-11 Roof-mounted PV array, Ithaca, New York, January 2007.

Compare to mounting the PV rack fl ush to a gently sloped roof (see Fig. 10-8); the owner has incurred 
an extra cost to raise the angle of the panels, in order to improve productivity.
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than abruptly ceasing output altogether. Therefore, although panels typically are under 
warranty for 25 years, they are expected to function for 35 or 40 years before the output 
is so diminished that they would merit replacing. Inverters have a shorter expected life, 
on the order of 10 to 12 years for the current generation of inverters, so the system 
owner should plan for one or more inverter replacement over the system lifetime.

Washing or removal of snow is beneficial for the output of the panels, but weather 
events such as rain and wind also remove dust, snow, or other fouling that blocks light 
from penetrating the panels. Here panels that are installed flat are at a disadvantage 
compared to those installed at a raised angle, since wind or rain cannot remove fouling 
as effectively in the former case. As long as the weather can adequately “clean” the 
panels, a design for access to the panels for washing is helpful, but not essential. PV 
systems should allow for easy replacement of individual panels in case of damage or 
failure, without affecting surrounding panels.

10-4-2 Estimating Output from PV System: Basic Approach
As a first approximation, it is possible to estimate the output from a proposed PV system 
by multiplying the rated capacity by a standard regional conversion factor. The 
conversion factor takes into account the latitude and climate of the region, but it does 
not consider the specific geometry of the system, so its accuracy is limited. This approach 
is therefore best for small systems (e.g., single family residences) where the investment 
risk is limited. For larger systems where a larger capital expenditure is required, the 
comprehensive approach in the next section is appropriate. The use of a regional 
conversion factor also assumes that the panel orientation is at or close to optimal for the 
latitude of the system, and that solar access is not obstructed; if either of these 
assumptions does not hold, then the method will overestimate output.

Suppose the rated capacity of a proposed system in kW is some value C. The regional 
factor (RF) is given in units of kWh/month/kW of capacity, on an average annual basis. 
The inverter efficiency hinverter must also be included in order to take into account losses 
in conversion to ac. The average monthly output E in kWh/month is then

E C= × ×RF inverterη (10-12)

Equation (10-12) can easily be rewritten to calculate the required capacity to achieve 
a desired monthly output, for example, in a case where an owner wishes to produce 
approximately the same amount of electricity that is consumed in an average month:

C
E= ×RF inverterη (10-13)

Note that this method does not estimate the output of a particular month of the 
year, say in the summer or winter. However, since in many situations it is the annual 
output that is desired, in order to know how much the system will produce over the 
course of many years, this limitation may not matter.

To give an example, the expected average output for the region around Ithaca, New York 
is 100 kWh/kW · month. The actual output from mid-2005 to mid-2006 for a 2.2-kW system 
installed in this region with an 85% efficient inverter is shown in Fig. 10-12. Seasons are 
divided on the basis of summer from June 21 to September 20, fall from September 21 to 
December 20, and so on. Seasonal output varies widely, from a high of 768 kWh in the 
summer to a low of 210 kWh in the winter. Total output for the system is 1997 kWh. 
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According to Eq. (10-12), the predicted output for the system is

E = × ⋅ × =2 2 100 0 85 2244. .kW
kWh

kW month
kWh

Thus the actual output is 11% short of the prediction, for the year studied. The 
shortfall may be due to less than average insolation during the particular year studied, 
or it may be due to limitations of the system design, such as deviation from optimal 
panel angle or deviation of orientation from due south, that will permanently reduce 
expected annual output. The result also illustrates that, as a first approximation, the 
method is able to roughly predict the output of the system. In this case, since the system 
is small, the difference between actual and predicted output is worth $32/year at the 
local utility rate of $0.13/kWh. 

By the same token, the example could also be used to illustrate the danger of using 
a crude estimate of output for a larger system used on a commercial or government 
building. Suppose an error of similar magnitude was incurred in estimating output 
from a system with 220 kW of capacity, which is an appropriate size for such an 
application. With the same assumptions about output and electric rates, the cost of the 
error has now grown to $3200/year, which could have serious financial implications 
for recouping the cost of the investment. This risk provides the motivation for the 
comprehensive approach to estimating output in the next section.

10-4-3 Estimating Output from PV System: Extended Approach
A more comprehensive approach to system design should account for how PV cell 
output is affected by temperature, insolation flux density, suboptimum panel slope, and 
characteristics of the local solar climate as it varies throughout the year. Based on 
insolation summed (perhaps hourly) over a month, the average daily output of a panel, 
E, can be approximated by
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FIGURE 10-12 Output from 2.2 kW array by season in Ithaca, New York, Summer 2005 
to Spring 2006.
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The value of E (taken here to 1 month) is the averaged (daily) energy output 
(kWh) for the period. Panel area is A (m2), hi is average hourly panel efficiency, Ii is the 
integrated insolation for the hour (kW/m2), N is the number of days in the integration 
period and the sum is hourly (for the daylight hours) for the month.

Although weather can change from day to day (and more frequently in many 
locations), the method outlined below assumes weather within a month will be similar 
to the average for the month, but changes from month to month are sufficiently large 
that months cannot be averaged, even into 2-month blocks of time.

Hourly cell efficiency, hi, is a function of cell and array design, cell temperature, and 
insolation intensity. It can be characterized by the following equation where h is the 
rated efficiency, b is the temperature coefficient of efficiency (C−1), Tci is the cell average 
temperature for the hour, Tr is the temperature at which the cell efficiency was rated, 
and g is the insolation flux density coefficient of cell efficiency. All temperatures are in 
Celsius.

 
η η β γi r c i r iT T I= − − +[ ( ) log ( )],1 10  

(10-15)

If these two equations are combined and algebraically rearranged, and Tai is defined 
as the average ambient air temperature for the hour and TM is defined as the mean air 
temperature for the month, we find
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(10-16)

From a different and simpler perspective, it would be preferable to calculate E from 
the following equation, where the monthly average efficiency, h, is used in preference 
to hourly values.

 
E

A
N

Ii= η Σ( )
 

(10-17)

For appropriate definitions of (Tc − Ta), (Ta − TM), (TM − Tr), and g  log(Ii), an expression 
for average efficiency that makes the two equations for E comparable is

 η η β β β γ= − − − − − − +r c a a M M r iT T T T T T I[ ( ) ( ) ( ) log (1 10 ))]  (10-18)

The monthly average cell efficiency of conversion, h, can be calculated if the various 
terms on the right-hand side of the above equation can be determined. The following 
equivalencies must exist if the two equations are comparable:

 ( ) ( )T T I T T Ic a i ci ai i− = −Σ Σ   (10-19a)

 ( ) ( )T T I T T Ia M i ai M i− = −Σ Σ  (10-19b)

 log( ) log( )I I I Ii i iΣ Σ=  (10-19c)
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From intuition, the term (Tc – Ta) in Eq. (10-19a) can be viewed as representing the 
monthly “average difference” between the cell temperature and ambient temperature 
during daylight hours. Additionally, intuition suggests the term (Tci – Tai) should strongly 
depend on insolation on the cell and thermal loss from the array to the environment. 
These ideas are developed next.

Equating solar gains in the PV array to the sum of electrical output and thermal loss 
yields the following equation, where UL is the unit area thermal loss coefficient (or thermal 
conductance based on panel area, kW/m2 · K), and a and t are the PV cell surface 
absorptance and array protective covering transmittance for insolation, respectively,

 
ατ ατηI I U T Ti i i L c i a i= + −( )

 
(10-20)

If we assume electrical generation is small relative to heat generation (an app-
roximation for today’s commercial PV units but becoming less true as PV cells become 
more efficient), we find
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(10-21)

Equation (10-21) can be substituted into Eq. (10-19a) to yield Eq. (10-22). Hourly 
insolation data are available for many meteorological sites in the United States. Thus, 
the right-hand side of Eq. (10-22) can be quantified for the local site of interest.
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(10-22)

The right-hand side of Eq. (10-22), taken on a monthly time step, should correlate with 
the corresponding monthly value of KT. Evans (1981) analyzed hourly solar data for seven 
cities in the United States, found the correlation to be linear with relatively little scatter of 
the data about the regression, and determined the following equation by regression.
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(10-23)

Equation (10-23) was based on the PV panel being at the optimum tilt angle for each 
month, which changes from month to month. A tilt correction factor for (Tc – Ta) was 
determined by computer analysis and simulation to be approximated by Eq. (10-24), 
where S is the actual panel tilt angle and SM is the optimum tilt angle for the month.

 
C S Sf M= − −1 0 0 000117 2. . ( )

 
(10-24)

The optimum tilt angle depends, of course, on major factors such as the local latitude 
and month of the year, and minor factors such as ground reflectivity (unless the panels 
are installed horizontally on a flat roof). Additional computer simulations suggested 
optimum tilt angles on a monthly basis as listed in the following table, where L is local 
latitude and tilt is expressed in degrees. The tilt factor, Cf, is factored with (Tc – Ta) on a 
month-by-month basis, as will be seen in an example later in this section.

      Month    Jan     Feb     Mar  Apr   May   Jun    Jul     Aug   Sep    Oct     Nov    Dec
      Opt. tilt  L+29  L+18   L+3   L−10  L−22   L−25  L−24   L−10   L−2    L+10   L+23   L+30
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The next step is to estimate a value of UL, based on manufacturer’s data from 
standard test protocols. NOCT symbolizes the nominal operating cell temperature 
(normally 20°C) and INOCT is the insolation during the test with the cell at the NOCT 
(INOCT is normally equal to 800 or 1000 W/m2). The reduction of cell temperature caused 
by electricity output during the test instead of heat generation is neglected, leading to

 

U I
T

L

α = −
NOCT

air, NOCTNOCT
 

(10-25)

where Tair,NOCT is ambient air temperature that existed during the calibration test and 
which permitted the cell to be held at NOCT. Equation (10-25) is, in effect, a thermal 
balance on the cell. Test conditions normally include an ambient wind speed of 1.0 m · s−1. 
Although Eq. (10-25) can be used in PV system output analysis, consistency of 
manufacturing suggests UL = 20 W · m−2 · C−1 is a reasonable value that may be assumed 
to apply in the general case.

The next value to obtain is (Ta – TM). Rearranging Eq. (10-19b) leads to
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(10-26)

Equation (10-26) is, in essence, a measure of the difference between the average air 
temperature during daylight hours of the month, and the mean monthly (24 h) 
temperature. Typical Meteorological Year (TMY) data exist for many cities. The seven 
cities used to obtain Eq. (10-23) were considered and (Ta − TM) was found to be, typically, 
within the range 3+/−2 K. This is a relatively large range compared to the actual value, 
but the magnitude of the difference anywhere within the range is small compared to 
(Tc – Ta), making any inaccuracy of limited concern. However, the increasing availability 
of weather data on the Internet makes it possible to calculate a value for (Ta – TM) for 
most large cities, if one wishes.

The difference TM – Tr is found readily from weather data and the manufacturer’s 
data for Tr, the rating test cell temperature.

The final term to be explored is Eq. (10-19c), which can be rearranged to
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Insolation data for the seven cities were used to calculate values for the right-hand 
side of Eq. (10-27), which were found to correlate with KT

 linearly.

 log( ) . .I KT= −0 640 0 0732  (10-28)

The coefficient, g, in Eq. (10-19c) may be assumed to be sufficiently small in magnitude 
that the entire term can be dropped. The effect of insolation intensity within its normal 
range does not influence PV cell efficiency in a significant way.

All of the above has led to a group of equations that permit monthly estimates of the 
electrical output of a PV system. The process can be best illustrated by an example for a 
single month. Extension to every month of a year is obvious.
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Example 10-4 Assume a PV array tilted at 45° to the south at a location where the latitude is 42° 
north. Determine the total May kWh output from the array based on the following parameter 
values:
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Solution From Eqs. (10-22) and (10-23),

U T TL c a( )
. . ( . ) .

−
= + = ⋅ −

ατ 0 219 0 832 0 502 0 637 kW m 2

From Eq. (10-24), for May, SM = 42 − 22 = 20° and

Cf = − − =1 0 0 000117 20 45 0 9272. . ( ) .

Leading to

( )
( . )( . )( . )( . )

( . )
T Tc a− = =0 927 0 637 0 88 0 95

0 02
24..7K

Assume

( )T Ta M− = 3K

From the data provided

( ) . .T TM r− = − = −15 3 20 4 7 K

The average cell efficiency for the month is calculated from Eq. (10-18) as follows:

η = − + − =0 15 1 0 0045 24 7 3 4 7 0 134 13 4. [ . ( . . )] . ( . %)

The daily average insolation integral is 4.97 kWh · m−2, and May has 31 days, thus

EMay kWh m= = ⋅ −0 134 31 4 97 20 6 2. ( )( . ) .

Extending this solution to an entire year requires weather data for a year and perhaps a spreadsheet 
or computer language such as Matlab to expedite calculations.
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Calculations in the example above have provided an estimate of the electrical energy a 
sample PV panel could provide during a single month. Actual delivery of electrical energy 
to an end use depends on other components of the complete system. When PV electricity 
is used directly, such use is likely to be as ac power. In such applications, the inefficiency 
introduced by an inverter that converts dc to usable ac power must be acknowledged. If, 
for example, the inverter component has an efficiency of 0.92, the delivered energy will be 
0.92(20.6 kWh · m−2), or 19.0 kWh · m−2 for the month in the example above. If, instead, 
electricity is delivered first to battery storage and then to an inverter for later use, the 
energy delivered will also be reduced by the inefficiency of the battery component. For 
example, if storage and later retrieval of electricity from a battery bank component has an 
overall efficiency of 75%, 0.75(19.0 kWh · m−2), or 14.2 kWh · m−2 will be finally delivered 
for the month in the example above. If the PV system provides some power for use during 
daylight collection hours, and the rest of its power for storage and night use, the two 
components should be treated separately to determine the total benefit of the PV system. 
Finally, sizing electrical wires becomes another issue with regard to efficiency of transport. 
When wire lengths are long and diameter small, the conversion of electrical power to heat 
creates yet another inefficiency to be accounted for. These factors are important from a 
systems viewpoint and should be considered when sizing a system (larger) to meet a 
predetermined energy need.

10-4-4 Economics of PV Systems
The following economic analysis of PV systems assumes an initial capital cost for the 
purchase of the system and then an annual revenue stream based on the value of 
displacing electricity purchases from the grid with production from the system. The 
analysis therefore assumes that the system owner has access to net metering, so that all 
production will count toward the revenue stream at the retail rate. Net metering is very 
important for receiving the maximum possible value of production, since otherwise 
electricity that is worth the equivalent of $0.10 to $0.15/kWh retail may only earn the 
wholesale rate of $0.03 to $0.05/kWh, or even $0.00/kWh, at times when system 
production is exceeding consumption in the building.

As a starting point, we will use the system for which the output was presented in 
Fig. 10-9 as a case for economic analysis. The components of total cost of this system, as 
well as the tax credits and rebates applied, are shown in Table 10-2. The largest component 
of the cost is that of the panels, with additional cost for the inverter, balance of system, 
and labor. The rebates and credits are substantial in this case, reducing the cost by 60%.

TABLE 10-2 Cost Components and Rebate for Representative Solar PV 
System ($2002)

Panels $10,500 

Inverter   $2,500 

Balance of system   $1,000 

Labor   $1,000 

Total before credits $15,000 

Credits/rebates −$9,000

Net cost   $6,000 
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Suppose that the long-term average output of the system is 2000 kWh/year, down-
stream from the inverter. At $0.13/kWh in constant $2002, this output is worth $260/year. 
Thus the simple payback for the system is ($6000)/($260/year) = 23.1 = ~23 years. With a 
long simple payback such as this, it is clear that any use of discounted cash flow will 
result in a long payback period indeed, as shown in Example 10-5.

Example 10-5 Calculate the payback period for a PV system with $6000 cost after tax rebates, an output 
of 2000 kWh/year, $0.13/kWh cost of electricity, and MARR2 = 2%.

Solution From above, the ratio P/A is 23.1 to the nearest tenth. Recalling P/A as a function of i and N:
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Rearranging terms to solve for N gives

( . ) .1 02 1 859N =

Thus N = 31.3, or 31.3 years is the length of the payback period. Even with a relatively low MARR 
of 2% (i.e., the owner is willing to forego earning return on investment at market rates), the payback 
period has increased by over 8 years.

Note that the long payback for the system, whether simple payback or with 
MARR = 2%, is a function in part of the relatively low insolation in the region. As an 
illustration, in a sunnier region which averaged 125 kWh/kW/month downstream from 
the inverter, the simple payback is reduced to 14 years, all other things held constant.

Sensitivity Analysis of Payback to Insolation, Cost of Electricity, and MARR
As suggested by the preceding discussion, the effect of changing factors such as the 
amount of insolation can be examined through the use of a sensitivity analysis, using a 
base PV system with a total installed cost of $3/W. (For comparison, the system in 
Example 10-5 costs $6000 for 2.2 kW, for a slightly lower $2.73/W.) In Table 10-3, payback 
is calculated as a function of output per unit of installed capacity, measured in 
kWh/kW/month after accounting for inverter losses, and price paid for electricity. Both 
cases of simple payback and MARR = 4% are given, to show the effect of discounting. 
The range of output values shown is from 75 kWh/kW · month, representing locations 
such as the British Isles that are relatively cloudy, to 125 kWh/kW · month, representing 
locations such as California that are relatively sunny (see Chap. 9). The range of electric 
rates, from $0.10 to $0.16 per kWh, are typical of regions in the United States or Europe 
where the cost of electricity favors the pursuit of alternative sources.

Table 10-3 provides a number of lessons about the sensitivity of economic payback to the 
various input factors. First, payback varies greatly from the most favorable to the most 
unfavorable locations, with simple payback values from 12.5 to over 33 years shown in the 
table. In locations with good sun and high retail cost of electricity, such as the states of 
California or Hawaii in the United States, these systems are relatively attractive, as 
represented by the combination of 125 kWh/kW · month and $0.16/kWh in the table. On 
the other hand, if either of these conditions does not hold, then simple payback may lengthen 
to 20 years or more. Furthermore, there are a number of regions where the price paid for 
electricity is below the lower bound on electric rate of $0.10/kWh shown in Table 10-3. For 

2MARR = Minimum Attractive Rate of Return. See Chap. 3.



S o l a r  P h o t o v o l t a i c  T e c h n o l o g i e s  273

example, in the United States, as of 2004, 40 out of 50 states had residential electric rates lower 
than this threshold, although prices have in general been rising both before and since.

Secondly, the introduction of an MARR = 4% changes the economic picture 
substantially. For the most attractive region, payback increases from 12.5 to almost 
18 years. For the least attractive three combinations, the payback is over 50 years. Since 
the time period is longer than the system will last in even the most optimistic 
circumstances, the result is that, effectively, the system can never pay for itself.

The assumption of constant retail price of electricity (in constant dollars) can work 
either for or against the viability of the investment. If carbon taxes or disruptions in 
energy supplies over the lifetime of the PV system raise the retail price of electricity, the 
length of the payback period might be shortened. On the other hand, if inexpensive, 
large-scale energy sources that both emit no carbon and possess an abundant supply of 
resource (e.g., large-scale wind or nuclear) become more prevalent during the lifetime 
of the PV system, retail prices might instead drop, lengthening the payback period.

The Role of Government and Individual Support for PV Systems
As demonstrated by the tax relief in Table 10-2, purchase of PV systems can benefit 
greatly from the use of tax policy to encourage investment. These benefits are available 
in Europe, Japan, and many states in the United States, among other locations. 
Governments justify these incentives through the perceived ability to dampen peak 
demand periods (peak periods of demand during the middle of summer days are the 
times when PV systems have their highest output) and the anticipation that they will 
incubate a PV industry that will over time achieve cost reductions through R&D and 
economies of scale, therefore requiring less financial support in the future. The impact 
of these tax benefits is measured in Example 10-6, by considering the levelized cost of 
electricity from a PV system using current technology without the tax benefit.

Example 10-6 Compute the levelized cost of electricity for the PV system in Table 10-2 with a 25-year 
lifetime, at MARR = 5%, without tax relief. Assume the system has negligible salvage value at 
the end of its lifetime. Ignore the cost of replacing the inverter midway through the project life 
span. Carry out the calculation for output rates of (a) 75 kWh/kW · month, (b) 100 kWh/kW · month, 
(c) 125 kWh/kW · month, all downstream from the inverter. 

kWh/kW/month:  75  100  125 

Cost/kWh∗: Case (a) Simple payback 

 $0.10  33.3  25.0  20.0 

 $0.13  25.6  19.2  15.4 

 $0.16  20.8  15.6  12.5 

Cost/kWh: Case (b) MARR = 4% 

 $0.10  >50  >50  41.0 

 $0.13  >50  37.4  24.4 

  $0.16  45.7  25.0  17.7

∗Cost per kWh is the retail cost of grid electricity which the PV system displaces. 

TABLE 10-3 Payback Time of PV System, in Years, as a Function of Productivity, Retail 
Electric Prices, and MARR (Case a: Simple Payback or Case b: MARR = 4%)
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Solution Since there is no tax benefit in this case, the capital cost is P = $15,000. The annual value of 
this cost is
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The levelized cost can then be calculated on the basis of 2.2 kW capacity and the given conversion 
factors for each of the scenarios 1 to 3:

 1. Annual output = (75)(2.2)(12 months/year) = 1980 kWh/year. Cost per kWh = ($1064.29)/
1980 = $0.54/kWh.

 2. Annual output = (100)(2.2)(12 months/year) = 2640 kWh/year. Cost per kWh = ($1064.29)/
2640 = $0.40/kWh.

 3. Annual output = (125)(2.2)(12 months/year) = 3300 kWh/year. Cost per kWh = ($1064.29)/
3300 = $0.32/kWh.

Discussion The above calculation shows that, at a total system cost of around $3/W and without 
the tax benefit, electricity prices from PV are very high compared to grid prices, even with very 
favorable sun conditions. In remote off-the-grid locations where PV must compete against the cost of 
bringing in a line from the grid, the above prices are more competitive (although an additional cost 
for battery storage would be incurred). In such a case, the building owner is typically building with an 
understanding that their electricity prices will be substantially higher than the $0.08 to $0.16/kWh paid 
by grid customer. However, where PV must compete with the grid, there is presumably a significant 
set of middle-class consumers who might consider the system with tax rebate, but be unwilling to 
consider a system that delivers electricity at a cost of up to $0.50/kWh.

Economic analyses presented so far in this section show that in most circumstances, 
PV systems as investments in green energy have a relatively long payback period, 
except where the retail cost of electricity is high and/or the solar resource is excellent. 
For instance, German law requires that excess electricity production from PV systems 
be bought from the producer at a price of ¤ 0.457/kWh (equivalent to $0.617/kWh), in 
2007, in which case PV systems become economically quite attractive. Otherwise, for 
many consumers in other countries, purchasing carbon-free electricity from the grid 
from large-scale sources, for example, wind-generated electricity from commercial 
wind parks, is a more cost-effective means of achieving the goal of reducing CO2 
emissions from electricity. Nevertheless, both individual and institutional consumers 
continue to purchase these systems—in California alone, building owners installed 
180 MW of capacity on commercial, residential, and government buildings between 
1996 and 2006. In some cases, the owner of the system may derive an indirect economic 
benefit from having the system directly attached to the building in which they live or 
work, such as protection against grid unreliability. They may also view the system as 
a mixture of economic investment and donation to a cleaner environment, similar to 
making a charitable contribution to an environmental nonprofit organization. Lastly, 
even if they are expensive as investments, in many cases the total cost of a PV system 
relative to the cost of the building which it powers is small (often between 3% and 
15%), so that the decision about the PV system is combined with the larger set of 
decisions about size of rooms, quality of floor, wall, and window finishes, and so on, 
and is therefore seen by the consumer as an item within the total “cost envelope” of the 
building.
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The concept of economic decision making with “flexibility” is illustrated in Fig. 10-13. 
In case 1, the decision is made strictly on economic grounds, with investments in the black 
zone (i.e., net cost above $0) rejected because they do not break even. In case 2, there is a 
“grey area” where an investment with positive net cost is still accepted due to its 
combination of environmental benefit and net cost not exceeding some positive amount, 
whose value is up to the subjective judgment of the decision maker. Once an investment 
has a net cost that is in the black zone for both cases 1 and 2, it is rejected in both cases.

Importance of Energy Efficient Appliances
There is an adage in the PV industry that “the first parts of the PV system that the customer 
should buy are the energy-efficient appliances that it will run.” From a cost-effectiveness 
standpoint, this saying holds true, since it is in general cheaper to upgrade appliances to 
a more efficient level than to add extra panels to run less efficient appliances. 

For example, suppose a 2.5-kW system is installed on a newly built 2000 ft2 home in 
a region with an average output-to-capacity ratio of 100 kWh/kW · month. Thus the 
output would be 3000 kWh/year. Since the home is not overly large, it might require 
the same 3000 kWh/year with a family of four, gas instead of electric dryer, and median 
efficiency in other major appliances (e.g., refrigerator, dishwasher, washing machine). 
However, upgrading just these three appliances to high-efficiency Energy Star models, 
plus some additional compact fluorescent light bulbs, might trim the annual electric 
consumption to 2000 kWh, all for a cost differential of $1000 to $1500. This is much less 
than the approximately $4000 more it would cost, including labor and materials, to add 
enough additional capacity to generate the additional 1000 kWh/year needed. In other 
words, it helps to see the PV array and the collection of lights, appliances, and other 
devices in the house as a “complete system,” rather than making decisions about the 
size of the PV array in isolation from other decisions about the building.

10-5 Life-Cycle Energy and Environmental Considerations
Along with economic return on investment, PV technology must achieve an adequate 
energy return on investment in order to qualify as a truly green technology. PV panels 
are made using a number of different processes under differing conditions, so there is no 

Case1 Case2

Breaks even

Does not
break even Willing to spend

extra to help
environment

Not willing to
spend extra to
help environment

0

Increasing net cost

FIGURE 10-13 Conceptual graph of two approaches to economic break-even analysis, 
comparing “case 1,” based purely on grounds of cost, and “case 2,” based on cost 
combined with consideration of environmental benefi t.
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one standard for measuring the energy input required per panel. Also, recouping the energy 
investment in embodied energy in the panel will depend on the location where it is installed, 
with sunny locations being more favorable than cloudy ones. Thus, there is not yet consensus 
on the value of PV energy return on investment or energy payback at this time. For 
conventional silicon technology, estimates vary, with numbers as low as 3 years and as high 
as 8 years reported. A study of building-integrated photovoltaic (BIPV) technology found 
that the difference in energy payback was nearly 2 years for a sampling of U.S. cities using 
this technology, ranging from Phoenix (3.4 years) to Detroit (5.1 years).3 Low energy 
consumption in manufacturing may provide an advantage for thin-film PV technology, 
with payback as low as 2 years anticipated for this technology, once it matures.

Another question is whether or not the possible toxic emissions from manufacturing 
PV panels and the material throughput from their disposal at the end of the lifetime 
undercuts the environmental benefit of reducing CO2 emissions through their installation 
and use. As with EROI, there is no one standard for PV production, and emissions data 
from manufacturing tied directly to units of panel output are not easily obtained, so it 
would be difficult to make any definitive statement about emissions per unit of PV 
capacity. Also, the productive capacity of PV panels produced worldwide each year at 
present is small relative to total world electricity consumption. For example, at an 
average of 100 W per panel, the 275 MW of capacity produced in 2000 from Fig. 10-1 
would represent approximately 2.75 million panels manufactured worldwide, which is 
a small number relative to annual output of other mass-produced consumer products 
such as laptops or motor vehicles.

 It is therefore not current emissions so much as future emissions that are of interest, 
were PV technology to grow into a major player. Future emissions are, however, difficult to 
predict. Because the technology is changing rapidly, projections about future total emissions 
or materials requirements based on today’s technology are not likely to be accurate. As an 
alternative to projecting toxic emissions or solid waste from a robust global PV industry in 
the future, we instead estimate an order-of-magnitude number for the volume of panels 
that would be turned over each year in such a scenario in Example 10-7. 

Example 10-7 Suppose that at some future time several decades from now, PV panels have become the 
dominant producer of electricity in the world, so that they produce as much as all sources combined 
do currently, namely, 1.66 × 1013 kWh/year, equivalent to 2800 kWh for every one of the approximately 
6 billion human beings currently living. The remaining electricity at that future time, assuming that total 
demand has grown in line with increasing population and average per capita wealth, is produced from 
some other complementary electricity source, most likely one that can generate electricity on demand, 
since PV is intermittent. Suppose that each panel lasts on average 50 years before requiring replacement, 
and that the PV technology produces on average 1200 kWh/year per 1 kW of capacity. How many panels 
must the world roll over each year in order to maintain the required electric output from PV panels?

Solution Based on the ratio of output-to-capacity, the required total capacity for 1.66 × 1013 kWh/year 
is 1.39 × 1010 kW. At an average of 100 W per panel, this amount is equivalent to 139 billion panels 
installed. At a lifetime of 50 years, one-fiftieth of the panels are replaced each year, or 2.8 billion panels 
per year. This quantity is around 1000 times as many panels as are produced currently.

The result of Example 10-7 is crude, but it does give a sense of what a robust PV 
future might entail. Large-scale manufacturing of PV panels of this magnitude would 
create a challenge for preventing escape of hazardous materials into the environment, 

3As reported in Keoleian and Lewis (2003).
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unless they have been completely eliminated from the product. Also, the large volume 
of panels would either require safe disposal or else dismantling and recycling, which 
would not be a trivial task.

The actual future impact of the PV industry is of course sensitive to the assumptions 
made. For example, new technologies might emerge that are much more durable than 
the 50-year-lifetime projected, reducing throughput per year. Also, the PV industry 
might not grow as large as shown. New technologies may also emerge that take 
advantage of the photovoltaic effect without requiring a panel of the dimensions 
currently used, which might reduce the amount of material throughput. In conclusion, 
there are many uncertainties about the future growth potential, environmental benefits, 
and environmental burden associated with the production, use, and disposal of PV 
technology. If anything can be said with certainty at this time, it is that R&D aimed at 
reducing energy and materials requirements (and especially toxic materials such as 
heavy metals) per unit of PV generating capacity can only help to ensure that this 
technology, which today has an environment-friendly reputation, will not in the future 
become an environmental liability.

10-6 Summary
Photovoltaic technologies consist of a family of devices that take advantage of the 
photovoltaic effect to transform solar energy into electricity, without using a thermal 
working fluid or a mechanical conversion device such as a turbine. A PV panel is made 
up of many PV cells wired together to produce a rated power output in full sun; multiple 
panels can be joined in a PV array to produce a total output per month or year that 
matches the required demand of the system owner. 

A PV cell produces current over a range of voltages from 0 V to the open-circuit 
voltage VOC. Because the cell does not produce current at V = VOC, the maximum power 
output from the cell occurs at some combination of maximum current IM and maximum 
voltage VM, where VM < VOC. Engineers design cells to have a fill factor (FF), or ratio of 
actual maximum power to theoretically possible maximum power if the cell were to 
produce the short-circuit current ISC at VOC, as close as possible to FF = 1.

In response to global concern about CO2 and pollutant emissions from fossil fuel 
combustion, as well as government incentives that promote PV systems, PV sales 
worldwide have been growing rapidly in recent years. Relatively high levelized cost 
per kWh as well as uncertainties about supplies of key materials may limit future 
growth of PV, so research activities are currently focusing on technologies that produce 
cells with lower material requirements and at a lower cost per watt of capacity.
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Exercises
1. Consider an improved version of the photovoltaic cell in Example 10-1, which achieves a 97% 
collection efficiency for photons in the range of energy values from 1.5 × 10−19 J and 6.00 × 10−19 J. 
The absorption coefficient is also improved, to 82%. Using the same distribution for frequency of 
photons as a function of energy, calculate IL for this device.

2. Given a PV cell with light current 0.035 A/cm2 and saturation current 1.5 × 10−10 A/cm2, calculate 
maximum voltage, current, and fill factor if the ambient temperature is 32°C. Use parameter 
m = 1. Also plot current and power as a function of voltage from V = 0 to V = VOC to verify that the 
approximation method for maximum current and voltage is in good agreement with the plotted 
values.

3. This problem is to estimate the yearly kWh provided by 1 m2 of a photovoltaic panel installed 
on a building at latitude 39.4° north. The panel has the following specifications:

• Temperature coefficient for cell efficiency: 0.0055°C−1

• Permanent tilt angle at 40° south

• Efficiency at rated (1000 W · m−2, 20°C) conditions: 0.16

• a t value of 0.85

• Use will be direct, through an inverter with an efficiency of 93%

Assume values of any other parameters that might be needed. Climate data are

Month Jan Feb Mar Apr May Jun

H , MJ m 2⋅ −   6.15   8.95 13.05 16.43 20.53     22.87

KT
  0.40   0.43   0.48   0.48   0.52       0.55

t Cair ,     −1.0 0.0 4.0   11.0     17.0   22.0

Month Jul Aug Sep Oct Nov Dec

H , MJ m 2⋅ − 22.67 20.32 16.94 12.25   7.36       5.44

KT
  0.56   0.56   0.57   0.54   0.44       0.39

t Cair ,     24.0     23.0     19.0     13.0 5.0     0.0

http://www1.eere.energy.gov/solar/photovoltaics.html
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As a second part of this exercise, quantify the advantage gained by operating the panel at the 
optimum tilt angle, with monthly adjustments.

4. This exercise is to explore the influence of photovoltaic panel temperature coefficient for cell 
efficiency on the kWh produced from the panel for a month where H = ⋅ −12 MJ m 2 , KT = 0 55. , and 
tair = 18 C. Graph the output for the range of coefficient from 0.001 to 0.01, in steps of 0.001. Assume 

values of any other parameters that might be needed.

• Permanent tilt angle at 38°; the panel is located at latitude 43° north

• a t value of 0.85

• Temperature coefficient for cell efficiency: 0.0055°C−1

• Efficiency at rated (1000 W · m−2, 20°C) conditions: 0.16

5. Show the equivalence of Eq. (10-16) to Eqs. (10-14) and (10-15).

6. You are to evaluate a solar PV investment in a sunny location where each 1 kW of capacity 
generates on average 115 kWh/month year round. The system size is 5 kW rated, and electricity 
in the region costs $0.12/kWh. What is the value of the output from the system per year?

7. Now consider the cost of the system in problem 10-6. You will finance the entire cost of the 
system with a loan, and thanks to an interest rate buydown, you are able to obtain the loan at 4% 
interest. There is a fixed cost of $5000 for the system for which no rebates or tax incentives are 
available; however, there are rebates available for the PV panels as a function of the number of watts 
of capacity installed. The cost of the panels is $6/W. Assume an investment lifetime of 20 years, and 
that the price of electricity remains constant, as measured in constant dollars. What is the dollar 
amount of rebate required per watt for the system to exactly break even over its lifetime?

8. Evaluate the viability of investment in PV in your own location. Obtain data on expected 
output from PV systems per kW of capacity, or use data on average insolation in your location 
from the internet and assume that the system can return 10% of this value in electricity. Obtain local 
cost estimates for a system, as well as the current price paid for retail electricity. If the investment 
lifetime is 25 years, what is the NPV of a system (a) if the price of electricity in constant dollars 
remains the same, (b) if it increases on average by 3% per year due to rising fossil fuel costs, 
constraints on grid electric supply, and the like?
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CHAPTER 11 
Solar Thermal Applications

11-1 Overview
Solar power, when absorbed by a surface, converts to either thermal or electrical power. 
This chapter focuses on conversion to thermal power (or energy), primarily for water 
and space heating. Solar collectors are described along with their design, testing, and 
performance leading into a presentation of the f-chart method for characterizing 
expected flat-plate solar collector output. The analysis method is then extended to 
designing optimum systems. Passive solar heating systems are described and the load:
collector ratio (LCR) method is presented to show how solar glazing and thermal 
storage can be coordinated to develop optimum passive heating designs that are 
sensitive to geographic locations as well as system parameter values. A brief introduction 
to passive thermal ventilation is included, which can be adapted, with modification, for 
solar chimney design.

11-2 General Comments
As mentioned at the beginning of Chap. 9, the amount of energy reaching the earth 
from the sun over the period of 1 day or 1 year is very large, and in fact is much larger 
than the energy used by humans for an equivalent period. Although the solar energy 
resource is large, it is not immediately useful at large scale at most locations on earth. It 
must be captured at a useful temperature, transported, and perhaps stored for later use. 
Solar energy installations are obviously better suited to locations with the best solar 
availability, but well-designed systems can be useful even in locations with significant 
cloudiness during parts of the year.

The most obvious use of solar energy is for direct heating. Solar heating has been 
applied to crop drying in agriculture, space heating of homes and businesses, heating 
water, growing food (and other crops) in greenhouses, producing salt from evaporating 
seawater, cooking food, and driving heat engines in power cycles, as examples. The 
diffuse and temporally variable availability of solar energy requires large collection 
areas to capture the energy and convert it to heat, suitable storage means to hold the 
heat until it is needed, well-insulated distribution methods, and highly effective controls 
to avoid wasting the energy after it is collected.

Any method of solar energy capture and use must be viewed within the context of 
the system of which it is a part as well as the stochastic nature of weather. Flat plate 
solar collector systems to heat water, for example, must be based on actual need, be 
compatible with the energy storage capability of the water heating system, and work in 
concert with a conventional backup system. A passive system for home space heating 

281
Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use. 



282 C h a p t e r  E l e v e n

must be balanced against insulation of the house, and air exchange to create a healthy 
environment, to determine the best combination.

Solar energy is diffuse, more available in some areas than other areas, and nowhere 
continuously available or predictable, except in space. This chapter is an overview of 
some of the technologies available today that are in various states of maturity, and 
provides analysis tools useful for designing water and space heating systems of near 
optimality based on economic return. Economic return is the evaluation metric to which 
most people can relate. Life cycle analysis and assessment can provide a different metric 
that balances embodied energy against captured energy over the life of the renewable 
energy system, but such analyses are beyond the scope and level of detail of this book.

11-3 Active Solar Heating Systems

11-3-1 Flat-Plate Solar Collectors

General Characteristics, Flat-Plate Solar Collectors
Flat-plate solar collectors form the heart of most solar-powered living space and 
domestic hot water systems. The concept of a collector is simple—provide a dark 
surface to absorb as much solar energy as practical and include a means to transport 
the collected energy without serious loss for either immediate needs elsewhere or storage 
for later use. Components of a solar collector include some or all of the following: 

 1. A surface (typically a metal sheet) that is black to absorb nearly all the incident 
solar energy (insolation) 

 2. One or more glazing sheets to transmit solar radiation readily to the absorber 
plate while intercepting and reducing thermal radiation and convection heat 
loss to the environment 

 3. Tubes or ducts to transport a fluid through the collector to accumulate the solar 
heat and transfer that heat out of the collector 

 4. Structure (basically, a box) to hold and protect the components and withstand 
weather 

 5. Insulation placed on the sides and behind the absorber plate that reduces 
parasitic heat loss

In Fig. 11-1 are section views of three common flat-plate collectors, one that uses 
liquid (typically water with an antifreeze additive), a second that uses air as the transport 
medium, and a third, unglazed, collector using water and representing the type 
commonly installed to heat swimming pools.

Glass is typically the material of choice for solar collector glazing, although plastic 
may be used. Glass withstands weather better than plastic and does not lose transmittance 
due to yellowing or surface degradation. Glass with low iron content (e.g., 0.02 to 0.10% 
Fe2O3) transmits a greater solar radiation fraction, particularly in the solar infrared 
spectrum up to approximately 3 μm, which can increase collector efficiency by several 
percent. Careful economic analysis is needed to determine whether the added capital 
cost of low-iron glass is compensated by the value of the additional energy collected 
over the life of the collector system. Frequently the greater efficiency allows installation 
of fewer panels and may more than compensate for the added cost of low-iron glass, 
especially in climates with limited access to solar energy.
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Solar Collectors with Liquid as the Transport Fluid 
Water as a heat transport fluid has several advantages. The first is its relatively high 
volumetric heat capacity and high specific heat (4186 kJ m−3K−1 and 4 ⋅186 kg−1K−1, 
respectively, at 25°C). The second is its relative incompressibility. The third is its 
relatively high mass density, permitting use of small tubes and pipes for transport. 

However, water freezes well within the winter temperature range of colder climates. 
Freezing water can damage a solar collector and piping system. One option to avoid 
freeze damage is to use a drain-down collector system that empties the system as soon 
as the solar input drops below some critical insolation level. The system remains empty 
until the next sunny morning. Drain-down systems may not drain completely at night 
if pipe slope is insufficient (e.g., less than 2%) or if an air valve sticks, creating a vacuum 
within the plumbing and leaving behind a pocket of water that can freeze, causing 
damage. Drain-down sensors can fail to signal the need for drainage. Refilling a solar 
collector system may be incomplete, caused by air pockets that block water flow and 
reduce system efficiency. These potential problems are reasons to avoid drain-down 
collector systems for most applications in cold climates.

An alternate strategy is to add antifreeze to the water, which is generally the 
preferred choice. The typical antifreeze fluid is either ethylene glycol (which is toxic, 
requiring double-walled, closed loop systems) or propylene glycol, mixed with water. 
Either fluid must be adjusted to the proper concentration for adequate freeze protection. 
Antifreeze can degrade over time and lose effectiveness. Manufacturer’s instructions 
strongly recommend replacement at least every 5 years.

Glazing(s)

Absorber plate

Insulation Fluid transport tubes

Glazing(s)

Insulation Air flow channel

Absorber plate

Supply Return

Webbed plastic, cross-section view

(a)

(b)

(c)

Channels

Fins

FIGURE 11-1 Section views of three fl at-plate solar collector types: (a) water-type, (b) air-type, 
(c) unglazed water (swimming pool) type.
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Solar Collectors with Air as the Transport Fluid 
Solar collectors that use air as the transport fluid are usually better suited for space 
heating (or heating ventilation air) and drying crops in agriculture. Although most 
applications will require a fan to move the air, carefully designed collectors can be 
integrated into building systems to provide passive movement of the warmed air (by 
thermal buoyancy) to the heated space, with a return flow of cooler air, and sometimes 
coordinated with a Trombe wall for a hybrid form of passive solar space heating.

Heat transfer from a solid to air by convection is significantly less vigorous than is 
heat transfer from a solid to a liquid. Fins in air-based collectors facilitate convective 
heat transfer, as shown in the second sketch in Fig. 11-1.

Unglazed Solar Collectors 
Certain solar heating applications require only low temperatures, perhaps even below 
afternoon air temperatures in hot climates. Examples include heating swimming pools, 
preheating (only) water, warming water for aquaculture facilities and heating water for 
showers in camping facilities. Heating water for swimming pools may be restricted to 
only summer months for outdoor pools, or possibly year round for indoor pools. 
Unglazed solar collectors have found wide acceptance in these, and comparable, 
applications.

Unglazed collectors typically are fabricated of channelized panels of black 
plastic, as shown in the third sketch in Fig. 11-1. They can be highly efficient because 
there is no loss of solar energy passing through a glazing and ambient air can be a 
source of secondary heat when outdoor air is warmer than the solar collector is (as 
can be the case during hot weather). Solar collection efficiencies greater than unity 
have been obtained when heat is gained from the air in addition to the solar gain. 
Unglazed collectors are significantly less expensive than conventional collectors are 
and their total installed area may be the majority of installed solar collectors in the 
United States.

Other Heat Transfer Fluids for Flat-Plate Solar Collectors 
Refrigerants and other phase-change liquids have the advantage of a low boiling point 
and high energy density through the phase change process, making them useful where 
physical restrictions require small volumes of fluid to transfer large amounts of heat. 
Phase-change fluids can respond quickly to rapid collector temperature changes and 
are available in a wide selection of refrigerants that do not freeze. Hydrocarbon oils 
and silicones can also function as heat transfer fluids in collectors but have lower 
specific heats than water, and higher viscosities, which increases pumping volume, 
energy, and cost.

Selective Surfaces 
Absorber plates should be thin sheets of metals having excellent thermal conductivity 
(e.g., copper or aluminum). The upper surface is painted black for maximum solar 
absorption. Solar absorptance values of such collectors are typically greater than 0.95. 
Unfortunately, emittance values are also near 0.95 for such surfaces, increasing heat loss 
and reducing the transport fluid exiting temperature. Surfaces having a high value of 
absorptance for solar radiation and low value of emittance for longwave radiation do 
not exist as natural materials.

Special fabrication techniques produce surfaces that do exhibit such behavior, however, 
and are termed “selective surfaces.” Selective surfaces make use of the phenomenon that 
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thermal radiation properties of a surface are determined by the surface properties to a 
depth of only several wavelengths of the involved radiation. Solar radiation peaks at 
approximately 0.6 μm. Long-wave thermal radiation peaks at 9 to 10 μm. The peak intensity 
wavelength of emitted thermal radiation can be determined using Wien’s law, where the 
absolute temperature of the emitting surface, T, is in kelvin and the wavelength is in 
microns.

 Wavelength T,μm /= 2898  (11-1)

An absorbing layer that is only several μm thick will almost completely absorb solar 
radiation having wavelengths near 0.6 μm but be nearly invisible to longwave thermal 
radiation having wavelengths near 10 μm. The thermal radiation emittance of a material 
can be proven to equal, numerically, its absorptance at the same wavelength by making 
use of the second law of thermodynamics (meaning that if a sufficiently thin layer of a 
material absorbs little longwave thermal energy, it emits a similarly small amount). 
Thus, a surface coating that is 2 to 3 μm thick absorbs solar radiation readily but 
reradiates only a little thermal (IR) energy. The surface needs support, of course, which 
can be provided by a thin, polished metal sheet (e.g., copper or aluminum). Polished 
metal exhibits a low value of absorptance and, subsequently, emittance for longwave 
thermal radiation. A composite made of a sheet of polished metal with a thin, visually 
black, surface layer (e.g., chrome oxide, nickel oxide, or aluminum oxide with nickel) 
can be deposited uniformly (typically applied galvanically) and creates a surface that 
absorbs solar energy but does not emit a significant amount of thermal radiation (see 
Fig. 11-2). Solar energy absorption is maximized and parasitic loss by reradiation is 
minimized.

Reverse-Return Piping 
Flat-plate solar collectors typically operate in parallel. An important goal in connecting 
the collectors in parallel is to have the heat transport fluid flowing through each collector 
at the same rate to balance thermal and flow characteristics and collector efficiencies. 
The method to achieve comparable flows is to connect the collectors to achieve the same 
flow path length for each. This is termed “reverse-return” piping, shown in the sketch 
of Fig. 11-3. Balance results because the first collector plumbed to the supply pipe is the 
last collector plumbed to the return pipe. The length of flow path and the number of 
fittings in each path through the collector array are the same, leading to the same flow 
resistance and transport fluid flow rate in each path.

2–3    m thick surface layer

Aluminum or copper support

High solar absorptance Low infrared emittance

FIGURE 11-2 Section view of absorber plate with a selective surface.
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11-3-2 Evacuated-Tube Solar Collectors
Evacuated-tube solar collectors, fabricated of arrays of one or two concentric glass 
tubes, and connected in parallel, are housed within a protective structure for physical 
protection and insulation. The tubes resemble common fluorescent bulbs in shape and 
size. The evacuated tubes block convective heat loss from the absorber. Efficiency is 
generally higher than typical for flat-plate solar collectors and the collection temperature 
is higher (e.g., from 50°C to near the boiling point of water). The higher collection 
temperature permits useful applications for process heat in commercial applications 
and absorption refrigeration systems for solar air conditioning, as examples. Evacuated-
tube collectors are also suitable for domestic hot water and may be preferred for 
northern climates where very cold winters and the resulting greater heat loss make flat-
plate solar collectors less efficient. The evacuated tube reduces heat loss from the 
absorber plate, making this design possibly useful on cloudy days when normal flat 
plate collectors may not reach a temperature adequate for useful collection. On the 
other hand, the greater insulation value of an evacuated tube solar collector slows the 
rate of snowmelt from the collector panel, reducing collection efficiency on days 
following snowfall.

The simplest evacuated-tube design uses a single tube that houses a flat or curved 
metal plate (generally aluminum, see Figs. 11-4 and 11-5). The plate typically has a 
selective surface to enhance collection efficiency. Although these collectors are efficient 
and relatively simple, problems can arise in the seal between the glass and metal at the 
ends due to differential thermal expansion. Material selection and fabrication techniques 
are, thereby, critical issues.

Supply

Return

FIGURE 11-3 Reverse-return plumbing of a solar collector array.

Fluid transport tubes

Absorber surface

Evacuated glass tube

FIGURE 11-4 Section view of glass/metal evacuated-tube solar collector.
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11-3-3 Concentrating Collectors

General Characteristics, Concentrating Solar Collectors 
Flat-plate solar collectors, even with selective surfaces, are generally limited to collection 
temperatures below the boiling point of water. Applications of the collected heat are, 
thereby, somewhat limited in utility. Concentrating solar collectors address this issue 
and can provide heat for food processing, industrial processes, absorption chilling and 
solar air conditioning, and even for generating electricity in a Rankine, Brayton or 

FIGURE 11-5  Evacuated-tube collector system

Upper image provides front view of ground-mounted system; lower image provides back view of 
roof-mounted system, showing insulated pipes leading to/from the collector. (Source: Philip 
Glaser, 2007, philglaserphotography.com.) 
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Stirling cycle power station, as examples. Concentrating solar collectors follow three 
main designs: parabolic troughs and dishes, nonimaging solar concentrators, and central 
receivers (or power towers).

Parabolic Trough Concentrating Solar Collectors 
Parabolic collectors function on the principle that light rays parallel to the axis of 
a parabolic surface reflect to a single focal point, as shown in Fig. 11-6. The focal line 
is where a pipe carrying a heat transport fluid is located in a two-dimensional 
trough. Heating to temperatures near 300°C is common. A characteristic of parabolic 
troughs is that the focal line is unchanged if the solar radiation is oblique to the face 
of the collector in the direction of the trough axis. This is an advantage because solar 
tracking needs only a single degree of freedom—the trough can rotate back and 
forth to maintain a constant focal line. Of course, as the degree of obliqueness 
increases, total solar power collected is reduced by the cosine of the angle away 
from perpendicular.

The second sketch in Fig. 11-6 shows a different configuration for concentrating 
insolation using parabolic shapes in a nonimaging solar concentrator. In this version, 
solar energy entering the aperture of the collector reflects (perhaps with multiple 
reflections) to the bottom, where there is an absorber plate. Solar concentration is less 
intense but the accuracy of focus is less critical and the collector does not need to track 
the sun precisely, leading to a collector that can increase collection temperature without 
high cost. In simpler versions, the sides are not curved because straight but shiny sides 
will reflect (specular reflection) much of the insolation to the absorber plate. Tilt angle 
adjustment can be monthly or seasonal. Such concentrators are a more recent 
development than parabolic concentrating collectors that focus solar energy to a line or 
a point. They provide sufficient power concentration that fluid heating for process 
purposes, and even power generation are possible at lower cost of system manufacture 
and less precision of control. The absorber is smaller, creating savings of both cost and 
embodied energy.

Focus

Absorbing surface

FIGURE 11-6 Cross-section schematics of two forms of concentrating solar collectors.
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Parabolic Dish Concentrating Solar Collectors 
Parabolic dish collectors are similar to parabolic trough concentrators except the 
concentrator is dish shaped and focuses solar energy on a single point instead of a line. 
This greater intensity of concentration achieves much higher temperatures. In theory, 
the focal point of a dish-shaped, concentrating collector of perfect manufacture can 
reach the sun’s effective surface temperature. A more typical maximum temperature 
may be 2000°C. Collector tracking to follow the sun must have two degrees of freedom 
and the collection area is limited by the maximum concentrator diameter that is practical 
to manufacture and move to track the sun’s movement throughout the day. Difficulties 
such as these have limited, to date, application of dish concentrators to research and 
demonstration projects.

Power Tower Concentrating Solar Collectors 
Rankine, Brayton, and other thermodynamic cycles used to power heat engines are 
more efficient when higher source temperatures are available. Concentrating solar 
collectors yield high temperatures but it is currently impractical to manufacture 
parabolic dishes and perhaps troughs large enough to capture sufficient solar energy to 
make grid power generation practical. Instead, large fields of individually movable 
mirrors are able to concentrate reflected solar energy onto a stationary solar receiver 
atop a high tower where the power is absorbed and transferred to heat a steam boiler, 
or to heat air in an open Brayton cycle and drive a turbine (see Fig.11-7). The field of 
mirrors is termed a “heliostat.” The mirrors are computer controlled and track with two 
degrees of freedom to follow the sun, and can create focus temperatures well above 
1000°C. They are costly to build today but the cost is shrinking as technology improves. 

FIGURE 11-7 Solar One solar furnace project developed by Sandia National Laboratories in 
Barstow, California, United States. (Source: NREL PIX No. 00036. Reprinted with permission.) 
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Several power towers operate today in the world. An early model operated in southern 
California for many years. Newer and larger units operate today in the United States 
southwest as well as the Sanlucar la Mayor site near Seville in southern Spain, and 
plans for more are underway. Simpler and smaller central receiver solar concentrators 
have used mirrors to reflect solar energy to a Stirling engine for uses such as water 
pumping in remote areas.

Although heat transfer to the electricity generation cycle may be direct, variable 
solar altitude during the day, and intermittent cloudiness, greatly varies the collected 
solar power. To buffer the changes, an approach has been to transfer the reflected solar 
heat to create molten salt for use immediately, or transfer to a highly insulated storage 
for later use when solar input lessens but need continues for electrical power (and even 
during the night). A useful salt is a mix of 40% potassium nitrate and 60% sodium 
nitrate, which starts to melt at approximately 700°C and is molten at 1000°C. The phase 
change process has a high energy density, reducing storage volume compared with 
sensible heat storage methods. 

Solar Cookers 
Energy for cooking food on a daily basis is in limited supply in many parts of the world 
today. Wood, the traditional cooking energy source, is renewable but woodland 
regrowth may not keep pace with need when population density is high, leading to 
deforestation and a need to spend many hours a day (and long walking distances) to 
find sufficient wood to meet daily needs. This burden frequently falls on women and 
children in many parts of the world. In addition, burning wood, particularly burning it 
indoors, can lead to unhealthy concentrations of carbon monoxide and other noxious 
fumes. Health data have shown that exposure to such air pollutants leads to chronic 
obstructive pulmonary disorder (COPD) and chronic bronchitis. Solar cookers provide 
a low-tech and low-cost way to provide an alternative source of heat for cooking. The 
collectors are a form of concentrating solar collector.

A solar cooker in its simplest form is typically a well-insulated box with a glazing 
on the top (see Figs. 11-8, 11-9) and perhaps on one or more sides. Through use of 
reflectors (mirrors) or lenses, solar energy is concentrated to pass into the oven, creating 
a usable temperature for a sufficient time to cook food. The floor of the cooker is an 
absorber so cooking occurs from underneath the cooking containers, as done on a 
conventional stove. The glass covers and cooker insulation help assure the absorber 
surface retains its collected heat. Warming food to at least 100°C for at least 30 min is 
one definition of sufficient heating.

Absorber plate
Cooking containers

Glass covers

Insulated bottom and sides

Reflective panels

FIGURE 11-8 Schematic of solar cooker based on side refl ectors.
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Solar energy is most available during midday and the largest meal in many societies 
typically is not until evening. Thermal mass and insulation in the solar cooker, and use 
of slow cooking, can delay the end of cooking time until later in the day and synchronize 
need with availability. Additionally, repositioning the cooker (or its reflectors) during 
the day assures that it will face the sun for most of the afternoon to facilitate afternoon 
heat collection. Many designs have been proposed and tested and an Internet search 
will locate a great deal of information about solar cooking around the world. The 
schematic in Fig. 11-8 shows only one configuration. Reflective panels may be on one, 
two, three, or four sides of the cooker in actual application. Other, more complex, 
configurations use parabolic mirrors or Fresnel lenses as solar energy concentrators.

11-3-4 Heat Transfer in Flat-Plate Solar Collectors
Useful thermal energy obtained from a solar collector is the difference between incident 
solar radiation transmitted through the glazing and absorbed as heat, and heat lost back 
to ambient conditions. The difference is the heat transferred to the working fluid. In a 
steady state, the governing equation, normalized to the absorber plate area, is

 
q IA U A t t mc t tu L a p o i= − − = −( ) ( ) ( )τα ap ap ap  (11-2)

where Aap = area of the absorber plate, m2

cp = specific heat of the transport fluid, J kg−1 K−1

       I = instantaneous direct normal solar irradiation, W m−2

     m = transport fluid mass flow rate, kg s−1

     qu = useful heat gained, W

ta = ambient air temperature, °C

ti = temperature of the transport fluid flowing into the collector, °C

FIGURE 11-9 Solar ovens with four refl ective sides undergoing parametric testing at Cornell 
University, May 2004. 
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to = temperature of the transport fluid flowing out of the collector, °C

  tap = average temperature of the absorber plate, °C

    UL =  collector thermal conductance, normalized to the absorber plate area, 
W m−2 K−1

a = solar absorptance of the collector plate, dimensionless

t = solar transmittance of the collector glazing, dimensionless

Defining efficiency, h, as useful energy output divided by the irradiating solar 
insolation, we have

 
η τα= − −U t t IL a( )ap /

 
(11-3)

The difficulty in using the above equations is the uncertain knowledge of the absorber 
plate temperature in a real installation. Moreover, absorber temperature is not likely to 
be uniform and a means must be found to average temperature over the plate.

ASHRAE1 proposed an adjustment factor, called the heat removal factor (FR), to 
permit using the inlet transport fluid temperature (which can be readily measured, 
or specified as the thermal storage temperature) to substitute for absorber plate 
temperature.

 
q F IA F U A t tu R R L i a= − −( ( )τα) ap ap  

(11-4)

 η τα= − −F F U t t IR R L i a( ( )) /  (11-5)

This adjustment, quantified empirically as part of collector efficiency testing, can be 
viewed as the ratio between the net heat actually collected and the net heat that would 
be collected were the collector absorber plate entirely at temperature ti. 

The general form of the efficiency curve is in Fig. 11-10. Single-glazed collectors 
transmit more solar radiation to the absorber plate but are insulated less well against 
heat loss to the environment, thus the usual efficiency curve has a higher intercept but 
steeper slope. The reverse is, of course, true for double-glazed collectors.

1ASHRAE = American Society of Heating, Refrigerating, and Air-Conditioning Engineers.
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FIGURE 11-10 Example effi ciency graphs for single- and double-glazed, fl at-plate solar collectors.
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The performance model to describe the efficiency curve follows one of the 
following forms, where values of bn are determined by least-squares regression using 
measured data to determine the best fit and decide whether the second-order term is 
statistically significant and provides a higher coefficient of fitness. The first of the 
following is used if not.

 
η β

β
= +

−
0

1( )t t
I

i a

 
(11-6)

 η β β β= + − + −0 1
2

2
2( ) ( )t t I t t Ii a i a/ /  (11-7)

The y-intercept of the efficiency line represents no temperature difference between 
the collector and the ambient air and is, thereby, the value of FR(t a). The slope of the 
efficiency line is the negative of FRUL.

When solar irradiation is weak and ambient air is cold, efficiency can become 
negative (operation below the x-axis intercept). Heat is lost from the collector more 
rapidly than it is collected, which bleeds heat from the thermal storage. This situation 
can occur early in the morning when the sun is low in the sky, at a time of low air 
temperature, and late in the afternoon as the sun wanes and thermal storage temperature 
is high after a day of collection. The concept of “critical insolation” applies. Critical 
insolation is the insolation at which heat gain balances heat loss.

Figure 11-11 shows the concept of how critical insolation varies over the day. As a 
physical interpretation of the critical insolation graph, the area under the insolation 
curve is the total energy available for collection during the day. The area above the 
critical insolation line during collection hours is the net amount available for collection 
and the area below the critical insolation line represents the amount not available (lost 
back to the ambient conditions).

In practice, the critical insolation line is not straight. The line depends on ambient 
air temperature, among other factors, which is likely to be highest in the middle of the 
afternoon, lowering the critical insolation line during those hours. However, critical 
insolation is generally a concern only at the beginning and end of the collection day.

11-3-5 Testing and Rating Procedures for Flat-Plate, Glazed Solar Collectors
Standard testing procedures are based on instantaneous efficiency measurements 
(generally in steady state, or nearly steady state) taken over a range of ambient 
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FIGURE 11-11 Example of critical insolation during an idealized solar day.
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temperatures. Energy available for capture is the integrated solar irradiance. The product 
of fluid mass flow rate, specific heat, and temperature change through the collector 
quantifies the energy captured. Efficiency is the second divided by the first.

Additional data are recorded, reflecting thermal shock resistance, static pressure 
characteristics, fluid pressure drop through the collector, and the thermal time constant 
of the collector, using randomly selected collectors from a production line. Collectors 
with water as the transport fluid are typically tested under ISO standards. Collectors 
with air as the transport fluid are typically tested under ASHRAE standards. Rating 
agencies exist that collect and publish rating data, and most collector manufacturers 
can provide efficiency curves for their units.

11-3-6 Heat Exchangers and Thermal Storages
Water is the typical heat storage medium in a liquid-based solar collector system and 
pebble beds frequently provide thermal storage for air-based systems. The typical 
liquid storage design is for fluid flow on one side (the collector) and no flow on the 
other (the storage). In Fig. 11-12 is sketched a liquid system heat exchanger. The UA 
value is the overall thermal conductance of the exchanger (A is the exchange area; U is 
the average unit area thermal conductance). A typical exchanger surface would be 
made of a coiled copper pipe, perhaps with fins to provide sufficient area of exchange. 
Manufacturer specifications generally include a UA value, usually as a function of 
transport-fluid flow rate.

Water from the collector enters the storage warm or hot, and cools as it passes 
through the exchanger. In the ideal situation, the circulating fluid leaves the storage at 
the storage temperature—all the possible heat has been removed. In practice, this is 
impossible without an indefinitely large heat transfer area or residence time.

The effectiveness, e, is the measure of how closely the heat exchange has approached 
the ideal. If the storage temperature is uniform at ts and the circulating fluid enters at 
temperature ti and leaves at temperature to, the effectiveness can be calculated as 

 
ε =

−
−

t t
t t

i o

i s  
(11-8)

Flow

Heat

UA
Collector

Storage
Flow

FIGURE 11-12 Sketch of heat exchanger, liquid system.
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For a heat exchanger with flow on only one side, calculate the effectiveness 
based on the following equation. 

 
ε = − −⎛

⎝⎜
⎞
⎠⎟

1 exp
UA

mcp  
(11-9)

Equations are available to determine effectiveness values for other types of heat 
exchangers and may be found in many heat transfer books.

Example 11-1 Graph the heat exchanger effectiveness with transport liquid flow on one side (such as 
shown in Fig. 11-12). The mass flow rate through the exchanger is 0.15 kg s−1 and the transport fluid 
heat capacity is 3500 J kg−1K−1. Explore the UA range from 500 to 2500 W K−1.

Solution A simple approach to solve this kind of problem is to write a short Matlab script file such 
as the following:

m = 0.15; % fluid mass flow rate, kg/s

cp = 3500; % capacitance, J/kg-K

UA = 500:100:2500; % thermal conductance, W/K

e = 1 – exp(–UA./(m*cp)); % exchanger effectiveness

plot(UA, e, ‘k’)

xlabel(‘UA of exchanger, W/K’)

ylabel(‘Exchanger effectiveness, dimensionless’)

The script file creates the graph shown in Fig. 11-13. As a perspective, a mass flow rate of 0.15 kg/s 
would be typical of that required for a 10 m2 solar collector array, and a fluid heat capacitance of 
3500 W K−1 represents a solution of ethylene glycol and water.
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FIGURE 11-13 Heat exchanger effectiveness as a function of UA, with fl uid fl ow on one side of 
the exchanger. Mass fl ow rate is 0.15 kg/s and fl uid specifi c heat is 3500 J Kg−1 K−1.
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11-3-7 f-Chart for System Analysis
Solar angles, insolation, and average weather will change throughout the year in most 
climate zones, often from day to day. Time-dependent solar heating system long-term 
analysis must be sensitive to these changes but not overly sensitive. One calculation to 
represent an entire year is not likely to be accurate. In contrast, a minute-by-minute 
analysis is unlikely to be more accurate than analyses using longer time bases, such as 
hourly or daily.

Computer simulations of systems have shown calculations on a month-by-month 
basis are suitably accurate without incurring excessive calculation time. That is, 
historical trends of insolation and air temperature are consistent on a monthly basis but 
not likely to be so on shorter time spans (such as weekly). This observation, based on 
detailed computer simulations of example systems, has led to a practical solar heating 
system analysis process called the “f-chart” method. The parameter f represents the 
predicted fraction of heating load provided by the solar heating system. The method 
applies to both liquid-based and air-based systems.

The calculation of f requires two dimensionless parameters. One parameter con-
siders the solar energy collected for the month. The other considers the heat lost from the 
collector for the month. Dividing each by the heating load for the respective month 
normalizes the values and provides a perspective regarding their importance relative to 
the heat need. With appropriately consistent units, each parameter is dimensionless.

X
F U A n t t

L
r L c a=

−( )ref (11-10)

Y
F A H

L
r c T=
τα

(11-11)

where Fr =  collector heat removal factor, corrected for interactions with the heat 
exchanger

UL = collector overall heat loss coefficient, W m−2 K−1

Ac = collector area, m2

n = number of seconds in the month

tref = reference air temperature, 100°C
ta = average ambient air temperature for the month, °C

L = heating load for the month, J
t a = average transmittance/absorptance for the collector
HT = integral of daily insolation on the collector for the month, J

FRUL and FRta are found from efficiency rating data describing the solar collector and 
are typically provided by the manufacturer or published by an independent rating 
agency. Fr is calculated starting from the value of FR and modifying the value based on 
characteristics of the heat exchanger that connects the collector and its associated 
thermal storage. If a heat exchanger is separate from but links the collector and storage, 
Fr is equal to the following:

F F F
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(11-12)
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where     j = an intermediate variable

G = mass flow rate of solar collector fluid per unit collector area, kg s−1 m−2

cp = specific heat of solar collector fluid, J kg−1 K−1

e = effectiveness of the heat exchanger

Cmin = smaller of the two fluid heat capacitances in the exchanger, W K−1

C = mcp, where m is the mass flow rate of fluid, kg s−1

If the heat exchanger is located within the thermal storage and there is flow only 
from the collector through a pipe located within the storage (described in the following 
section), the calculation for Fr is simplified to the following:

F F F
F U
Gcr R R
R L

p

= = + −⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥

−

ϕ ε
ε1

1
1

(11-13)

The factor j may be assumed to have a value of 0.95, but this is an unnecessary 
approximation unless a collector system is being evaluated without knowledge of the 
thermal storage to be used.

The value of ta must also be corrected. Solar collector rating curves are based on 
direct normal irradiation. Unless a collector is mounted in a tracking device, irradiation 
will seldom be normal to the absorber plate. Glazing transmittance and collector plate 
absorptance will be somewhat lower in value when irradiation is oblique. A simple but 
relatively accurate approximation is to multiply the y-intercept of the collector efficiency 
curve by 0.93 to obtain a value that represents the average over a day.

F Fr rτα τα= 0 93. (11-14)

Extensive computer simulations using the computer program TRNSYS (Transient 
System Simulation) provided values of f over the range of Y from 0 to 3 and X from 0 to 
18. Regression analysis for f as a function of X and Y led to separate equations for liquid 
and air systems (valid only within the stated ranges of X and Y).

Liquid:

f Y X Y X Y= − − + +1 029 0 065 0 245 0 0018 0 02152 2 3. . . . . (11-15)

Air:

f Y X Y X Y= − − + −1 040 0 065 0 159 0 00187 0 00952 2 3. . . . . (11-16)

Fluid flow rate and thermal storage size affect collector performance. In theory, high 
flow rates of transport fluids make collectors more efficient. However, the advantage of 
a high flow rate diminishes as the flow rate exceeds approximately 0.015 L s−1 m−2 in a 
water-based system, based on a unit area of absorber plate. Flow through air-based 
collectors is typically best at approximately 10 L s−1 m−2. Collector rating data should 
include the actual flow rate that applies to the collector efficiency curve. 

Optimum storage size shows a broad plateau with little change that ranges from 50 
to 100 L of water, or 0.25 m3 of pebbles for an air-based system, each based on a unit 
collector area, m2.
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The graph in Fig. 11-14 compares the two f-value equations for low and high values 
of f and liquid and air collectors, where each has the same values of the various 
parameters (FR, G cp, and so on). It is unlikely that a liquid and an air collector will have 
the same parameter values for similar operating conditions and, thus, the graph is not 
suitable to compare efficacies of the two types of collectors. Rather, the graph shows 
the comparative behaviors of the two f-value equations.

The equations for f-values are useful for analysis using spreadsheets and computer 
programs directly. Alternately, the equations, as graphed in Figs. 11-15 and 11-16, require 
separate calculations of X and Y and the corresponding value of f is then read directly 
from the appropriate graph at the intersection of the X and Y values.

0 2 4 6 8 10 12 14 16 18
X, Reference collector heat loss/heating load

0

0.5

1.0

1.5

2.0

2.5

3.0

Y
, R

ef
er

en
ce

 in
so

la
tio

n/
he

at
in

g 
lo

ad

Liquid, f = 0.2

Liquid, f = 0.8

Air, f = 0.2

Air, f = 0.8

FIGURE 11-14 F-value comparisons between liquid and air solar collectors.
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Example 11-2 Calculate the thermal energy you could expect to collect from a south-facing, liquid-
based solar collector tilted at 45° from the horizontal during March with climate variables having the 
following values: ta = 6 C, H = 12 MJ m−2, Kt = 0 62. ,  ground reflectivity = 0.2, and local latitude 
is 38° north. Heat exchanger/solar collector parameters have the following values:

  Heat exchanger effectiveness = 0.70

  Transport fluid specific heat, cp = 3500 J kg−1 K−1 

  Transport fluid flow rate, G = 0.014 kg s−1 m−2

  FRUL = 3.5 W m−2 K−1

  FRta  = 0.88

  Collector area = 10 m2

The monthly heating load (domestic hot water) is calculated to be 2500 MJ. Day number 75 is March 16 
(or March 15 in a leap year), and can represent the month on the average.

Solution As a first step, based on the method of calculation presented in Chap. 9, calculate the average 
daily insolation on the tilted collector in the following sequence of steps, where two intermediate 
variables, numerator and denominator, are used for convenience (angles are expressed in degrees in 
this example).
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FIGURE 11-16 Air systems f-chart.
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As an aside, the three components of Ht , direct, diffuse, and reflected insolation, are 11.6, 2.8, and 
0.4 MJ m−2, respectively, corresponding to the three contributions to R.

Next, correct FRUL to FrUL.
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Then, correct FRta to Fr τα .

Fr τα = =0 93 0 97 0 88 0 79. ( . )( . ) .

X and Y are calculated.
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From which f is calculated,
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The average daily collected thermal energy for this example equals (0.84) × (2500E6 J) = 2100 MJ. This 
has analyzed the system and predicted the energy benefit. A continuation would be to complete this 
analysis for every month of the year, assign a monetary value to the energy, and compare that yearly 
benefit to the yearly cost of owning the solar collector system. Net present value (NPV) analysis is 
suggested as one approach that considers costs, benefits, and the time value of money over the lifetime 
of an investment. Although not as accurate or nuanced, calculating ownership cost based on yearly 
amortization is another approach.

11-3-8 f-Chart for System Design
Numerous rules of thumb exist to determine the best size of a solar collector system to 
meet expected heat needs. None can be applied widely because of differences of climate, 
heat need, cost, and system component characteristics. Expanding the method of 
analysis using the f-chart provides insight into the best system for specific, local 
conditions. The method is through an extended example. The example considers 
domestic hot water as the only heating load although space heat delivered through a 
hydronic heating system or space heat using a heat exchanger and hot air could be 
included.
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Example 11-3 Design an optimally sized solar collec tor system for Sacramento, California, and 
estimate how much useful energy the system will provide in an average year, and its monetary 
value. The solar heating system will heat only water. You are considering a solar collector with rating 
data as follows: FRUL = 4.57 W m−2 K−1 and FRta = 0.737. The collector tilt angle will be the latitude 
plus 5° for overall yearly performance, or 43° from the horizontal. The area of each individual 
collector is 2 m2.

The expected effectiveness of the heat exchanger in the heat storage tank you plan to use is 0.75. 
Use G = 0.014 kg s−1 m−2 and cp = 3500 J kg−1 K−1, as representing the heat transfer fluid. Storage 
will be 50 L m−2, based on collector area. This is on the low end of the suggested range of 50 to 
100 L m−2 but the solar climate in Sacramento is consistent from day to day, making a large thermal 
storage unnecessary.

Tentative estimates of costs include $750 per collector module, $2500 for pumps, piping, controls, 
and so on, and $2.00/L of thermal storage, heat exchanger included. Conventional water heating is 
by electricity at $0.16/kWh.

Design for a family of four, with one additional adult who will live in the home from June 
through September. Make a reasonable assumption of daily water use of the household. Water 
specific heat is 4180 J kg−1 K−1. The home is located at latitude 38.5° north. Meteorological data 
for Sacramento are in Table 11-1. Snow is rare in Sacramento; assume ground reflectivity of 0.2 
for all months.

Dealing with an NPV analysis is outside the scope of this example. As a simplified alternative, assume 
the installation cost will be amortized at a yearly cost of 12% of the installed cost. That is, when 
loan repayment, property taxes, maintenance, and operating costs are considered, they sum to 12% 
of the installed cost. Additionally, assume (for simplicity purposes) that there are no tax credits or 
deductions, or other rebates, available to reduce the installation cost.

Solution Two preliminary calculations determine the heating load for each month and the monetary 
value of the collected energy.

Source: WBAN Data, National Renewable Energy Laboratory 
URL: http://rredc.nrel.gov/solar/old_data/nsrdb/bluebook/data/23232.SBF
Accessed Oct., 2007

TABLE 11-1 Meteorological Data for Sacramento, California, United States

Month Jan Feb Mar Apr May Jun

H ,  MJ m−2  6.92  10.7  15.6  21.2  25.9  28.3

 0.42  0.49  0.54  0.60  0.65  0.67

 7.3  10.4  12.0  14.6  18.5  22.0

Month Jul Aug Sep Oct Nov Dec

H ,  MJ m−2  28.6  25.3  20.5  14.5  8.63  6.24

 0.70  0.68  0.66  0.60  0.48  0.42

 24.3  23.9  21.9  17.9  11.8  7.4

Kt

Kt

t Ca ,

t Ca ,

http://rredc.nrel.gov/solar/old_data/nsrdb/bluebook/data/23232.SBF
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Heating load: Assume each person will use 100 L of hot water on a daily basis, which is heated from 
15 to 55°C. Water main temperature is typically equal to the yearly average air temperature of the 
region, which is 15°C in Sacramento. Water heating set point temperature is often 60°C, but this is 
above the pain threshold level for humans. If the temperature is lower (such as 50°C), thermal losses 
are less and collector efficiency will be slightly greater. Assume a 55°C temperature as a compromise. 
Each person requires the following for hot water every day.

(100 L)(1 kg/L)(4180 J/kg · K)(55 – 15 K) = 16.7E6 J

Thermal storage loses some of the collected energy through parasitic loss. Assume 25% of the collected 
heat will be lost this way, from pipes and storage. Thus, each person will require 16.7 E6 J/0.75 = 22.3 
E6 J day−1 for hot water. The monthly heat need, based on these assumptions, is in Table 11-2.

Conventional energy cost: Each kWh of purchased energy will cost $0.16 and provide 3.6 MJ. 
Assuming electric heating has 100% efficiency (resistance heating). Thus, the value of each GJ of heat 
(conventional or solar) is (1E9/3.6E6)($0.16) = $44.44.

Analysis: The data provided are sufficient to calculate the f-value and energy savings for every month 
of the year if the collector area is known. The optimum area is unknown. To find it, a sequence of areas 
will be analyzed and the best one chosen. The process can be best accomplished using a computer 
language such as Matlab, or a spreadsheet, but is presented here as a series of tables that could be 
mimicked in a spreadsheet, for example.

The first step is to determine the average daily insolation on the collectors for each month of the 
year. The procedure detailed earlier in this chapter is used, based on data in Table 11-1, to calculate 
the following values of insolation on a south-facing collector installed at a 43° tilt angle (and other 
assumptions listed above) to obtain the data in Table 11-3.

Values for X and Y depend on collector area. For simplicity of presentation, X/A and Y/A are calculated 
separately and are listed in Table 11-4. For each collector area, values in Table 11-4 are multiplied by 
the corresponding A (area, m2) to find X and Y values, which then are used to calculate the monthly 
f-values. For example, for a system using four collectors, the total area is 8 m2 and the corresponding 
X, Y, and f data are as listed in Table 11-5.

Month Jan Feb Mar Apr May June

GJ 2.76 2.50 2.76 2.68 2.76 3.34

Month Jul Aug Sep Oct Nov Dec

GJ 3.46 3.46 3.34 2.76 2.68 2.76

TABLE 11-2 Monthly Heat Needed to Provide Hot Water for the Example Home, GJ

Month Jan Feb Mar Apr May June

GJ m−2 day−1 11.49 15.63 19.08 21.34 22.53 22.88

Month Jul Aug Sep Oct Nov Dec

GJ m−2 day−1 23.74 23.88 23.61 20.63 14.25 10.91

TABLE 11-3 Average Daily Insolation, HT ,  on a South-Facing Solar Collector Tilted at 43° in Sacramento, 
California, MJ/m2



S o l a r  T h e r m a l  A p p l i c a t i o n s  303

Table 11-5 contains data for a single collector array—4 collectors with a total area of 8 m2. Yearly energy 
supplied by the collectors is the sum of the monthly GJ, or 23.66, at a value of $44.44/GJ, which is a total 
value of $1050. Comparable calculations should be made for other areas. For example, considering 
2 . . . 8 collectors, with areas of 4 . . . 16 m2, leads to the data in Table 11-6.

The final calculations are for the yearly cost of the collector array, to be used to compare to the benefits 
listed in Table 11-6. Considering the assumed costs of the problem description, amortized at 12% 
yearly, cost data in Table 11-7 apply.

The final column in Table 11-7 contains the most important data—the net yearly benefit. The data can 
also be graphed, as in Fig. 11-17. There is a definite optimum collector array size (12 m2, or 6 collectors) 
resulting from the diminishing returns behavior as the collector area increases, combined with steadily 
increasing costs.

Final thoughts: Although the example of solar house design was presented as a relatively straightforward 
process, such is seldom the case in practice. Important caveats include the following considerations:

 1. Weather varies from year to year and the parameter values used in the example come from 
historical data. There is no guarantee they will apply in the future. Climate change may 
improve or diminish benefits. Local development that adds air pollution and changes 
insolation values can occur (or, to be optimistic, local and regional strict air pollution controls 
may reduce air pollution and increase insolation).

Month Jan Feb Mar Apr May June

X/A 0.398 0.385 0.378 0.367 0.350 0.268

Y/A 0.086 0.116 0.142 0.159 0.168 0.136

Month Jul Aug Sep Oct Nov Dec

X/A 0.260 0.261 0.268 0.353 0.379 0.398

Y/A 0.142 0.142 0.141 0.154 0.106 0.081

TABLE 11-4 Intermediate Calculation Values for Solar House Example, X/A and Y/A

Month Jan Feb Mar Apr May June

X 3.19 3.08 3.02 2.93 2.80 2.14

Y 0.685 0.932 1.14 1.27 1.34 1.09

f 0.408 0.581 0.705 0.782 0.824 0.728

GJ saved 1.13 1.45 1.95 2.09 2.28 2.43

Month Jul Aug Sep Oct Nov Dec

X 2.08 2.09 2.15 2.82 3.03 3.18

Y 1.13 1.14 1.13 1.23 0.850 0.651

f 0.755 0.758 0.748 0.766 0.530 0.383

GJ saved 2.61 2.62 2.50 2.12 1.42 1.06

TABLE 11-5 Monthly Values if X, Y, f, and GJ Provided by 8 m2 of Collector Area for the Solar House 
Example
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Area, m2 Yearly GJ Yearly Value

 4 13.84 USD $615

 6 19.21 USD $854

 8 23.66 USD $1050

10 27.29 USD $1210

12 30.15 USD $1340

14 31.83 USD $1410

16 32.52 USD $1450

TABLE 11-6 Energy Saved, and the Corresponding Monetary 
Value, for Each of the Solar Collector Arrays Considered in the 
Solar House Example

Area Collectors Storage Other Total Yearly Net
 4 USD $1500 USD $400 USD $2500 USD $4400 USD $528 USD $87

 6 USD $2250 USD $600 USD $2500 USD $5350 USD $642 USD $212

 8 USD $3000 USD $800 USD $2500 USD $6300 USD $756 USD $295

10 USD $3750 USD $1000 USD $2500 USD $7250 USD $870 USD $343

12 USD $4500 USD $1200 USD $2500 USD $8200 USD $984 USD $356

14 USD $5250 USD $1400 USD $2500 USD $9150 USD $1098 USD $317

16 USD $6000 USD $1600 USD $2500 USD $10100 USD $1212 USD $233

TABLE 11-7 System Costs, Amortized at 12% Yearly, and Net Benefit for Each of the Solar Collector 
Arrays Considered in the Solar House Example

FIGURE 11-17 Net yearly benefi t of example solar collector system.
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 2. The assumed quantity of hot water use per person per day is based on using half of the current 
average practice in the United States. Simple water savings measures can reduce use even 
further. An unexpected result of conservation may be that a solar collector array is no longer 
attractive based on economic return in today’s situation. This may be the case for any renewable 
energy scenario based on taking conservation measures very seriously. If the need is small, 
savings, of necessity, will be small and the monetary advantage of adding a renewable system 
may be lost. This is not a negative outcome, for energy is saved either way. Conservation is 
often the most renewable of renewable energy systems.

 3. The assumed costs were values used for calculations and must not be assumed to apply 
necessarily to either today or the future. Advancing technologies, economies of scale in 
manufacture, applicable tax deductions and credits, rebate programs, and the changing global 
economy can bring large differences in equipment and labor costs. However, the analyses 
processes used in the example will continue to apply.

 4. The example considered a single set of assumptions. A more revealing analysis could use 
Monte Carlo simulation whereby the value each parameter is allowed to vary randomly 
within an assumed range and the problem is recalculated. Results from a large number of 
simulations (e.g., at least 100) can be graphed as a cumulative probability distribution function 
to show the most probable benefit and the range of possible benefits, with their associated 
probabilities of occurrence.

 5. The assumed cost of the heat exchanger increased monotonically and steadily with size. This 
will not be the case. Each available thermal storage/heat exchanger unit is likely to be 
appropriate for several array sizes and the cost will be more of a step function. Additionally, 
the cost of installation is not likely to remain constant and there may be a quantity discount 
available as the number of collector units increases.

 6. As the electric utility industry moves to time-of-day rate structures, the cost of electrically heating 
water for domestic use becomes much more difficult to determine. Larger hot water storages may 
become more attractive, due less to improved solar heating system performance than the ability 
to heat water using conventional energy at times of lowest cost and storing that water to 
compensate for days and times of reduced solar capture. 

 7. The design example centered on the economic value of the installed solar collector system. Most 
people can relate to this metric. An alternative would consider the embodied energy in the solar 
heating system, the yearly input of energy (as for operating pumps and maintaining the system) 
and the saved energy, and reach a design decision based on net energy rather than net money. 
This is a more complex analysis approach, of course, but life cycle analysis is an established field 
of knowledge that could apply.

 8. The same procedure used in the design example can apply to air-based solar collector systems 
and water-based systems used for space heating. For space heating analysis, monthly heat loss 
values must be calculated, based perhaps on local heating degree-day data.

11-3-9 Optimizing the Combination of Solar Collector Array and Heat Exchanger
Matching the solar collector array to the thermal storage and heat exchanger for liquid-
based systems depends on their relative costs. If collectors are relatively expensive 
compared to thermal storages, the optimum combination will include a heat exchanger 
with a high UA value to enhance heat exchange. The converse is also valid. An approach 
to find the best balance is based on the marginal costs of the collectors and the heat 
exchange system. If Cc is the marginal cost of adding collector area and CUA is the marginal 
cost of adding more heat exchange capacity, the following has been proposed to estimate 
the optimum ratio between the UA for heat exchange and collector area, where symbols 
are as used previously:

 

UA
A

F U C
Cc

r L c

UA

=
 

(11-17)
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This can be applied to the solar house design example (Example 11-3) to illustrate 
the method. The candidate collectors cost USD $750 for each module and each has an 
area of 2 m2. Thus, Cc = $375 m−2. The value of FrUL was 4.57 W m−2 K−1. Assume 
manufacturer’s charges for a typical thermal storage is $600 for a UA value of 1500 W 
K−1, making CUA = $600/1500 = $0.40/W K−1. These data result in a UA/Ac ratio of

 

UA
WK

Ac

= = −( . )( )
$ .

4 57 375
0 40

65 1

 

A collector array of 12 m2 would be optimized with a heat exchange capacity, 
UA, = (12)(65) = 780 W K−1. 

The value of U is relatively constant among exchangers of different sizes but the 
same design so the exchange area must increase as collector array size increases. Storage 
volume also increases. However, product lines are frequently limited as to the number 
of available units so exact matches cannot be expected for all collector array areas being 
investigated in a design exercise.

11-4 Passive Solar Heating Systems

11-4-1 General 
Passive solar heating describes solar energy collection systems where heat moves by 
passive means—means without a fan or pump or other, mechanically based, energy 
inputs. Passive movement can be by thermal radiation, natural (buoyancy-driven) 
convective air circulation, or sensible heat conduction through a solid. Passive solar 
heating can be used to heat water but the most common application in the United States 
is for thermal comfort heating of indoor air. This is not necessarily the situation 
everywhere. Passive solar domestic water heating systems are used widely throughout 
the world.

11-4-2 Thermal Comfort Considerations
Thermal comfort is a subjective state that can be described quantitatively. While stress 
itself (thermal or otherwise) is difficult to define, an accepted thermal comfort definition 
is “that condition of mind that expresses satisfaction with the thermal environment.”2 
The degree of thermal comfort is influenced by many factors, including thermal 
radiation, air temperature, humidity, age, activity, gender, diet, acclimation, and 
clothing. The effects of many of these factors have been quantified and are described in 
detail in the ASHRAE Fundamentals Handbook (2005).

Thermoregulation acts to achieve body temperature homeostasis (and thermal 
comfort) through two primary mechanisms: vasoconstriction and vasodilation. Vaso-
constriction is a narrowing of blood vessels (primarily capillaries) near the body 
surface, which reduces heat loss from the body. Vasodilation is the opposite phenomenon 
where capillaries near the surface expand, bringing more blood flow to near the skin 
surface and increasing heat loss as long as the effective environmental temperature is 
below body temperature. This mechanism permits the body to maintain a consistent 
core temperature over a range of environmental conditions. 

2ASHRAE. 1992. 



S o l a r  T h e r m a l  A p p l i c a t i o n s  307

When vasoconstriction reaches its maximum extent, the corresponding environ-
mental effective temperature is termed the “lower critical temperature.” When 
vasodilation is maximized, the “upper critical temperature” has been reached. The 
temperature range between the lower and upper critical temperatures is termed the 
thermoneutral region. It must be emphasized that lower and upper critical temperatures 
represent the environment, for body temperature remains constant over the thermo-
neutral region, and beyond. The thermoneutral region shifts depending on clothing 
and other factors listed above. Moreover, the length of an exposure period affects the 
perception of thermal comfort—a cool room may be comfortable for an hour but grow 
uncomfortable after several hours of relative inactivity.

Some renewable energy systems, such as passive solar methods for space heating, 
have been criticized for ignoring the fundamental desire of people for thermal comfort. 
Some people will happily don another sweater during a period of limited solar 
availability and lower outdoor temperature. Many will not. This consideration becomes 
central to the design, control, and backup of solar heating systems for human occupancy. 
Moreover, the environmental temperature important to comfort is more than simply air 
temperature. The effective environmental temperature depends also on water vapor 
partial pressure in the air and the mean radiant temperature (magnitude and symmetry) 
of the thermal environment.

11-4-3 Building Enclosure Considerations
Three aspects of a building are critical for suitable passive solar heating. They are 
(1) south-facing glazing (south-facing in the northern hemisphere and north-facing in 
the southern hemisphere) of sufficient but not excessive area, (2) appropriately sized 
thermal mass, and (3) excellent thermal insulation of the building to make best use of the 
captured solar heat. A fourth aspect is necessary for adequate passive cooling by natural 
ventilation, a sufficient elevation difference between low and high vent areas to encourage 
vigorous thermal buoyancy. Note that the solar wall azimuth need not be exactly south. 
An acceptance angle within 30° of true south can often provide acceptable solar gain. 
(Use of “south” in this chapter should be interpreted as “north” in the southern 
hemisphere.) Moreover, at latitudes between the tropics of Cancer and Capricorn (defined 
by the extreme values of solar declination), solar geometry is more complex because the 
sun is in the northern sky at solar noon for part of the year and in the southern sky at 
solar noon for the remainder of the year. However, passive solar heating is seldom 
needed near the equator except perhaps at high altitudes.

 Awnings and permanent overhangs for shade can be placed above and to the sides 
of solar glazing to permit the winter sun full access to the glazing but exclude the 
summer sun. Knowledge of solar angles can help guide placement of awnings and 
shades to limit entry of the summer sun. Deciduous trees and vines on trellises can be 
of some help for summer shade. However, a bare mature shade tree in winter may still 
cast as much as 50% shade. If such a tree is to the south of a passive home, and near 
enough to shade the solar glazing in winter when the sun is low in the sky even during 
midday, the effectiveness of passive solar heating can be noticeably reduced.

11-4-4 Heating Degree Days and Seasonal Heat Requirements
The concept of “heating degree days (HDD)” arises from the experiences of companies 
delivering heating fuel to rural homes as the conversion from coal to heating oil and 
liquid forms of natural gas became common in the United States during the first half of 
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the twentieth century. The companies did not wish to deliver too frequently, which 
would have been an inefficient use of time and delivery trucks. Neither did they want 
to deliver too infrequently, which would have risked alienating customers.

Data showed the rate of fuel use for a home or other heated building was proportional 
to the difference between 65°F and the average daily outdoor temperature, ta, where 
only positive values were considered. 

 
HDD ta65 65= − +( )

 (11-18)

Each house was calibrated (based on the experience of multiple deliveries) and 
when ΣHDD65 for that house reached a value known to correlate to a need for more fuel, 
a fuel delivery would be scheduled. Note that the temperature scale when the method 
evolved was Fahrenheit and inch-pound (I-P) units were used for calculations, which is 
the system of units used generally in what follows in this section.

The total heat need, Q, corresponding to an HDD total can be calculated from the 
following equation, where heat loss factor (FHL) has units of Btu h−1 °F−1. The factor 24 
converts Btu h−1 °F−1 to Btu day−1 °F−1, or Btu per HDD in the I-P system of units. In the 
SI system, and with FHL is expressed in W K−1, the same equation supplies Q in daily 
watt-hours, or kJ when further multiplied by 3.6.

 
Q F= 24 HLHDD

 
(11-19)

Heating degree data have been accumulated for many cities of the world. The 
temperature base in Fahrenheit has been converted in various ways to representative 
bases in Celsius, including the simple and direct conversion of 65°F to a base of 18.3°C.

The original base temperature of 65°F represents houses of the early twentieth 
century in the United States when insulation was minimal and indoor air temperatures 
were approximately 75°F (24°C). The 10° difference (temperature “lift”) was a result of 
internally generated heat (cooking, lights, and so on) and solar gain through windows. 
Today’s homes are generally insulated to a higher level, control temperatures may be 
lower than 75°F, and the number of electrical devices, with their associated parasitic 
electricity drains, has increased markedly. The 10°F lift may no longer be appropriate 
but to determine a new value is not a straightforward calculation. One approach would 
be to calculate the FHL of the building as if it had no wall insulation, minimum ceiling 
insulation, and single-glazed windows, and then calculate a second FHL value 
corresponding to the building designed to modern insulation standards. The lift is 
estimated by determining the ratio of the two values, multiplied by 10°F (5.6°C). For 
example, if a poorly insulated building is calculated to have an FHL value of 500 W/K and 
an insulated version an FHL value of 250 W K-1, lift = (5.6) = 11°C(or 20°F)500

250 . A higher 
value of lift leads to a lower value of HDD by definition. This conversion does not 
include consideration of more electricity use, of course. A more complete energy 
balance on the building is one approach to include that effect.

One should note the compounding advantage of insulation. A building with more 
insulation has a lower FHL value and a lower HDD value. Heating load is proportional 
to the product of the two values and the benefit is compounded. This is an important 
insight for any heated building and particularly for designing a passive solar home, for 
the optimum area of solar glazing and associated thermal mass is likely to be significantly 
smaller and less expensive when the rest of the building is well insulated and the 
heating load is moderated.
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Adjusting HDD Values to a Different Base Temperature 
During cold months when the average outdoor air temperature is below the HDD base 
temperature every day, the HDD sum for a month is reduced by the number of days in 
the month multiplied by the difference between the standard base temperature and the 
adjusted base temperature. For example, if the HDD base temperature for January is 
15.3°C instead of 18.3°C, the number of HDD is reduced by 31(18.3 – 15.3) = 93°C days. 
The calculation is more complicated during spring and fall months. Some days that are 
included under the standard base temperature are omitted under the adjusted base 
temperature (e.g., a day with an average outdoor temperature of 16.3°C contributes 
2 heating degree days to the monthly total at the standard base, but none at the adjusted 
base of 15.3°C). This nonlinearity can be approximated by the following equations, one 
for temperature in Fahrenheit and one for temperature in Celsius. The parameter, 
basenew, is the modified base for calculation. For example, the new base might be 12°C 
for a well-insulated building controlled to an indoor air temperature of perhaps 22°C 
(or a new base of 55°F instead of 65°F for the same house).

For I-P units and monthly conversions
 If HDD65 < 50(65 – basenew)

 
HDD HDD days base factormonth newF = − ∗ − ∗ −65 65 1( ) ( ))

 (11-20)
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Else 

 
HDD = HDD days (65 base )65 month newF − −

 
(11-22)

For SI units and monthly conversions
 If HDD18.3 < 50(18.3 – basenew)

 
HDD =HDD days base famonth newC 18 3 18 3 1. ( . ) (− ∗ − ∗ − cctor)

 
(11-23)
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(11-24)

Else

 
HDD ( . ).C = − −HDD days basemonth new18 3 18 3

 (11-25)

Note: These conversions must be applied on a month-by-month basis to heating 
degree data. Days within a month are somewhat similar and may be considered 
together; days in mid-winter are so unlike spring days that they cannot be grouped and 
averaged. The two conversion processes can be graphed, and are shown in Figs. 11-18 
and 11-19 for Fahrenheit and Celsius temperatures.

As a confirmation of the HDD adjusting method, predictions based on the method 
can be compared to actual data. Daily averaged air temperatures for Ithaca, New York, 
for 2006 were used to generate the graph in Fig. 11-20. Temperature bases of 6.3, 9.3, 
12.3, 15.3, and 18.3°C were included. Each daily average air temperature was subtracted 
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FIGURE 11-18 Adjusted degree-days for several base temperatures and indoor air temperatures, 
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New York, United States. (2006 daily weather data.)
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from each base temperature (as done in the definition of HDD) and the differences 
summed monthly to obtain values of ∑ HDDbase for each of the five base temperatures. 
Each monthly value at the standard base was used to calculate a corresponding adjusted 
HDDC, using the appropriate equation above. The two sets of HDD values are graphed 
in Fig. 11-20 and show good correlation to the 1:1 line, with little scatter. 

11-4-5 Types of Passive Solar Heating Systems
Passive solar space heating systems can be classified as direct gain, indirect gain, or 
isolated gain. Direct gain is based on solar radiation being absorbed within the space to 
be heated. Indirect gain is based on absorbing solar energy into a thermal mass for later 
release. Isolated gain describes situations where solar energy is absorbed to heat a 
separate space for later release, if desired, into the living space. Thermal mass is required 
to buffer large and rapid temperature swings and store heat for later, and can be water, 
concrete, stone, adobe, or other material with a high volumetric specific heat and high 
thermal conductivity.

Direct Gain 
South-facing glass transmits insolation directly into the living space in a direct gain 
passive solar building (see Fig. 11-21), where it is absorbed. Part of the absorbed heat is 
released immediately to the indoor air by convection from the heated surfaces of the 
space. The rest moves into the thermal mass by conduction for release back to the 
indoors late in the day, or at night. An advantage of a direct gain passive system is its 
relatively low construction cost and rapid warm-up in the morning. Disadvantages 
include overheating during midday, excessive light glare in the living space, and 
accelerated solar degradation of materials near the solar glazing (e.g., wood and fabrics). 
Additionally, carpets and furniture tend to prevent solar gain from reaching the thermal 
mass, exacerbating overheating and reducing thermal mass effectiveness.

Several practical rules are suggested when planning a direct gain solar home:

• Thermal mass elements should not be more than 15-cm (6 in) thick.

• Keep floors and the living space near the solar glazing as free of carpets and 
furniture as functionally and aesthetically reasonable.

South

Convection from
surfaces

Conduction into
thermal mass

Solar
glazing

Sun

FIGURE 11-21 Section schematic of direct gain solar building for winter heating, northern 
hemisphere (arrow points north in southern hemisphere).
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• Spread thermal mass throughout the living space rather than concentrating it in 
one element (such as only in the floor).

• If concrete blocks are used for thermal mass (such as for walls), fill the cores 
with concrete.

• Use dark colors for floors and walls most directly irradiated by the sun to 
reduce glare.

Indirect Gain, Trombe Wall 
The most common form of indirect gain passive solar system (see Fig. 11-22) is the 
Trombe wall. Insolation is absorbed by the outer surface of the thermal mass wall. The 
distance between the glazing and wall is narrow (e.g., 15 cm). As the wall outer 
surface heats, warm air is created within the space. The heated air can move by 
thermal buoyancy if vent areas are provided near the floor and ceiling. Vents must be 
closed at night to prevent reverse siphoning of cold air into the living space, of 
course.

As the outer surface of the wall warms, heat conducts as a thermal wave through 
the mass and toward the living space side, traveling at a velocity of 2 to 3 cm h−1. The 
wall is typically 30- to 40-cm thick so the thermal wave and, thereby, the living space 
surface temperature, peaks approximately 12 h after peaking at the outer surface during 
early afternoon. Timing is important so more heat is delivered to the living space during 
the night when outdoor air temperature is lowest. Heat transfers to indoor air by 
convection and to other surfaces within the space by thermal radiation. A warm wall, 
radiating to people, can compensate for an air temperature several degrees lower than 
normally perceived as comfortable.

Movable insulation can be deployed between the wall and glass at night (or exterior 
to the glass) to limit heat loss back to outdoors and keep the mass from cooling too 
rapidly at night. If movable insulation is installed, a system of automated control to 
open and close it is best to make most effective use of the system.

The thermal wall, alternately, may hold water in vertical tubes with a diameter of 
approximately 15 cm. In such a system, if the tubes are translucent and the water is 
dyed, the wall can function strictly as an indirect gain system if the dye is opaque, or a 

South

Solar
glazing

Sun
Thermal

mass wall

Vent

Vent

FIGURE 11-22 Section schematic of Trombe wall solar building for winter heating, northern 
hemisphere (arrow points north in southern hemisphere).
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combination of direct (with daylighting) and indirect passive gain when a useful portion 
of insolation is transmitted (e.g., 50%).

Hybrid direct gain and indirect gain passive solar systems can be integrated to 
create a compromise and limit the disadvantages of direct gain systems, but achieve 
faster warming of the living space in the morning than would be provided by an indirect 
gain system, as well as providing natural lighting (daylighting). Natural light is usually 
more acceptable for visual comfort and natural lighting uses no conventional energy. A 
hybrid system would have vision strips or windows placed in the Trombe wall at 
appropriate locations for vision and lighting. A room generally requires glazing area 
equal to at least 5% of its floor area for adequate vision lighting during the day. A hybrid 
direct/indirect gain system may require glazing to be somewhat more than 5% of the 
floor area to provide sufficiently rapid warm up during mornings, but not so much as 
to create overheating and visual glare.

Isolated Gain 
A sunspace (sunroom, or solar greenhouse, see Fig. 11-23), combined with a convective 
loop to the attached house, permits isolation from solar gain when heat is not needed 
but gives access to solar heat during cold days. The wall between the sunspace and 
living space may be thermally massive to act somewhat like a Trombe wall. Although a 
thermally massive wall may buffer the heat from the sunspace somewhat, unless it is 
constructed with the thickness and volumetric heat capacity of a Trombe wall there will 
be less thermal wave delay than provided by a Trombe wall. If the thermal wave arrives 
at the living space side during the afternoon, for example, overheating and wasted 
energy could be the result.

A sunspace can overheat on hot and sunny days and must be vented when it is used 
as a greenhouse as well as a means to provide solar heat. Plants are generally stressed 
at temperatures above 35°C. Solar greenhouses must also be heated during winter if 
plants are to be kept in them. Additionally, sunspaces may be sources of insects, other 
pests, and mildew spores that move into the living space. Plants with large leaf canopies 
can add a considerable amount of humidity to the air, which may be an advantage or a 
disadvantage. One disadvantage is that transpiration and evaporation reduce the 
quantity of sensible solar heat that can be collected. However, a sunspace can provide a 
very pleasant addition to a building for relaxation and entertainment.

South

Sun

Doors or
doors and vents

Warm air

FIGURE 11-23 Section schematic of sunspace on a solar building for winter heating, northern 
hemisphere.
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Roof ponds are another isolated gain passive solar heating system. Fifteen to thirty 
centimeters of water is contained in a large plastic or fiberglass container on a flat roof, 
with the container covered with a glazing. Water within the container warms during 
the day and the stored heat conducts downward at night through the roof to the living 
space, where the major heat transfer path to occupants is thermal radiation. Movable 
insulation over the container is required to retain the heat at night. Conversely, operation 
can be reversed to permit the water to cool at night to provide a form of passive air 
conditioning the next day. Roof ponds require drainage systems and a structural support 
to support the weight of the water. Few roof ponds are in active use today.

11-4-6 Solar Transmission Through Windows
Passive solar homes require considerable attention be paid to windows, solar or 
otherwise. Windows frequently provide two functions—the first is to provide access to 
outdoor views and the second is to permit solar entry without excessive heat loss back 
to the outdoors. These functions may be required of the same window, or the total glass 
area for a building may be separated into separate solar glazing and other windows. 
(Windows provide other functions, of course, such as ventilation and daylighting.)

There is little reason for all windows in a building to be of the same type. Nor is 
there need for all to be operable. Operable windows typically experience greater 
unwanted air infiltration in addition to being more expensive. North-facing windows 
should be chosen to limit heat loss with little concern for excluding excessive solar heat. 
East- and west-facing windows may be limited in size and chosen for solar exclusion to 
limit solar heat gain during the summer when intense sunlight in mid morning and 
mid afternoon can exacerbate overheating and increase the air conditioning load. South-
facing windows may be selected to emphasize solar admission over thermal resistance 
to heat loss, although perhaps coupled with operable night insulation.

Most windows today are double glass. The glass itself does not add greatly to 
thermal resistance of the combination. Rather, the air space, and its associated convection 
and radiation heat transfer coefficients, creates most of the resistance (see Fig. 11-24).

The surface coefficient at surface one is a combination of convection and thermal 
radiation. At surfaces two and three, convection and thermal radiation each are present 
but thermal radiation is a relatively more important factor because surfaces two and 
three are not likely to be close in temperature. Thermal radiation flux depends on the 
difference between the fourth power of the absolute temperatures of the two surfaces, 
and the effective cavity emittance (refer, e.g., to the thermal radiation section of any 
comprehensive heat transfer text). Wind typically leads to dominance of convective 
heat transfer over thermal radiation at surface four.

Indoors Outdoors

Convection

Heat loss

Double glass

Surfaces 1 2 3 4

Thermal
radiation

FIGURE 11-24 Heat loss paths through a double-glazed window.
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Inert gases, such as argon, between the two glass layers increase the thermal resistance 
because they are poorer conductors than is air. Unless there is physical damage during 
installation, even if there is leakage it is slight and reduces the benefit by only a few 
percent over a decade. However, if the window unit is manufactured at a low elevation 
above sea level and installed in a building at a high elevation above sea level, the gas 
pressure difference may lead to seal failure and inert gas loss, and noticeably reduced 
efficiency.

Thermal radiation is an important path of heat loss through windows. Glass by 
itself has a thermal radiation emittance close to unity. Thin surface coatings on glass can 
change surface emittances to low values, such as 0.1 or 0.2 instead of 0.95. This is similar 
to the action of selective surfaces on solar collector absorbers, described earlier in this 
chapter, except absorption of insolation is not part of the process. Clear silver or tin 
oxide layers that are vacuum deposited on surfaces provide the property of reducing 
thermal radiation emission but permitting visible light to pass. The surface coatings are 
generally not able to withstand much physical abrasion and, thus, are usually protected 
by being placed on either surface two or three (Fig. 11-10). In cold climates, surface two 
is preferred to reduce thermal radiation heat loss to surface three. In hot climates, 
surface three is preferred to limit heat gain from the outdoors.

Window units in the United States are energy rated by the National Fenestration 
Rating Council (NFRC). (A fenestration is defined as an opening through a wall into a 
building, such as a window or a door.) Rated windows bear an NFRC seal containing 
several items related to window energy performance. The U value (thermal conductance) 
in I-P units is provided and values generally fall between 0.2 and 1.20 Btu h−1 ft−2 °F−1. 
The second item is the solar heat gain factor (SHGF) that measures the fraction of 
incident insolation transmitted through the window unit as a whole. Values are bounded 
by 0 and 1, with higher values better for solar gain (e.g., on south-facing windows) and 
lower values better for reducing cooling loads in summer (e.g., on east- and west-facing 
windows). As a rule, an SHGF <0.4 is preferred to reduce air conditioning loads and an 
SHGF >0.6 is preferred for solar gain/heating. The U value and SHGF are related 
because a low value of U (e.g., lower than 0.32 Btu h−1 ft−2 °F−1) generally means a high 
value of SHGF cannot be achieved. Measures taken to reduce U, such as special glass 
coatings, generally reduce solar transmittance. Certain window units even have a third 
layer, a thin plastic film layer between the glass layers, with a low-emittance surface 
coating for infrared radiation to create even better resistance to heat loss but, obviously, 
also less transmittance of insolation.

Visible transmittance is the third item provided and is the fraction of visible light 
transmitted by the window unit. The fourth item is air leakage, a measure of resistance 
to unwanted air infiltration, which contributes to heat loss. The fifth item is condensation 
resistance, which measures the ability of the window unit to resist formation of 
condensation on the interior surface of the glass. The value ranges between 0 and 100 
(highest resistance) and provides a relative measure of condensation resistance. 
However, other factors such as air tightness of the building, local climate and weather, 
and moisture production within the building affect condensation.

11-4-7 Load: Collector Ratio for Analysis
A widely accepted tool to analyze passive solar heating systems is the load collector 
ratio (LCR) method. The method is also called the solar load ratio (SLR) method when 
applied on a month-by-month basis. The LCR method is sufficiently simple that hand 
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calculations can suffice although computer programs that include a database needed 
for the method are preferred. The method is based on extensive hour-by-hour computer 
simulations that were tested against experiments to validate the results. The method 
applies to three generic passive solar heating methods: direct gain, indirect gain (Trombe 
wall and water wall), and attached sunspace systems.

The method starts with a calculation of the building thermal characteristic, called 
the building load coefficient (BLC). By definition, the BLC is the building heat loss 
per heating degree-day for all but the solar glazing. The solar glazing is omitted 
because the computer simulation results on which the method is based provided the 
net benefit of the solar glazing, not the total benefit. Heat loss through the solar 
glazing to the outdoors is already included in the simulation results and should not 
be counted twice.

The original computer simulations on which the LCR method is based were done 
using I-P units of measure, which is what will be used here. When FHL of the building 
is calculated (Btu h−1 °F−1), the BLC is calculated from the following equation, where 
the inclusion of the number 24 converts heat loss per degree hour to heat loss per 
degree day.

 
BLC F for all but the solar wall)= 24( HL  (11-26)

The net reference load (NRL) of the building is the calculated need for heat for a 
year for all but the solar glazing, as calculated from the following equation.

 NRL (BLC)( HDD)= ∑  (11-27)

The HDD should be calculated for the nearest city or weather station and should be 
adjusted on a month-by-month basis to a new temperature base as appropriate, as 
described earlier in this chapter.

 The final step is to relate the calculated value of the LCR to the solar-savings 
fraction (SSF). This can be done using data tables provided by the extensive computer 
simulations undertaken when the method was first developed. The simulations were 
based on standardized material and other properties, which are listed in Table 11-8. 
More than 50 passive system design combinations were simulated and extensive data 
comparable to the small selection presented below for Billings, Montana, are available 
in Jones, et al. (1982). A subset of their data is below.

Four types of passive systems were analyzed, abbreviated as WW for water 
wall, TW for Trombe wall, DG for direct gain, and SS for sunspace. Within the types, 
further definitions delineate properties such as availability of night insulation, use 
of either double or triple glazing for the solar window, thermal mass thickness, 
application of a normal or selective surface on the absorbing surface (Trombe walls), 
and other type-specific parameters. As an example, and for later use in examples 
and exercises, Table 11-9 contains the reference design characteristics for vented 
Trombe walls.

More than 200 cities in the United States and Canada were analyzed for each of the 
four types of systems, such as for each of the design designations for vented Trombe 
walls listed in Table 11-9. Results of the simulations were presented for solar savings 
fractions of 0.1 to 0.9, in tenths. Table 11-10 contains resulting combinations of LCR and 
SSF data for a representative city, Billings, Montana, chosen because of its cold winters 
(7265 heating °F-days) but reasonably good solar climate.
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Masonry properties:

Thermal conductivity, sunspace floor 0.5 Btu ft−1 °F−1

Thermal conductivity, all other masonry 1.0 Btu ft−1 °F−1

Density 150 lb ft−3

Specific heat 0.2 Btu lb−1 °F−1

Solar absorptances:

Water wall 0.95

Masonry Trombe wall 0.95

Direct gain and sunspace 0.8

Sunspace lightweight common wall 0.7

Sunspace, other lightweight surfaces 0.3

Infrared emittances:

Normal surface 0.9

Selective surface 0.1

Glazing properties:

Transmission diffuse

Orientation due south

Index of refraction 1.526

Extinction coefficient 0.5 in−1

Thickness of each pane 1/8 in

Air gap between panes 0.5 in

Control:

Room temperature 65 to 75°F

Sunspace temperature 45 to 95°F

Internal heat generation None

Thermocirculation vents (when used):

Vent area (upper and lower) 6% projected area

Height between upper and lower vents 8 ft

Reverse flow prevented

Night insulation (when used):

Thermal resistance R9 (I-P units)

Deployed, solar time 1730 to 0730

Solar radiation assumptions:

Shading None

Ground diffuse reflectance 0.3

TABLE 11-8 Reference Design Characteristics of Systems Listed in LCR Tables
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Example 11-4 With data in Table 11-10, a specific installation can be analyzed. Consider a home with 
a heat loss factor (if it were to be built without the solar wall) of 225 Btu h−1°F−1. The super-insulated 
wall the solar glazing will replace has thermal insulation equal to R-25, I-P units. Architectural 
considerations suggest a solar glazing of 200 ft2. Calculate the expected energy savings if a Trombe 
wall, type C3, is included in the design of the home for Billings, Montana. Assume the heating degree-
day value for Billings is adjusted to 5000°C-days due to keeping the air temperature at 70°F and 
insulating the house well above minimum standards.

Designation

Thermal Storage 
Capacity, 

Btu ft−2 °F−1

Wall 
Thickness, 

in

rck3,
Btu2 h−1

ft−4 °F−2

Number 
of 

Glazings
Wall 

Surface
Night

Insulation

A1 15 6 30 2 Normal No

A2 22.5 9 30 2 Normal No

A3 30 12 30 2 Normal No

A4 45 18 30 2 Normal No

B1 15 6 15 2 Normal No

B2 22.5 9 15 2 Normal No

B3 30 12 15 2 Normal No

B4 45 18 15 2 Normal No

C1 15 6 7.5 2 Normal No

C2 22.5 9 7.5 2 Normal No

C3 30 12 7.5 2 Normal No

C4 45 18 7.5 2 Normal No

D1 30 12 30 1 Normal No

D2 30 12 30 3 Normal No

D3 30 12 30 1 Normal Yes

D4 30 12 30 2 Normal Yes

D5 30 12 30 3 Normal Yes

E1 30 12 30 1 Selective No

E2 30 12 30 2 Selective No

E3 30 12 30 1 Selective Yes

E4 30 12 30 2 Selective Yes

TABLE 11-9 Definitions of Reference Design Designations for Vented Trombe Wall to be Used in LCR 
Method of Passive Solar Heating System Analysis

3r is density, c is specific heat and k is thermal conductivity.
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Solution As a first step, the FHL is adjusted. This is a small change for this house, but is done for 
completeness. The UA value of the wall to be replaced by solar glazing is A/R, where R is the inverse 
of U and is the thermal resistance, and A is the glazing area.

 
Δ Δ Δ

F
A

RHL UA== = =200
25

4
 

The FHL value after the change is 225 – 4 = 221 Btu h−1°F−1, from which the building load coefficient 
and net reference load can be calculated as follows:

BLC Btu HDD

NRL (BLC)(H

HL= = =

=

−24 24 221 5304 1F ( )( )

DDD) (5304)(5000) 26.5E6Btu 7.8E3 kWh 27.8GJ= = = =

Designation SSF � 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

TW A1 460 46 19  5  2 — — — —

TW A2 161 52 27 16 10  6  4  2 1

TW A3 130 53 29 18 12  8  5  3 2

TW A4 113 52 30 19 13  9  6  4 2

TW B1 225 46 21 11  6  4  2 — —

TW B2 132 49 26 16 10  7  4  3 1

TW B3 117 48 27 17 11  7  5  3 2

TW B4 109 45 25 16 10  7  5  3 2

TW C1 152 44 22 13  8  5  3  2 1

TW C2 119 43 23 14  9  6  4  3 1

TW C3 115 41 22 13  9  6  4  3 1

TW C4 123 38 19 12  8  5  3  2 1

TW D1  74 23 8 — — — — — —

TW D2 138 63 37 24 16 11  8  5 3

TW D3 141 69 42 27 19 13  9  6 4

TW D4 145 79 50 34 25 18 13  9 6

TW D5 140 79 51 36 26 19 14 10 6

TW E1 168 83 51 34 23 16 12  8 5

TW E2 157 82 51 35 24 18 13  9 6

TW E3 172 101 67 47 34 25 19 13 9

TW E4 156 93 62 44 32 24 18 13 8

Entries designated by a dash are not recommended combinations.

TABLE 11-10 LCR Table for Billings, Montana and the 21 Passive Solar Heating System Designations 
Listed in Table 11-9 
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The LCR for the house is calculated as follows, where Ap is the (vertically) projected area of the passive 
glazing:

LCR
BLC= = =
Ap

5304
200

26 5.

From Table 11-10, LCR and respective SSF values can be interpolated to find an SSF value corresponding 
to an LCR value of 26.5. The relationship is not linear but linear interpolation is likely to suffice. The 
graph in Fig. 11-25 shows the SSF:LCR data combinations and can also be used for interpolation.

An LCR value of 26.5 corresponds to an SSF of approximately 0.28, or a 28% savings of conventional 
heat for the house for a year. A savings of 28% is an energy savings of 0.28 × NRL, or 7.4E6 Btu/year. 
It must be noted that Billings is in an area of cold winters and the Trombe wall of the example had 
no night insulation. Were the type changed to D4, which would be a similar design but with night 
insulation, the SSF rises to nearly 0.50. Depending on the source of conventional heat for the house, 
movable night insulation may be well justified as an installation expense. Note in Table 11-9 that 
several designs permit SSF values near 0.5 at a LCR value of 26.5 but much higher SSF values for this 
LCR are not found in the table for this city. In large part, this is because of the high heating load (large 
HDD value) compared to the size of passive window.

11-4-8 Conservation Factor Addendum to LCR Method
Optimizing passive solar heating systems requires a balance between energy 
conservation and the added installation cost of solar heating. If insulation is expensive, 
emphasis is put on the passive system. If insulation is inexpensive, the decision must be 
to insulate heavily so a smaller passive system can be installed.

A fundamental maxim for solar energy is “Insulate first, then add solar.” This 
maxim is true but the question is, what combination is optimum? In part, this can be 
answered by understanding the diminishing returns aspect of adding insulation. If a 
wall begins at a low thermal resistance value of, for example, R10 (I-P units) and is 
redesigned for R20, heat loss is reduced to half, which is an incremental gain of 50%. 
Increasing to R30 reduces heat loss to a third, but with an incremental gain of 17% over 
half. Increasing to R40 reduces heat loss by a factor of four, but with an incremental gain 
of 8% over R30. The marginal cost of insulation increases linearly with increasing R but 
the incremental benefit shrinks with each additional insulation step. Additionally, as 
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FIGURE 11-25 Solar savings fraction as a function of LCR for passive solar wall type TW C3 in 
Billings, Montana.
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insulation thickness increases, framing dimensions and other construction details will 
need to be changed, probably in steps, adding to the cost. Depending on the balance 
between construction costs and energy costs, there is an optimum from an economic 
viewpoint. 

A similar analysis of marginal benefit change can be made to assess the value of the 
passive solar heating system. A first increment of solar glass helps heat the house for 
the entire heating season. A next increment may be excessive for some part of the 
season, with less marginal benefit than the first increment but linearly (or greater) 
increasing construction cost. A third increment has even less benefit over the heating 
season, and so on.

The perspective remains the same if one considers the balance as between embodied 
energy and collected energy, although the balance points may be rather different.

The LCR method has been extended to include a “conservation factor” used to 
balance insulation cost and passive solar area cost. The conservation factor is the result 
of a mathematical balancing of conservation and passive solar and has been reduced to 
a set of simple equations that are based on the incremental cost of the passive system, 
the incremental cost of insulation, and a calculated conservation factor specific to 
individual cities (and climate). Table 11-11 contains CF values for Billings, Montana, as 
an example to parallel the data of Table 11-10. As a general equation to calculate CF 
based on LCR:SSF data, the following equation can be used, where symbols are as 
defined previously, and D = d(SSF)/d(1/LCR).

 
CF

LCR
SSF] /= + −⎛

⎝
⎞
⎠24

1
1[ D

 
(11-28)

Three applications of the CF process are presented here to calculate the optimum 
wall and ceiling R-value, optimum slab floor perimeter R-value, and optimum heated 
basement wall R-value. 

Walls:

 
Ropt = CF

passive system cost, $ per unit area
iinsulation cost, $ per unit area per uniR tt

 
(11-29)

Perimeter:

 
Ropt = 2.04CF

passive system cost, $ per unit leength
insulation cost, $ per unit length perr unit

5
R

−
 

(11-30)

Heated basement:

 
Ropt = 3.26CF

passive system cost, $ per unit aarea
insulation cost, $ per unit perimenter llength per unitR

− 8
 
(11-31)

Example 11-5 Consider possible installation of a passive solar heating system of type TW type D4 that 
will cost $10 ft−2 more than the insulated wall it is to replace. Wall insulation will cost $0.025 R−1 ft−2. 
Calculate the optimum R-value for a home in Billings, Montana if the expected solar savings fraction 
(SSF) is to be 0.50.



322 C h a p t e r  E l e v e n

Solution By data in Table 11-11, for SSF = 0.5 and type TW C3, CF = 2.9. Using the wall equation above, 

Ropt = =1 6
10

0 025
32.

.

This R-value, in I-P units, describes a wall that contains fiberglass insulation and typical sheathing 
approximately 10 in (25 cm) thick, with typical inside and outside wall sheathing, and siding. A wall 
insulated this well would be classified as “super insulated” but well within the realm of possibilities. 
The value is so high because of the cold winters in Billings and the assumption that half the heating 
need would come from the sun. Solar capture is not greater with this much insulation, but the heat 
loss is reduced to the point that half of the remaining heating load can be met by the passive solar 
system. 

Note that insulating to this level may suggest a recalculation of the modified heating degree-days, 
possibly leading to a smaller HDD value and revised calculations for the design. Iterative calculations 

Designation SSF � 0.1 0.5 0.8

TW A1 1.8 4.7 —

TW A2 1.6 2.9 4.9

TW A3 1.5 2.5 4.0

TW A4 1.5 2.4 3.6

TW B1 1.8 3.7 8.6

TW B2 1.6 2.7 4.3

TW B3 1.6 2.6 3.9

TW B4 1.6 2.6 3.9

TW C1 1.8 3.2 5.2

TW C2 1.7 2.8 4.3

TW C3 1.8 2.9 4.3

TW C4 1.9 3.1 4.6

TW D1 2.2 — —

TW D2 1.3 2.0 2.9

TW D3 1.2 1.9 2.7

TW D4 1.1 1.6 2.2

TW D5 1.1 1.5 2.1

TW E1 1.1 1.7 2.3

TW E2 1.1 1.6 2.2

TW E3 1.0 1.3 1.8

TW E4 1.0 1.4 1.8

Entries designated by a dash are not recommended combinations.

TABLE 11-11 Conservation Value Table for Billings, Montana and the 
21 Passive Solar Heating System Designations Listed in Table 11-9 
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are often part of optimized design. The SSF assumed in the above example may not be the best. If 
a building design is assumed, the LCR method can be used to find a first estimate of the SSF. This 
value can be used to estimate a better wall design using the CF equations and the LCR calculations 
redone to find a refined value of SSF. With several iterations, the values converge to a consistent set 
and the calculated best combination has been achieved.

11-4-9 Load: Collector Ratio Method for Design
The analysis procedure in the above example can be extended to find the best 
combination of passive solar area and building insulation. One possible method is an 
extension of the method to considering a range of passive solar areas—areas that fit, 
architecturally and reasonably, into the south wall of the building. Each building system 
is analyzed and the net solar benefit is found. The passive area with the greatest net 
benefit becomes the design optimum.

11-4-10 Passive Ventilation by Thermal Buoyancy
Passive ventilation by thermal buoyancy can be vigorous when there are two or more 
openings of suitable size in the exterior walls of a building and there is no internal 
obstruction to air movement through the air space from the inlet to the outlet. An 
example is sketched in Fig. 11-26. The rate of ventilation can be calculated if indoor and 
outdoor air temperatures, vent opening areas, and elevation differences between the 
vents are known. In the simplest situation for calculation, indoor and outdoor air 
temperatures are assumed constant, there are two vents, and vertical vent dimensions 
are small relative to the elevation difference between them. Indoor and outdoor 
absolute air temperatures are uniform and denoted by T4 and T2, respectively, and the 
corresponding air densities are denoted by r4 and r2. Air velocities are V4 through the 
upper (outlet) vent and V2 through the lower (inlet) vent.

The sketch in Fig. 11-26 is conceptual only. Opening an exit vent on the downwind 
side of a building and an intake vent on the upwind side enhances the ventilation effect. 
The opposite suppresses airflow and even a slight breeze can block the thermosyphon 
effect. For this reason, operable vents to take advantage of the direction of evening 
breezes can be an advantage.

Principles of fluid statics and dynamics can be applied to quantify pressure changes 
in a loop starting at point 1, passing through points 2, 3, and 4, and returning to point 1. 
Points 1 and 4 are at the same elevation, as are points 2 and 3. Traversing the loop from 

h

1

23

4

FIGURE 11-26 Sectional view of building ventilated passively by thermal buoyancy.
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1 to 2 and 3 to 4 is a fluid statics problem related to fluid density and elevation difference. 
Traversing the loop from 2 to 3 and 4 to 1 is a fluid dynamics problem that can be 
analyzed using the Bernoulli equation.
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(11-32)

The factor gc is the force to mass units conversion factor that is equal to 32.2 in the I-P 
system when mass is in pounds, and 1.0 in the SI system when mass is in kilograms.

The pressure change loop is closed by summing the four pressure changes, which 
must sum to zero.

 
2gh gc( )ρ ρ ρ ρ2 4 2 2

2
4 4

2/− = V + V
 (11-33)

The principle of mass flow continuity applies, where cd is the coefficient of discharge, 
often taken as equal to 0.65 for openings such as windows.

 
ρ ρ2 2 2 2 4 4 4 4c A V = c A Vd d  

(11-34)

When the continuity equation is combined with the pressure loop equation, and the 
perfect gas law is used to relate air temperature and density, one of the airflow velocities 
can be determined and the continuity equation used to solve for the other, if desired, 
and for the ventilation rate using either half of the mass flow continuity equation.
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(11-35)

The form of the solution equation suggests two important physical insights. First, 
the vigor of the natural ventilation process is proportional to the square root of the indoor 
to outdoor air temperature difference. Thus, regions that tend to cool more at night make 
better use of passive ventilation. However, passive ventilation can be effective at even 
modest temperature differences (e.g., a 10°C difference is better than a 5°C difference by 

2  (41% better), not double the effect). The second observation is that the vigor of the 
ventilation process is proportional to the square root of the elevation difference between 
the two vents, leading to the same relative insight as for the temperature difference—
doubling the elevation difference increases ventilation by the square root of 2.
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If a situation should arise where an elevation difference is insufficient for adequate 
ventilation, a thermosyphon chimney can be added, as sketched conceptually in Fig. 11-27. 
If the cross-section area of the chimney is sufficiently large that airflow is unimpeded, the 
equations above apply. If the chimney adds some drag to the moving air, the pressure drop 
due to the drag can be expressed as a function of flow velocity and added to the pressure 
loop equation. The solution remains a straightforward application of fluid mechanics and 
reduces, again, to finding one unknown velocity using one equation. (Hint: the mass flow 
continuity equation permits the velocity in the chimney to be related directly to the velocity 
through either vent.)

Thermal buoyancy calculations become more complex when there are more than 
two vents, vents are large relative to the elevation difference between them, wind-
induced ventilation is present, or the indoor temperature changes with the ventilation 
rate. These complexities are addressed in Albright (1990), to which the reader is referred 
for details. Solar chimneys for ventilation are of frequent interest, which is a situation 
where the ventilation rate and air temperature difference are closely, but inversely, 
related. The value of the temperature, T4, in Eq. (11-35), in this case, is a function of solar 
heating and ventilation rate, which complicates the details but the applicable equations 
remain similar and the solution becomes iterative.

11-4-11 Designing Window Overhangs for Passive Solar Systems
Ideal operation of a passive solar space heating system provides full solar exposure 
during the coldest days of winter and full shade of the solar window during summer. 
Fortunately, the critical time of day for each is solar noon. The sun is highest in the 
sky at solar noon in winter and lower in the sky for the rest of the day. The sun is 
farthest south (north of the tropic of Cancer) at solar noon from the spring to the fall 
equinox. The summer (S) and winter (W) solar angles at solar noon, and relevant 
dimensions of the solar window installation, are shown in the sketch in Fig. 11-28. 
The distance the overhang (or roof) extends beyond the solar wall is denoted by O, 
the distance down from the overhang to the top of the window is h, and the height 
of the window is G. At solar noon, the simple equation to calculate solar altitude, a, 
can be used:

 a = −90 latitude + solar declination  (11-36)

Controlled to close
during the day

FIGURE 11-27 Sectional view of building ventilated passively by a thermosyphon chimney.
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Unfortunately, need for passive solar heat is not symmetric around the summer 
solstice. Passive heating can usually be useful later in the spring than would be 
acceptable at the symmetric date in the late summer or autumn. April 21 is not the 
same as August 21. Thus, when designing a fixed shade for a solar window, a 
compromise is necessary to specify the dates of full shade and full sun. Does the 
design require full summer shade until the fall equinox to prevent overheating? If so, 
full shade must start at the spring equinox when weather may still be sufficiently cool 
that a degree of passive heating would be useful. The same problem arises when 
deciding the dates for full solar exposure. Full solar exposure through late winter 
might be preferred but that is accompanied by full solar exposure starting early in the 
autumn. If a compromise will not be satisfactory, a movable shade system (or awning) 
will be required.

Once suitable dates for full shading and full solar exposure have been decided and 
the respective solar declinations and solar noon solar altitudes (S and W) calculated, the 
distance O can be found if either G or h is known. A value for G is typically known, 
based on dimensions of available window units. The other two dimensions can be 
determined from the following equations.

 
O

G
S W

= −[tan( ) tan( )]  
(11-37)

 h = O tan(W ) (11-38)

Additional shades may be placed to the east and west of the solar window if the 
overhang does not extend sufficiently far past the two edges of the window and 
some sun enters before and after solar noon. Trigonometric calculations and the 
solar angle equations can be used in the design process to size such shades.

Summer sun

Winter sun
W

S

h

G

O

FIGURE 11-28 Sketch of overhang for summer shade and winter sun.
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11-5 Summary
Solar energy can be useful even in the middle of winter when insolation intensity is 
weakest. Whenever there is some direct sunlight, it can be captured to heat space or 
provide domestic hot water. Collection can be through separate collectors with the 
heat then carried to the place where heat is needed. Collection can rely on structural 
features to provide passive solar heating of space and perhaps water. In either case, 
modern analysis procedures have been developed that can be expanded to design 
processes. 

The f-chart method is available for sizing solar collector systems and the LCR 
method can be applied to analyze passive solar heating systems. However, both 
procedures work best when the heat collection and distribution processes are viewed 
within the context of a total system. The system viewpoint should start with enforced 
energy conservation to prevent extravagant use of collected solar energy. After a 
reasonable degree of conservation has been imposed the other components of the 
system must be evaluated. This is particularly important with active solar heating 
systems where the thermal storage and associated heat exchanger can significantly 
affect overall system behavior. 

Fortunately, modern personal computers can mechanize the analysis and 
design process, to include iterative solution procedures that permit interactions of 
system components to be quantified. The methods outlined in this chapter can be 
readily implemented using spreadsheets and programming tools such as Matlab, 
whereupon true design can start by asking the “what if” questions that lead to 
exciting innovation.
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Exercises
1. You have recorded air temperatures (°C) for one week and have calculated the following 
average air temperatures for the week:

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

8 12 10 16 18 21 4

Calculate the number of heating °C-days contributed by this week to the yearly total for 
temperature base 18 and temperature base 12.

2. Explain why, as house becomes more insulated (or super insulated), the base temperature for 
calculating heating degree-days is lower for the same indoor air temperature.

3. This is a thought experiment. Based on the definition of FR, should its value normally be greater 
than unity, or less? What physical reasoning led to your answer?

4. Contrast two solar collectors, one liquid based and one air based, with the following conditions. 
Which collector will yield the largest quantity of net energy for the month?

a. FRUL = 1 Btu h−1 ft−2 °F−1 (or 5.7 W m−2 K−1) for each and Fr ( )τα  = 0.75 for each.
b. You want to heat the water and the air to 140°F (or 60°C).
c. Average outdoor air temperature of the month being considered is 65°F (or 18°C).
d. Insolation for the month will be 50,000 Btu ft−2 (or 570 MJ m−2).
e. The heating load for each collector system will be 2E6 Btu (or 2E3 MJ).
f. The month is June.
g. Collector area for each collector type is 50 ft2 (or 5 m2).

5. You plan to install an active, liquid based, solar heating system for hot water. There are four 
candidate collector systems. Your calculations (f-chart) provided the following data for the month of 
June. Which of the four collector systems will provide the most collected energy for the month?

X Y

2.870 0.960

3.466 0.998

3.229 1.080

5.525 1.094

6. Determine the effect of adding window screens to two windows used for thermal buoyancy 
ventilation in a house near sea level. Each window is 1 m2 and the elevation difference between 
them is 4 m. Outdoor air temperature is 15°C and indoor air temperature is 24°C. Assume window 
screens reduce the effective flow areas through windows by 50%. What is the volumetric flow rate 
in each case, and by how much do the screens reduce the flow rate?

7. Graph heat exchanger effectiveness with transport fluid flow on one side only (such as shown 
in Fig. 11-12) as a function of the transport fluid heat capacity, mcp. The UA value of the exchanger 
is 1000 W K−1. Explore the mcp range from 100 to 1500 J kg−1K−1.

8. Compare two liquid-based solar collectors to provide hot water for a home. System A is 
characterized by a corrected slope of the collector efficiency graph of 6.8 W m−2 K−1 and corrected 
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intercept of 0.70. System B is characterized by a corrected slope of the collector efficiency graph of 
7.9 W m−2 K−1 and corrected intercept of 0.75. Which collector system will provide the most energy 
for the month? Assume:

a. Water will be heated to 60°C.
b. The average outdoor air temperature for the month of June is 18°C.
c. Monthly insolation on the collector for June is expected to be 450 MJ m−2.
d. Heat need for the month is expected to be 2 GJ.
e. Collector area is 5 m2.

9. You are considering adding a Trombe wall solar window to your home. Architectural 
considerations suggest three possibilities for the window area, 80, 150, and 200 ft2 will fit the 
current south-facing wall. Construction cost increments of the three possibilities are $850, $1200, 
and $1500. The heat loss factor (FHL, I-P units) of the house has been calculated as 275 Btu h−1 
°F−1 and the wall into which the solar window can go has an R-value of 20 (I-P units). Your local 
(adjusted) heating °F-day value is 5000 and your conventional heating energy is expected to cost 
$42 MBtu−1. If the installation cost is amortized at 10% yearly, which is the most economically 
beneficial window area if the Trombe wall system you are considering is represented by the 
following SSF:LCR data?

SSF 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

LCR 135 64 32 20 13 9 5 2 —

10. Choose LCR/CF data for one of the cities as listed in an appendix and use the data that applies 
to the home described in problem 9, and other data as described in Example 11-4 of this chapter. 
For a Trombe wall of type D2, calculate the recommended R-value for the walls and ceiling.

11. Choose three of the passive solar wall types and their corresponding LCR data as listed in the 
appendix. If the house in problem 9 above is to be constructed in Denver, Colorado, which has a 
yearly heating °F-day value of 4292, calculate and contrast the passive solar wall areas for a solar 
savings fraction of 0.1, 0.3, and 0.5.

12. Repeat problem 11 for Edmonton, Alberta, Canada, which has a yearly heating °F-day value 
of 10,645.

13. Complete problems 11 and 12 and write a descriptive explanation for the differences you 
found.

14. Start this exercise by finding the monthly heating °F-day values for Cleveland, Ohio (or 
other city of your choice). By what percentage is the yearly heat need reduced if the HDD base 
is 50°F?

15. A rudimentary Solar Electric Generating Station (SEGS) system consists of 2500 heliostats, 
each of 10 m2, focusing on a central tower. The tower-heliostat system is able to transfer 50% of the 
incoming solar energy to incoming water, which then boils and is transferred to the turbine. Ignore 
other losses between the heliostats and expansion in the turbine. The plant averages 10 h/day of 
operation year round, and during that time the incoming sun averages 400 W/m2. Ignore losses 
of insolation due to the heliostats not facing in a normal direction to the sun. Before entering the 
tower, the water is compressed to 20 MPa. In the tower it is then heated to 700°C. The superheated 
steam is then expanded through the turbine using a basic Rankine cycle, and condensed at 33°C. 
Assume that the actual efficiency achieved by this cycle is 85% of the ideal efficiency. The generator 
is 98% efficient. What is the annual electric output in kWh/year?
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16. The cost of the facility in the previous problem is $15 million (assuming that mass 
production has brought the cost down from the current cost of experimental such facilities), and 
it has an expected life of 25 years with no salvage value. If the MARR is 5%, what is the levelized 
cost of electricity from the system in $/kWh? Ignore the portion of electricity used onsite (also 
known as parasitic loads), and ignore maintenance and other costs.



CHAPTER 12
Wind Energy Systems

12-1 Overview
This chapter introduces the wind turbine technology and the fundamentals of under-
standing the wind resource on which it is based. Estimation of available wind energy 
depends on an understanding of the frequency of different wind speeds, which can be 
measured empirically or modeled using statistical functions. Knowledge of the avail-
able wind speed can be converted to a projection of the average annual output from a 
specific turbine using a “power curve” for that turbine. The function of the turbine can 
be modeled with either a simple theoretical model known as an “activator disc” or a 
more sophisticated “strip theory” model that takes into account the shape of the wind 
turbine blades. Both analytic solutions to blade design and approximate solutions that 
analyze performance at a finite number of points along the blade are presented. Lastly, 
the economics of both small- and large-scale wind systems are considered, in terms of 
their ability to repay investment through sales of electricity or displacement of electricity 
purchases from the grid.

12-2 Introduction
Use of wind energy for human purposes entails the conversion of the kinetic energy 
that is present intermittently in the wind into mechanical energy, usually in the 
form of rotation of a shaft. From there, the energy can be applied to mechanical 
work or further converted to electricity using a generator. As was said of the solar 
resource in Chap. 9, the amount of energy available in the wind around the planet 
at any one moment in time is vast. However, much of it is too far from the earth’s 
surface to be accessible using currently available technology, and the energy that is 
accessible requires investment in a conversion device. Furthermore, no location is 
continuously windy, and the power in the wind is highly variable, requiring provi-
sion both for alternative energy supplies during times of little or no wind, and 
means of protecting the wind energy conversion device from damage in times of 
extremely high wind.

While the use of wind power for mechanical applications such as grinding grain 
dates back many centuries, the use of wind power for the generation of electricity, 
which is the focus of this chapter, dates back to the end of the nineteenth century. 
Early machines were based on windmill designs for water pumping, and produced 
limited output. Throughout the twentieth century, the design of the small-scale wind 
turbine evolved toward fewer blades, lighter weight, and faster rotational speeds. 
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Although some attempts were made at utility-scale wind devices in the mid-twentieth 
century, these efforts did not bear fruit, so that as of the 1960s, the only commercially 
available devices capable of generating electricity were sized for powering house-
holds or farms, especially in remote locations that were not easily reached by the 
electric grid.

 The evolution of the modern utility scale wind turbine began with experimental 
devices in the 1970s. By the early 1980s, turbines began entering the U.S. market for grid 
electricity, especially in California, and the total installed capacity of these devices in 
the United States grew from a negligible amount in 1980 to approximately 2500 MW in 
the year 2000 (Fig. 12-1). Thereafter the U.S. market entered an accelerated growth 
phase, reaching some 9100 MW by the end of 2005.

World use of wind power has been growing rapidly as well in recent years. In 2002, 
there were 32,400 MW of large-scale wind power in use by utilities around the world; 
by 2005, this figure had reached 59,100 MW. Global leaders in terms of share of the 2005 
total installed capacity include Germany (31%), Spain (17%), United States (15%), India 
(7%), and Denmark (2%) (see Fig. 12-2). Note that statistics on total installed capacity 
should be seen in context. In the year 2000, installed capacity of fossil-fuel-powered 
plants in United States alone totaled 602,000 MW.

The success of the large-scale wind turbine emerged from advances involving sev-
eral engineering disciplines. First, an improved understanding of the fluid dynamics 
of wind moving past the device enabled improved design of the turbine blade. Sec-
ondly, improved materials allowed for the fabrication of large turbines that were both 
light and strong enough to perform robustly and efficiently, and also increasing the 
maximum swept area (i.e., circular area formed by the rotational span of the turbine blades) 
of the device, which helped to reduce the cost per kWh. These turbines also rotate more 
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FIGURE 12-1 Growth in installed capacity of utility-scale wind turbines in United States, 
1980 to 2005. (Source for data: American Wind Energy Association [2007].)
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slowly, reducing the risk to birds that tarnished the image of some of the early utility-
scale devices. Lastly, improvements in power electronics made it possible for large 
numbers of turbines, operating intermittently, to transmit electric power smoothly and 
reliably to the grid, as exemplified by the Madison wind farm in Fig.12-3. In this chapter 
we will focus on the energy available in the wind resource and the design of the turbine 
blade, which corresponds to the first point. However, the other two points are signifi-
cant as well, and the reader is referred to full-length works on wind energy engineering 

Germany
31%

Spain
17%USA

15%

India
7%

Denmark
2%

Other
28%

FIGURE 12-2 Share of world installed wind capacity by country, 2005. 

Total installed capacity is 59,100 MW. Small-scale wind turbines are not included, but including 
these turbines would not noticeably change the percentage values.

FIGURE 12-3 Madison utility-scale wind farm with seven 1.5-MW turbines near Utica, New York. 
(Photo: Chris Milian/photosfromonhigh.com. Reprinted with permission.)
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for further reading.1 Improvements in large-scale wind power have also helped small-
scale turbines (see Fig.12-4). As the technology improves, wind power becomes cost-
effective not only for the windiest sites, but also for those with less strong winds, as the 
turbines cost less and produce more electricity and hence more revenue per year, assum-
ing the cost of electricity remains the same. 

12-2-1 Components of a Turbine
The wind turbine system consists of blades attached to a central hub that rotate when 
force is exerted upon them by the wind. The hub is in turn attached to a driveshaft that 
transmits rotational energy to a generator, housed inside a central enclosure called a 
nacelle. In most turbine designs, the nacelle must be able to rotate to catch the wind from 
whatever direction it is coming. Major components of the turbine system are shown in 

FIGURE 12-4 (a) Bergey 50-kW turbine on free-standing tower outside a retail center in Aurora, 
CO. (b)10-kW Excel turbine erected on tower with guy-wires. (Upper Photo: Bergey Windpower Co. 
Reprinted with permission.)

1For a full-length work on wind energy systems, the reader is referred to Manwell (2002).
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Fig.12-5; Figs 12-6 and 12-7 give a sense of the size of these devices. Most utility-size 
designs have now settled on three blades as the optimal number (enough blades to take 
sufficient energy out of the wind and to function in a stable way in changing wind 
directions, but not so many that the turbine would become excessively heavy or costly). 
In terms of function, the blades and hub of a turbine are similar to an airplane propeller 
or helicopter rotor operating in reverse, that is, the device takes energy out of the air 
instead of putting energy into it like those of aircraft. Hence, the process of designing 
the shape of the turbine blade resembles the design of a propeller.

Foundation

Hub height

Blade

Hub

Electrical
conduit

Yaw
mechanism

Nacelle
Mechanical and
electrical controls

Blade pitch
rotation mechanism

To substation,
electric grid

Ground level

Tower

FIGURE 12-5 Main parts of a utility-scale wind turbine. 

The mechanical and electrical controls inside the nacelle include a rotor brake, a mechanical 
gearbox, a generator, and electrical controls. The yaw mechanism rotates the nacelle relative 
to the vertical axis of the tower, so that the turbine can face into the wind. 
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FIGURE 12-6 Ellie Weyer demonstrates the size of the hub and blade ends. (Photo: Ellie Weyer, 
2007. Reprinted with permission.)

FIGURE 12-7 Access to the turbine nacelle via doorway and stairwell inside the turbine tower. 
(Photo: Ellie Weyer, 2007. Reprinted with permission.)
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In the case of a utility-scale wind park with multiple turbines feeding the grid, 
power is transformed from mechanical to electrical inside the nacelle, and then trans-
mitted via cables down the tower of the turbine to a substation, where the voltage is 
stepped up for long-distance transmission over the grid. A successful wind park project 
must have access to the grid, so the park must either be built adjacent to a transmission 
line, or else the developer must secure agreement with local governments, and the like, 
for the construction of a high-voltage extension to the nearest available line.

12-2-2 Alternative Turbine Designs: Horizontal versus Vertical Axis 
In the best known large or small turbine designs currently in use, the blades rotate in a 
vertical plane around a horizontal axis, so the design is given the name horizontal axis 
wind turbine (HAWT). However, it is not the only design option available. Wind engi-
neers continue to be interested in the possibility of a turbine operating on a vertical axis, 
also known as a VAWT (vertical axis wind turbine). 

The most prominent airfoil design for the VAWT is the Darrieus VAWT, patented by 
Georges Darrieus in France in 1931. The VAWT has a number of potential advantages 
over the HAWT, for example, that it receives wind equally well from any direction, and 
therefore does not need any mechanism to change orientation with changing wind direc-
tion. At the present time, there are no large-scale VAWT designs that are competing in the 
large-scale wind turbine market with the large HAWT designs, so we do not consider 
them further in this chapter. However, the VAWT technology remains an active area of 
research, and some conceptual and prototype designs are currently emerging that may 
lower the cost per kWh for this technology in the future, so it is entirely possible that new 
designs will successfully capture some market share from HAWTs as the wind energy 
industry evolves over the coming decades. Small-scale VAWTs are commercially avail-
able at the present time in rated capacities from 500 watts to 20 Kw (see Fig. 12-8).

12-3 Using Wind Data to Evaluate a Potential Location
The viability of wind power in a given site depends on having sufficient wind speed 
available at the height at which you intend to install the turbine. Long-term data gather-
ing of wind speed data at many sites over multiyear periods shows that once the aver-
age and variance of the wind speed is known, these values are fairly consistent from 
year to year, varying no more than 10% in either direction in most locations.

There are two levels of detail at which to measure wind speed. The first approach is 
to measure the average wind speed with a limited number of readings, or to obtain such 
a measure from a statistical wind map that uses wind data from nearby locations and 
information about terrain and prevailing winds to estimate the average wind speed. 
The other approach is to measure the wind continuously at the site throughout the year 
(or through multiple years), and assign each of the 8760 h in the year to a wind speed 
“bin” based on the average speed for that hour. Naturally, the latter approach takes 
longer to record and requires a greater expense, but allows the analyst to more accu-
rately predict how well the turbine will perform. In this section, we will start with a 
data set based on detailed wind measurement and then compare the results with others 
based on use of the average wind speed for the same site.

The detailed wind data set for a hypothetical site (see Table 12-1) is based on continu-
ous wind data gathering for an entire year. For this site, the winds range between 0 and 
14 m/s, except for 2 h/year where they exceed this value. The wind speed distribution is 
typical of a flat area with no obstructions close to the turbine, and would be characterized 
as “fair” in terms of its potential for wind power development (see Table 12-2). In other 
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FIGURE 12-8 Small-scale VAWTs: (above) 1 kW GUS vertical axis device; (below) 5 kW GUS 
device during installation. (Photos: Tangarie Alternative Power. Reprinted with permission.)
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Bin Wind Speed hours/year
Frequency 

(pct)

Bin Avg. 
Speed
(m/s)

Min. (m/s) Max. (m/s)

 1  0  0  80  0.9%   0

 2  0  1  204  2.3%  0.5

 3  1  2  496  5.7%  1.5

 4  2  3  806  9.2%  2.5

 5  3  4  1211  13.8%  3.5

 6  4  5  1254  14.3%  4.5

 7  5  6  1246  14.2%  5.5

 8  6  7  1027  11.7%  6.5

 9  7  8  709  8.1%  7.5

 10  8  9  549  6.3%  8.5

 11  9  10  443  5.1%  9.5

 12  10  11  328  3.7%  10.5

 13  11  12  221  2.5%  11.5

 14  12  13  124  1.4%  12.5

 15  13  14  60  0.7%  13.5

 16  14 No upper 
bound

 2  0.02% —

TABLE 12-1 Wind Data Distributed by Bins for Hypothetical Site (Average Wind Speed 5.57 m/s, 
or 12.2 mph)

Class Wind Speed

m/s mph

Marginal 4–5    9–11.3

Fair 5–6 11.3–13.5

Good 6–7 13.5–15.8

Excellent 7–8    15.8–18

Outstanding Over 8 Over 18

Note: Values shown in this Table are representative; for example, 
for commercial applications related to the development of 
utility-scale wind facilities, an analyst may seek higher aver-
age speeds than those shown in order to classify a site as 
“excellent” or “outstanding.”

TABLE 12-2 Classification of Wind Resource by Wind 
Speed Range in m/s and mph 
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words, a private entity such as a household or small business might be able to develop 
the resource, since they would then avoid paying grid charges to bring electricity in, but 
the average wind speed is not high enough to compete with the best sites for wind farms 
(i.e., facilities with multiple large turbines, sometimes also called wind parks). For com-
parison, the site used by the utilities at Fenner, New York, near Syracuse, New York, in 
United States, averages 7.7 m/s (17 mph) year round at the turbine hub height of 65 m. 
The data is divided up into “bins,” where the number of hours per year that the wind 
speed is in the given bin is shown in the table (e.g., for bin 1, 80 h/year of no wind, and 
the like). The hours per year can be translated into a percentage by dividing the number 
of hours in the bin by 8760 h total per year. The last column gives the average wind 
speed for the bin. Taking a weighted average of the bin average wind speed gives the 
following:

 
U p Ui i

i

n

average average= ⋅
=
∑ ,

1  
(12-1)

Here Uaverage = average speed for the site, pi = percentage of year that wind speed is in bin 
i, Ui,average = average speed for the bin i. The calculation gives Uaverage = 5.57 m/s for the 
year, as shown. Note that the 2 h for bin 16 are not included in the average speed calcu-
lation since the bin average speed is unknown.

12-3-1 Using Statistical Distributions to Approximate Available Energy 
The distribution of wind speeds in Table 12-1 provides a solid basis for calculating 
available energy at this site. However, suppose we only knew Uaverage = 5.57 m/s, and 
did not have the hourly bin data for the year. Observations have shown that in many 
locations, if the average wind speed is known, the probability of the wind speed being 
in a given range can be predicted using a statistical “Rayleigh” distribution.2 The prob-
ability density function (PDF) for this distribution has the following form:

 

f x x

f x x
x

( ) ,

( )
exp[ ( ) ]

= <

= ⋅
−

0 0

2
2

2

for

/
, for

σ
σ x ≥ 0

 

(12-2a)

where σ is a shape parameter for the Rayleigh function, and x is the independent vari-
able for which the probability is to be evaluated. The cumulative distribution function 
(CDF) for the Rayleigh is then 
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(12-2b)

For analysis of the distribution of wind speed, it is convenient to rewrite the CDF of 
the Rayleigh function in terms of Uaverage, which for nonnegative values of x gives

 
F x x U( ) exp[( )( ) ]= − −1 4 2π/ / average  

(12-3)

2A complete review of statistical distributions is beyond the scope of this book. The reader is referred to 
the wide variety of available books on the subject, for example, Mendenhall, et al. (1990).
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The CDF is used to calculate the probability that the wind speed will be at or below 
a given value U, given a known value of Uaverage:

 
p U U U( ) exp ( )( )windspeed / / average≤ = − −⎡⎣ ⎤⎦1 4 2π

 
(12-4)

So, for example, substituting the value U = 4 m/s into Eq. (12-4), the probability 
with Uaverage = 5.57 m/s that the wind speed is less than or equal to this value is 32%. The 
Rayleigh distribution is actually a special case of the Weibull distribution with shape 
parameter k = 2 and scale parameter c = Uaverage × (4/p)1/2. It is possible to use the Weibull 
distribution to more closely fit the observed wind distribution in some locations than is 
possible with the Rayleigh, but we will not consider this possibility here. The applica-
tion of the Rayleigh distribution to working with wind speed bins can be understood in 
Example 12-1.

Example 12-1 Using the Rayleigh distribution and Uaverage = 5.57 m/s, calculate the probability that 
the wind is in bin 6. 

Solution The probability that the wind is in the bin is the difference between the probability of wind 
at the maximum value for the bin, and the probability of the minimum value. Bin 6 is between 4 and 
5 m/s. From Eq. (12-4) above

P windspeed( ) exp[( )( . ) ]≤ = − − =4 1 4 4 5 57 2π/ / 0.3333 33.3%

/ /

=

≤ = − −P windspeed( ) exp[( )( .5 1 4 5 5 57π )) ]2 0.469 46.9%= =

Therefore, the bin probability is 46.9% − 33.3% = 13.6%. This is the value obtained using the Rayleigh 
distribution; the observed value is 1254 h/8760 h/year = 14.3%. 

To show how well the estimate using the Rayleigh distribution fits the above data, 
we can plot them next to each other, as shown in Fig. 12-9. From visual inspection, 
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FIGURE 12-9 Comparison of observed and Rayleigh estimated probabilities of wind speeds in a 
given bin for wind speeds up to 14 m/s.
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the Rayleigh estimated curve fits the observed data fairly well. Note that the esti-
mating technique must be used with caution: although it happened to fit this 
data set well, there is no guarantee that for another location, the fit might not be 
quite poor, for example, in a case where the observed distribution has more than 
one peak.

In order to understand the impact of using an estimated versus observed distribu-
tion for wind speed, we will calculate the estimate of energy available in the wind using 
both methods. For a given wind speed U, the power P in watts available in the wind per 
square meter of cross-sectional area is calculated as follows:

 P U= 0 5 3. ρ  (12-5)

Here r is the density of air in kg/m3, which often has values on the order of 1 kg/m3, 
depending on elevation above sea level and current weather conditions. From Eq. (12-5), 
the amount of power available in the wind grows with the cube of the wind speed, so 
there is much more power available in the wind at high wind speeds. For example, at 
Uaverage and r = 1.15 kg/m3, the available power is 99 W/m2, but at the upper range of the 
bins at 14 m/s, the power available is 1578 W/m2.

Based on the actual bin data, we can calculate the annual power available at the site 
by calculating the power available in each bin, based on the bin average speed, and 
multiplying by the number of hours per year to obtain energy in kWh. Example 12-2 
tests the accuracy of the Rayleigh function compared to the observed data.

Example 12-2 Suppose a wind analyst calculates the wind energy available at the site given in 
Table 12-1, knowing only Uaverage for the site and using a Rayleigh function to calculate probabilities 
for the given wind bins. By what percent will the estimated energy differ from the value obtained 
if the bin data are known? Use an air density value of r = 1.15 kg/m3. 

Solution Using Eq. (12-5) to calculate the power available in each bin and the percentage of the 
year in each bin to calculate the number of hours, it is possible to generate a table of observed 
and estimated power by bin. We will use bin 6, for which we calculated statistical probability in 
Example 12-1, as an example. The average speed in this bin is 4.5 m/s, therefore, the average power 
available is 

P = =( . )( . )( . ) .0 5 1 15 4 5 52 43 2W/m

According to the Rayleigh estimate, the wind is in the bin for (0.136)(8760 h/year) = 1191 h/year. 
Therefore, the values of the observed and estimated output in the bin are, respectively

Eobserved 2

h
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⎛
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⎞
⎠⎟ = 62 4 2. kWh/m

Repeating this process for the each bin gives the following results:
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From the observed bin data, this value is 1605 kWh/m2, while for the Rayleigh estimate the value is 
1539 kWh/m2, excluding any wind above bin 15. So the Rayleigh underestimates the energy available 
at the site by a factor of 4.1%. 

Example 12-2 shows that the Rayleigh approximation gives an energy estimate 
quite close to the observed value, in this case; for example, the difference is less than the 
year-to-year variability value of +10% discussed earlier. Alternatively, it is possible to 
make a rough approximation of the available power by using an adjusted value of the 
average speed that takes into account the effect of cubing the wind speed in the power 
equation. For any group of N numbers n1, n2, . . . nN, it can be shown that the relationship 
between the average of the cube and the cube of the averages is the following:
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(12-6)

On the basis of Eq. (12-6), it is possible to adjust the average wind speed by multi-
plying by (6/p)1/3 and using the resulting value in the power equation to quickly estimate 
available power. For example, for the data from Table 12-1, the adjusted speed is 6.91 m/s, 
and the energy available at this wind speed if it is supplied continuously year round is 
1662 kWh/m2, or 3.6% more than the observed value. On the other hand, if we simply use 
the unadjusted wind speed of 5.57 m/s for all 8760 h of the year, the estimated energy 

Bin Power (W/m2)

Annual Output

Observed  (kWh/m2) Estimated (kWh/m2)

 1  0.00  0.0  0.0

 2  0.07  0.0  0.0

 3  1.94  1.0  1.2

 4  8.98  7.2  8.5

 5  24.65  29.9  27.9

 6  52.40  65.7  62.4

 7  95.67  119.2  108.2

 8  157.91  162.2  155.9

 9  242.58  172.0  194.2

 10  353.12  193.9  214.1

 11  492.99  218.4  212.2

 12  665.63  218.3  191.2

 13  874.50  193.3  158.0

 14  1123.05  139.3  120.5

 15  1414.72  84.9  85.1

Total  1605.1  1539.3
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available would be only 870 kWh/m2. This comparison shows the important contribution 
of winds at higher than the average wind speed to overall wind energy output.

12-3-2 Effects of Season and Height on Wind Speed
To complete the discussion of available energy in the wind, we must consider two other 
effects, namely, that of season of the year and height above the ground. The effect of 
season of the year on average wind speed varies from location to location. For example, 
a site near Toronto, Canada, averages 5 m/s in December but only 3.5 m/s in June.3 
Many, though not all, sites experience increased winds in the winter and decreased 
winds in the summer, similar to this site. 

The effect of height above the ground can be approximated by the following equation:
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(12-7)

where z is the height above the ground, zr is some reference height above the ground 
for which wind speed is known, U(z) is the wind speed as a function of height, and 
a is the wind shear coefficient. A typical value of the wind shear in flat locations might 
be a = 0.2. Thus as height above ground is increased, wind speed increases rapidly, and 
then less rapidly above a certain height. Example 12-3 illustrates the influence of height 
on wind speed.

Example 12-3 Suppose that the wind data shown in Table 12-1 was gathered at 30 m elevation. A 
wind analyst evaluates the data and surmises that if the turbine height is increased, the site may be 
viable for a commercial wind venture. The analyst believes that an average wind speed of 7.5 m/s 
will make the site commercially viable. At what height will this wind speed be obtained, if the wind 
shear value of a = 0.2 is used?

Solution From above, the average wind speed at the measured height is 5.57 m/s. Rearranging Eq. 
(12-7) to solve for the necessary height to achieve a speed of 7.5 m/s gives 

z = zr [U(z)/U(zr)]
1/a  

Substituting all appropriate values and solving for z gives z = 133 m, to the nearest meter. Thus a 
significant increase in hub height is needed to achieve the desired wind speed.

Figure 12-10 shows the relative values of growth in wind speed and power in the 
wind with increasing height, based on Eq. (12-7). Observe that the wind speed increases 
rapidly from a height of 0 to 10 m, and then more slowly with additional height, while 
the power increases more rapidly between 10 and 70 m since it is a function of the cube 
power of the wind speed. 

The choice of tower height plays a role in the cost-effectiveness of a wind project. To 
use a wind industry saying, “installing a turbine on a tower that is too low is like install-
ing solar panels in a shady location.” In general, increasing tower height improves the 
economics of a project up to some point of diminishing returns, after which the cost of 
additional height outweighs the benefit in terms of added output. From Fig. 12-10, 
power output as a function of increasing height begins to taper off, whereas, beyond a 
point, tower construction cost begins to increase exponentially due to both structural 

3Source: Browne and Warne (1975), as quoted in Sorensen (2002).



W i n d  E n e r g y  S y s t e m s  345

engineering and installation complexities of erecting a very tall tower. It is therefore 
necessary to optimize the chosen height, weighing out both sides of this trade-off.

To summarize this section, we have thus far considered the effect of variability in 
wind speed on available energy in the wind, and shown that the calculation of available 
energy is not as simple as taking the power at the average wind speed. In order to con-
vert this information into the energy output from the turbine, we turn to the perfor-
mance of the turbine at different wind speeds in the next section.

12-4 Estimating Output from a Specific Turbine for a Proposed Site
Output from a wind turbine as a function of wind speed is represented by the power curve 
of the device, which gives output over the operating range of the turbine. Figure 12-11 
gives the power curve for air density of 1.15 kg/m3 of a hypothetical turbine with swept 
area radius of 34.5 m and a maximum output of 1.5 MW, along with percentage of 
energy extracted from the wind at the given wind speed. For the turbine shown, the 
latter measure at first increases with wind speed, however once the turbine reaches its 
maximum output, its value falls since the device can no longer increase output in 
response to rising energy available in the wind. Above 21 m/s wind, the device shown 
stops generating output due to excessive force in the wind.

It is the responsibility of the turbine manufacturer to measure the power curve for 
each device produced and to provide this information as a basis for estimating output 
from a turbine for a site with known wind speed distribution. Turbine performance is 
measured empirically on the basis of numerous instantaneous readings of output as a 
function of estimated wind speed. However, since it is not possible to measure exactly 
the average wind speed passing through the entire swept area of the turbine at any one 
moment, the wind engineer must make a best fit of the wind speed curve based on a 
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At 30 m, in this example, wind speed is 8.86 m/s, and power is 396 W/m2.
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scattering of points around the true power curve. Therefore, some amount of impreci-
sion is introduced during this process. (If it were possible to measure average instanta-
neous wind speed with complete accuracy, a turbine subject to a range of known wind 
speeds for a period of time would not necessarily produce exactly the amount of output 
predicted by the power curve alone.) When purchasing large turbines for a utility-scale 
wind facility, the turbine maker and facility owner agree on a range of acceptable annual 
output values for the site, and the owner accepts that actual performance may be some-
what lower than the value predicted using the power curve. 

Turbine manufacturers offer different sizes of turbines with different power curves, 
so that they can market devices that fit well with different shapes of wind distributions. 
For example, small-scale turbines are typically installed in locations with lower average 
wind speeds than utility-scale devices in part due to tower height, so it is beneficial 
for a small-scale turbine to have a steeper power curve in the lower wind speed range 
(e.g., from 4 to 10 m/s wind). 

The difference between power curves for different turbine designs complicates the 
comparison of performance between competing turbines. In terms of the cost-effectiveness, 
the engineer cannot simply divide turbine cost by output at rated wind speed to calcu-
late a measure of cost per installed kW, and choose the device with the lowest unit cost. 
Instead, since the range of annual wind energy available as a function of wind speed 
varies from site to site, it is necessary to evaluate competing devices using power curves 
and available wind data specific to the site, as demonstrated next using the power curve 
from Fig. 12-11.

FIGURE 12-11 Power curve for 1.5-MW turbine for wind speeds from 0 to 21 m/s, with extraction 
effi ciency (power output divided by power available in the wind). 
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Once the power output Pi in kW is known for each wind speed bin i, the total gross 
annual output from the device AEO in kWh can be estimated by multiplying by the 
predicted number of hours in the wind speed range of the bin:

AEO = ⋅∑P ti i
i

(12-8)

This method is approximate, since the average wind speed of the bin is used to calcu-
late output per hour for that bin, whereas instantaneous wind speed within the bin may 
vary by + 0.25 to 0.5 m/s, depending on the increment chosen. Suppose we apply the 
power curve in Fig. 12-11 to an empirically measured set of annual hours in each bin from 
a hypothetical site, as shown in Table 12-3. Here the wind speed increment is 1 m/s per 
bin; however, an increment of 0.5 m/s may be preferable so as to more accurately predict 
device output. The wind speed distribution given in the table has a higher annual average 
than that of Table 12-1, and is well suited for the 1.5 MW device evaluated, since output 
above 1 MW is predicted for over 2700 h/year. For 2 h/year, winds are strong enough that 
the device stops generating electricity so as to avoid damage to any part of the wind con-
version system, while for 780 h/year the wind speeds are too low and the turbine does 
not rotate. The evaluation assumes an average air density of 1.15 kg/m3 for the site; for 
sites with higher or lower values of air density, the power curve should be adjusted to 
reflect higher or lower values of power in the wind at each wind speed setting. Note that 
the value of AEO is output prior to downstream losses and before taking out parasitic 
loads required to operate the wind facility.

Bin
Minimum

(m/s)
Maximum

(m/s)
Bin Avg. 
(m/s)

Frequency 
(hours)

Power
(kW)

Energy 
(1000 kWh)

 1  0  3 n/a  780  0  0

 2  3  4  3.5  537  5  2.7

 3  4  5  4.5  672  35  23.5

 4  5  6  5.5  807  105  84.8

 5  6  7  6.5  836  210  175.6

 6  7  8  7.5  833  340  283.3

 7  8  9  8.5  831  520  431.9

 8  9  10  9.5  685  750  513.5

 9  10  11  10.5  579  1045  604.7

10  11  12  11.5  473  1320  623.9

11  12  13  12.5  366  1445  528.9

12  13  21  17  1359  1500  2038.5

13  21 And above n/a  2  0  0

Total  5311.3

TABLE 12-3 Calculation of Annual Output for Turbine with Power Curve from Fig. 12-11 and 
Empirically Measured Distribution at a Hypothetical Site with Average Wind Speed Uaverage = 8.4 m/s
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Based on the 1.5 MW capacity of the device and the AEO value of 5.3 GWh pre-
dicted for the site, the turbine would likely be considered very suitable for the location. 
This procedure can be repeated for other turbine/site combinations to evaluate feasibil-
ity of large or small wind projects, as long as the power curve and either empirical or 
estimated wind distribution are known.

12-4-1 Rated Capacity and Capacity Factor
In the introduction it was mentioned that the worldwide installed capacity of wind energy 
reached approximately 59 GW in 2005. This figure is calculated using the maximum output 
of the turbines installed, also known as the rated capacity. Average wind speeds are sig-
nificantly lower than the rated wind speed in virtually all locations, so the actually output 
from the wind system is likely to be substantially lower than what you would get at the 
rated wind speed. For example, suppose the 59 GW of capacity had a single rated wind 
speed of 13 m/s. If the wind blew constantly at 13 m/s for an entire year, the output 
would be (59 GW) × (8760 h/year) = 516,840 GWh/year, or approximately 517 TWh/year 
of electricity, ignoring conversion losses in electricity generation.

The capacity factor for a wind turbine is the actual annual output divided by the 
annual output that would be obtained if the devices functioned at rated capacity for the 
entire year. For the device installed in the location represented in Table 12-3, the total 
energy produced at 1.5 MW of output for an entire year would be 13.1 GWh, so the 
capacity factor would be

Capacity factor
5.3 GWh
13.1 GWh

= = =0 404 40 4. . %

For the world wind power example, if the capacity factor were on average 33% 
(which is probably closer to the world average than the 40% value above), all the wind 
turbines around the world would produce 171 TWh/year, and not 517 TWh.

Given that capacity factors for wind turbines typically are in the range of 20 to 40%, 
comparisons of the value of wind installations to other energy alternatives must be 
undertaken carefully. For example, returning to the example of fossil-fuel-powered 
plants in the United States, the 602 GW of capacity produced 5724 TWh of electricity in 
2000, for a capacity factor of 72%. Thus fossil-fuel-powered plants on average produce 
a larger electric output per GW of installed capacity than do wind plants.

12-5 Turbine Design
The main functional goal of the turbine design is to convert as much wind energy as 
possible into mechanical energy of the rotating drive shaft, over the operating range of 
wind speeds of the turbine. The operating range consists of several regimes (which are 
illustrated graphically by the device in Fig. 12-11):

• Below the cut-in speed of the wind (3 m/s in the example turbine), there is insuf-
ficient power in the wind to turn the blades, and the device does not operate.

• In the range of wind speeds from the cut-in speed upward, turbine output 
increases rapidly toward its maximum value.

• Since power increases with cube of wind speed, at some wind speed above the 
cut-in speed (9.5 m/s in the example turbine), it becomes difficult to extract the 
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maximum available power from the wind, due to the large force exerted on 
the blade. From this point upward, as wind speed continues to increase, the 
fraction of the available energy extracted by the turbine begins to decline. 
Output continues to grow with increasing wind speed, but at a slower rate. This 
limiting of output is done for engineering reasons, as cost of fabricating a 
turbine that would be sufficiently strong to convert all of the wind force into 
rotational energy in the shaft would be prohibitive. Also, in many locations 
wind speed rarely reaches the very highest values, so it would be of little 
commercial value to be able to capture a large fraction of the available energy. 
Reducing load on the turbine blades at high wind speeds can be accomplished 
in one of two ways:

• In fixed-pitch devices, where the position of the blade in the hub is fixed in one 
position, the wind passing over the turbine blade enters a stall regime, where 
the stalling of the blade slows its rotation and reduces the power extracted from 
the airstream. (The pitch of the blade is the angular orientation of the blade 
around its own axis, relative to the plane of rotation of the entire turbine. See 
Sec. 12-5-3 for a more detailed description.)

• In variable-pitch devices, the blades can rotate in the hub so that they extract less 
power from the wind as it passes. While smaller devices currently available in 
the market include a mix of fixed- and variable-pitch devices, utility-scale 
devices currently being installed are all variable pitch.

• At some wind speed that is usually above that of maximum extraction efficiency, 
the device reaches its rated wind speed, or wind speed where the device first puts 
out its maximum output (13 m/s in the example). Above the rated wind speed, 
output may either hold approximately constant or decline with increasing 
wind speed.

• In order to protect from damage at the highest wind speeds, many devices have 
a cut-out speed of the wind (21 m/s in the example), above which a brake is 
applied to stop the device from rotating.

The device must also be capable of a controlled stop in case of failures of the electric 
grid, other emergencies, or other routine events such as scheduled maintenance. Rota-
tion of the nacelle around the vertical axis to face the wind is accomplished either by the 
force of the wind itself in smaller devices, or by active mechanical rotation in utility-
scale devices.

12-5-1 Theoretical Limits on Turbine Performance
One important observation about kinetic energy in wind is that it is not physically 
possible to design a device that extracts all energy from the wind, for if one did, the 
physical mass of air being moved by the wind would stop in the catchment area down-
stream from the device, preventing upstream air from reaching the device and acting on 
it. (This observation is analogous to the Carnot limit on heat engines, which states that 
it is not possible to achieve 100% efficiency in a practical heat engine because the 
exhaust gases are always expelled to the cold reservoir at a temperature above 0 K.) It 
is of interest to quantify this limit on energy that can be extracted from the air in a 
theoretical model of an optimal wind device, to be used as a benchmark against which 
to compare empirically measured turbine performance in actual devices.
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Theoretical Evaluation of Translating Devices 
This concept can be explored by first considering the case of a simple translating wind-
catching device, which moves in the same direction as the wind. Examples of such devices 
include a sailing vessel “running” with the wind (i.e., being pushed from behind), an 
iceboat being pushed across an icy surface, or vertical-axis grain-grinding devices used in 
antiquity. In the case of the sailboat or iceboat, the force acting to overcome friction is a 
function of the drag coefficient of the device against the surface over which it is translat-
ing, and is a function of the difference between the wind speed and the speed at which the 
device is traveling, for example, per unit of area of the surface struck by the wind: 

 F U v CD= −[ . ( ) ]0 5 2ρ  
(12-9)

where F is the force in N/m2, v is velocity at which the device is traveling in m/s, and 
CD is the dimensionless drag coefficient of the device against the supporting surface.

The power P extracted from the wind per unit area, expressed in W/m2, can then be 
written as

 
P U v C vD= −[ . ( ) ]0 5 2ρ

 
(12-10)

 Since the power available in the wind is equal to 0.5 rU3, we can now write the 
power coefficient CP as the ratio between the power extracted by the device and the power 
available in the wind:
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Using differential calculus, it is possible to show that the maximum value of CP that 
can be achieved by such a device is 4/27CD or 0.148CD (the solution is left as an exercise 
at the end of the chapter).

This low value for the translating device is not a fair measure of the value of a sail-
ing device used for transportation, since the passenger is concerned with travel between 
points and is not concerned with how much power the device is extracting from the 
wind. For devices intended to do stationary work, such as a mechanical windmill or 
wind turbine, however, it is clear that the translating device will not be effective for 
converting wind kinetic energy into mechanical or electrical energy. We therefore turn 
our attention to rotating devices.

Rotating Devices and the Betz Limit
In this section we will again solve for the maximum power extraction possible, relative to 
the power available in free wind with speed U, this time for a device that rotates in a plane 
perpendicular to the direction of the wind. An “actuator disk” model of the turbine is used 
for the purpose of theoretical modeling. The actuator disk can be thought of as a rotating 
disk with an infinite number of blades that converts the translation of air in the wind into 
rotation of the disk. An actuator disk is therefore like a Carnot heat engine, in that it is a 
device that cannot be built in practice but is useful for setting the upper limits on efficiency.

 As shown in Fig. 12-12, airflow through the actuator disk starts with speed upstream 
from the disk equal to the free wind speed, that is, U1 = U. As the kinetic energy is 
removed from the wind at the disk, the speed is reduced to U2 = U3, that is, the airflow 
speed is the same just upstream and just downstream of the disk. Finally, the wind 
speed is further reduced to the “far wake” speed, U4.
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For the actuator disk, the following assumptions apply

 1. Incompressible fluid flow

 2. No frictional drag on the device

 3. Uniform thrust over the entire disk area

 4. Nonrotating wake

 5. Steady-state operation, that is, constant wind speed velocity at points along the 
flow through the disk, constant disk rotational speed

The ratio of reduction in airflow speed at turbine to free wind speed (U1 − U2)/U1 is 
called the axial induction factor a. The reduction in airflow speed from the free stream 
speed U1 to the far wake speed U4 is the result of the wind exerting thrust on the actua-
tor disk, that is

 T M U U AU U U= − = −air ( ) ( )1 4 2 1 4ρ  (12-12)

Here Mair is the mass of air flowing through the disk of area A in units of kg/s.
Another fundamental starting point for analysis of the actuator disk is Bernoulli’s 

law, which states that the sum of energy measured in terms of pressure, velocity, and 
elevation is conserved between any two points along a fluid stream:
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where p is pressure, V is airflow velocity, g is the gravitational constant, and z is height. 
It can be shown using the relationship between thrust and airstream velocity, and 

the relationship between velocity and pressure (Bernoulli’s law), that the reduction in 
wind speed relative to U in the far wake is always twice the amount at the plane of the 
disk (this is left as an end-of-chapter exercise). Thus by rearranging terms the following 
relationships hold
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FIGURE 12-12 Diagram of airstream fl ow through the actuator disk.
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In the remainder of this section, we will use Bernouilli’s law and the function of the 
actuator disk to calculate the value of a at which the maximum power is extracted from 
the wind, and the resulting maximum value. Assuming that change in height is negli-
gible, we can write equations for the airflow on the upside and downside of the disc, as 
follows:

 p1 + ½ rU1
2 = p2 + ½ rU2

2 
(12-15)

p3 + ½ rU3
2 = p4 + ½ rU4

2

The pressure difference across the disk can then be rewritten as 

 p2 – p3 = p1 + ½ rU1
2 – ½ rU2

2
 + ½ rU3

2 – p4 – ½ rU4
2  

(12-16)                                           = p1 – p4 + ½ r(U1
2 – U4

2)

                                           = ½ r(U1
2 – U4

2)

since U2 = U3 and the pressure in the far wake and the free wind are both equal to the 
ambient pressure. The result of Eq. (12-16) can be used to write an equation for the 
thrust T in units of N acting on the disk in terms of U1 and U4, as follows:
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(12-17)

where A2 is the area of the disk. Next, since power P is the product of thrust and wind 
velocity at the disk, we can rewrite the power in the device as follows:

 P = (T) U2 = ½ rA2 (U1
2 – U4

2) U2 = ½ rA2 U2 (U1 + U4) (U1 – U4)  (12-18)

Substituting for U2 and U4 in terms of U1 and a, and replacing U1 with the free 
stream velocity U gives:

 P = ½ rA2 U(1 – a)(U + U(1 – 2a))(U – U(1 – 2a)) = ½ rA2 U
3 4a (1 – a)2 (12-19)

The power coefficient CP of the disk is then
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Differentiating Eq. (12-20) and setting equal to zero gives the maximum value of 
CP = 0.593 when a = 1/3. Thus the maximum theoretically possible power extraction of 
59.3% occurs when the wind velocity has been reduced by 1/3 at the disk and hence by 2/3 
at the far wake. This result is attributed to Betz and is given the name Betz limit.

The actuator disk model can be made more accurate by adding realism to the under-
lying assumptions, which has the effect of lowering the maximum energy theoretically 
available from the wind below the value of 59.3% derived above. For example, in a 
more realistic model of turbine rotation, the wake from the turbine rotates in the oppo-
site direction from the rotation. Since the energy transferred to the rotating wake is not 
available for transfer to the turbine, wake rotation will tend to reduce the maximum 
value of CP.



W i n d  E n e r g y  S y s t e m s  353

Maximum Thrust and Maximum Efficiency
The maximum value of thrust as a function of axial induction is derived in a similar 
way. The value of the thrust can be rewritten in terms of a as

 T A aU a= −4 12
2ρ ( )  

(12-21)

The maximum value occurs when a = 0.5, so that wind speed in the far wake is 
reduced to zero. The efficiency hdisk of the actuator disk is defined as the power extracted 
divided by the power available in the airstream moving at the turbine. The power avail-
able at the turbine is thus a function of the mass flow rate rA2 U2, rather than the free 
wind mass flow rate rA2 U. The value of efficiency is

 hdisk = [½ rA2 (U1
2 − U4

2) U2] / ½ rA2 U1
2 U2 = 4a (1 – a)   (12-22)

Thus the value of hdisk, like the thrust, reaches a maximum value at a = 0.5, when the 
far wake wind speed is 0. The maximum value of hdisk is 1. At a = 0.5, CP = 0.5, while at 
a = 1/3, the values of T/Tmax and hdisk are both 0.888.

12-5-2 Tip Speed Ratio, Induced Radial Wind Speed, 
and Optimal Turbine Rotation Speed
In this section we move from discussion of the actuator disk with infinite number of 
blades to a practical wind turbine with finite number of airfoil shaped blades (typically 
two or three). The turbine responds to wind by rotating at a speed Ω, measured in 
rad/s, that is determined by the airfoil design, load on the turbine’s generator, and 
other factors.4

Tip Speed Ratio, Advance Ratio, and Effect of Changing Tip Speed Ratio
on Power Extracted by Blade
The ratio of the translational velocity of the tip of the turbine blade to the wind speed is 
called the tip speed ratio (TSR), and is calculated as follows:

 λ = ΩR U/  (12-23)

where l is the TSR, R is the radius of the swept area of the turbine, and U is the free 
wind speed. A related measure to l is the advance ratio, denoted J, which is the inverse 
of the tip speed ratio, or J = 1/l. The effect of the force of the wind on a cross section of 
the airfoil of the turbine blade varies with l. This effect is examined in Fig. 12-13.

The rotation of the blade about its axis induces a wind speed v in the opposite direc-
tion of the direction of rotation of the turbine blade. Therefore, the blade encounters a 
relative wind velocity Vr, which is the vector sum of U and v. The angle of attack, a, is the 
angle between Vr and the center line of the airfoil cross section.

A real-world airfoil has nonzero lift coefficient CL and drag coefficient CD; the ratio 
of CL to CD is called the lift-to-drag ratio. (In some calculations, the inverse drag-to-lift 
ratio CD/CL is used instead.) A high lift-to-drag ratio is desirable for efficiently converting 
energy in the free wind into motion of the blade. Using the geometric relationship 

4Conversion: 2p radians = 1 revolution = 360°.



354 C h a p t e r  T w e l v e

between the directions of lift, drag, and the direction of motion of the blade, power 
output from the blade can be written in terms of CL, CD, and the ratio of induced to free 
wind speed v/U as follows:

 P = 0.5rU3A (v/U)(CL − CD(v/U))[1 + (v/U)2]1/2  (12-24)

where A is the cross-sectional area of the blade facing the direction of the wind. The 
power coefficient CP of the blade, is the ratio of the power delivered to the rotation of 
the blade cross section, divided by the power available in the free wind passing through 
the projected area of the cross section.5 Solving for CP, the ratio simplifies to

 CP = (v/U)(CL − CD(v/U))[1 + (v/U)2]1/2 (12-25)

In Fig. 12-14, CP/CP-max is plotted as a function of the ratio of v/U to (v/U)max, where 
(v/U)max is the value where CP is reduced to zero due to the effect of the drag term in 
Eq. (12-25). As (v/U) increases from 0, at first CL dominates the value of Eq. (12-25), so 
that CP increases. Beyond a maximum point for CP at v/U = 2/3(v/U)max, however, the 
effect of drag dominates and CP decreases at higher values of v/U.

Note that the power coefficient calculated in Eq. (12-25) is a comparison of the force 
acting locally on a cross section of the blade, and not the force acting on the entire swept 
area of the turbine. Therefore, values greater than 1 are possible, because induced val-
ues of v much greater than U are possible. The entire device will not, however, violate 
the Betz limit, and the overall value of CP for an entire device with nonzero CD will 
always be less than 0.593. 

Rotor Power Coefficient
The rotor power coefficient is the power coefficient of a physical rotor with finite number 
of blades, and is denoted CP,r as opposed to CP defined for the actuator disk in Eq. (12-20). 
The rotor power coefficient is illustrated in this section using a hypothetical turbine 

U

Vr
v

Drag

Lift

Plane of
rotation

Angle of
attack

FIGURE 12-13 Winds and forces acting on a cross section of a turbine blade, showing angle of 
attack a between midline of cross section and relative wind velocity Vr.

Note that in this example the blade is rotating up the page. 

5Note that CP in Eq. (12-25) is different from the power coefficient introduced in Eq. (12-20).
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with 10 m radius, CL = 1.0, and CD = 0.1. CP,r is the ratio of output P from the turbine to 
power in the wind, and is a function of l:
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0 5 3
turbine  

(12-26)

where Aturbine is the swept area of the turbine. Let us assume a constant wind speed and 
vary the turbine rotation speed and hence l. Here we will plot a curve for CP,r(l) based 
on a sample of empirically observed data points for P(l). For wind speed U = 7 m/s, the 
following performance data points are given in Table 12-4. The four points can be used 
to characterize the curve of CP,r versus λ as shown in Fig. 12-15.

Since l is proportional to v, as l increases and U remains fixed, the ratio v/U will 
also increase. Therefore, in keeping with Eq. (12-25), as rotation speed increases from a 
minimum of 2.8 rad/s at point 1, the value of CP,r at first increases due to the increased 
lift exerted by the wind, then reaches a maximum at point 3 (7.9 rad/s), then declines as 
the force of drag comes to dominate.
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FIGURE 12-14 Relative value of power coeffi cient CP/CP-max as a function of ratio of v/U to (v/U)max,
using Eq. (12-25).

Point TSR Power (kW) C–pr

1  4.00  4.0 0.06

2  7.50  17.9 0.29

3  11.29  27.9 0.45

4  14.00  19.6 0.32

TABLE 12-4 Turbine Performance as a Function of l for Representative 
Turbine with 10-m Blade Radius and Fixed Wind Speed U = 7.0 m/s
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12-5-3 Analysis of Turbine Blade Design
Up to this point we have considered the rudimentary design of a wind extraction system 
and set some bounds on its optimal performance. In order to design the actual blades of 
a turbine, it is necessary to model them explicitly and consider how their shape will affect 
the ability to extract energy from the wind. For this purpose, we introduce an approach 
called strip theory, in which the blade is divided into infinitesimal elements called strips, 
and the overall performance of the blade is taken to be the sum of strip performance. 
Thereafter we consider an approximate solution to the blade design problem in which the 
blade is divided into a finite number of equally sized segments.

The application of strip theory depends on the following assumptions:

 1. The performance of the individual strip in a “stream tube” of air (i.e., annular 
ring through which air is passing uniformly) can be analyzed independently 
from any other stream tube.

 2. Spanwise flow along the length of the turbine blade is negligible, so that the 
two-dimensional cross section of the blade appearing in the strip can be used as 
a basis for analysis without loss of accuracy.

 3. Uniformity of flow conditions around the circumference of the stream tube of air.

The reader should understand the limitations of these assumptions. For example, in 
practice, flow conditions do vary for a turbine from top to bottom of its swept area due 
to changing flow conditions that vary with height from the ground, especially for large 
devices where the span of the swept area may be 50 m or more. Also, the use of strip 
theory introduces two new aspects of turbine behavior that were ignored previously. 
First, the possibility of wake rotation, which was ignored in the derivation of the Betz 
limit, is considered, in the form of an induced tangential velocity v. Secondly, the blade 

FIGURE 12-15 Rotor power coeffi cient CP,r as function of tip speed ratio l.
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can be thought of as a cantilever beam extending out from the turbine hub, so that 
under the force of the wind, the blade will deflect in a downwind direction from its 
plane of rotation. 

In order to evaluate a turbine blade design, we need to know lift and drag coeffi-
cients for the blade. These coefficients are evaluated empirically and published for stan-
dard airfoil shapes. For example, starting in the 1930s, the National Advisory Council 
on Aeronautics (NACA) in the United States carried out testing to develop “families” of 
airfoil shapes denoted by the term NACA followed by a number (e.g., NACA 0012, 
NACA 63(2)-215, and so on). Other organizations besides NACA have also developed 
standard airfoil shapes. Regardless of the source, choice of a standard shape saves time 
for the engineer since he or she does not need to carry out empirical or theoretical work 
to derive drag and lift coefficients for an original airfoil shape.

Continuous Solution to Blade Element Design Problem Using Strip Theory
The purpose of this section is to develop a methodology for calculating available power 
based on airflow and turbine blade shape. In order to do this, a number of variables 
must be introduced, starting in Fig. 12-16. The figure shows a strip of width dr at a loca-
tion r along the length of the blade from 0 to R, deflecting by a coning angle q in response 
to free wind U. In this example, the wind is traveling perpendicular to the plane of rota-
tion of the blade, that is, along the x axis of the system. In practice, there will often be a 
yaw error ΔΨ, not shown in Fig. 12-16, which is introduced due to the turbine not remain-
ing perfectly aligned with the wind at all times. To take account of the coning angle, the 
distance along the axis of the blade from the strip to the axis of rotation is given the 
value s such that r = s cos q.

Figure 12-17 shows the relationship between the axial and radial winds, Vn and v. 
The relative wind Vr seen by the blade is the vector sum of Vn and v. The angle between 
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FIGURE 12-16 Variables used in analysis of blade element in annular ring.
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Vr and the centerline of the cross section of the blade is called the angle of attack a. The 
angle between the plane of rotation and the centerline is called the blade pitch b. The sum 
of a and b is the wind angle f.

We now introduce the radial induction factor a′, which is the amount by which v 
exceeds the angular velocity at the point of analysis r along the blade, that is, rΩ. The 
axial and radial winds can be written in terms of free wind speed U, rotation speed Ω, 
r, and a′, as follows:

 
V U an = −( )cos1 θ

 (12-27)

 v r s= + ′ = + ′Ω Ω( ) cos ( )1 a aθ 1  (12-28)

Having thus introduced all necessary variables for strip theory, we will develop a 
method for estimating the value of the local thrust coefficient Ct for the strip that is being 
considered. This analysis assumes that the local value of axial induction a  is known or can 
be fixed in advance. The case where a is not known is considered hereafter. 

To begin with, the thrust coefficient is the thrust dT divided by the available force in 
the streamtube, that is

 
C

dT
U rdrt =

0 5 22. ( )( )( )ρ π  
(12-29)

where 2p r dr is the cross-sectional area of the stream tube. 
The magnitude of dT is then the force Vr acting on an area the width of the chord of 

the airfoil c, acting in the lift and drag directions, multiplied by the number of blades B, 
that is 

 dT = 0.5 rVr
2 Bc (CL cosf + CD sinf) dr  (12-30)

Ct then simplifies to 

 Ct = (B/2p)(c/r)(Vr/U)2(CL cosf + CD sinf)  (12-31)

From the definition of relative wind, Vr can be rewritten as 

 Vr = Vn/sinf = U(1 – a) cosq/sinf (12-32)
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U

FIGURE 12-17 Relationship between angle of attack a, pitch b, and wind angle f.
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Substituting for Vr in Eq. (12-31) gives

 Ct = (B2p)(c/r)(1 − a)2(cos2q/sin2f)(CL cosf + CD sinf) (12-33)

In order to evaluate f, it is first necessary to evaluate the induced radial velocity a′. 
From the angular relationship between axial and lateral wind components, two equa-
tions for f can be written in terms of a and a′, as follows:

 tanf = U (1 – a) cos θ /[r Ω (1 + a′)] (12-34a)

 tanf = a′ r Ω/(a cosq U) (12-34b)

Define x to be the local speed ratio, or x = r  Ω/U. Substituting x for r Ω/U and setting 
Eqs. (12-34a) and (12-34b) equal to each other gives

 a a a a x( )cos '( ')1 12 2− = +θ  (12-35)

Now we can evaluate a′ in terms of a, and f from a and a′. We therefore have suf-
ficient information to evaluate local Ct. The overall thrust coefficient for the turbine 
can be evaluated by integrating over the span of the blade from the axis to the tip, 
that is

 
T dT

R

= ∫
0  

(12-36)

In practice, Ct is adjusted by a tip-loss factor in regions close to the outer end of the 
blade. The tip loss factor takes into account the losses incurred by the interaction of the 
airstream near the tip of the blade with air outside the swept area of the device. This 
factor has the strongest effect at points along the radius at within 3% of the length of 
the blade from the tip. Quantitative evaluation of tip loss is beyond the scope of this 
chapter, and the reader is referred to other works on wind energy engineering in the 
references. 

Example 12-4 applies Eqs. (12-33) to (12-35) to the calculation of Ct at a point along 
a blade.

Example 12-4 A turbine has 3 blades of 10 m length, and rotates at 6 rad/s in a 7 m/s wind. At a point 
7.5 m from the axis of rotation a = 0.333, CL = 1, CD = 0.1, and chord ratio = 0.125. Assume that coning 
is negligible. Calculate Ct at that point.

Solution First calculate the local speed ratio, x = r Ω/U = 7.5(6)/7 = 6.43. Since there is no coning, 
q = 0. Use Eq. (12-35) to solve for a′: 

( . )( . )cos ( ) ' ' .0 333 1 0 333 0 1 6 432 2− = +( )( )a a

Substituting known values reduces this equation to a′2 + a′ – 0.00537, for which the only feasible 
solution is a′ = 0.00535. Substituting into Eq. (12-34b) gives 

tan ' cos ( . )( . )( ) ( . )φ θ= = ⋅a r aΩ/ /0 00535 7 5 6 0 333 7 == 0 1032.

Therefore f = 5.89°. Using f in Eq. (12-33) gives the following value for Ct:

 Ct = (B2 p)(c/r)(1 − a)2(cos2q/sin2f)(CL cosf + CD sinf) 

= (3 × 2p)(0.125/7.5)(1 − 0.333)2(1/sin2(5.89))((1) cos(5.89) + 0.1 sin(5.89)) = 0.338
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Ultimately, it is of interest to calculate the overall power coefficient CP for the entire 
blade. By integrating across the range of possible values for x from 0 to l, it is possible 
to calculate CP using the following:

 
C x a a C C dxP D L= ′ − −∫( ) ( )[ ( )cot ]8 1 12 3

0

/ /λ φ
λ

 
(12-37)

In some instances, CL and CD may be known as a function of a, based on the chosen 
airfoil, but both a and a′ may be unknown. For such a situation, an iterative procedure 
based on the following equation can be used: 

 C x xL = − ′ −4sin (cos sin ) [ (sin cos )]φ φ φ σ φ φ/  (12-38)

Here s′ is the local solidity of the blade, defined as s’ = Bc/2πr. The procedure involves 
first guessing at values of a and a′, then calculating φ from Eq. (12-34a) or (12-34b), then 
calculating angle of attack from a = f − b, then calculating CL, then calculating CL and CD 
using a, then using CL and CD to calculate new values of a and a′. This process is repeated 
until the incremental change in a and a′ is within some predetermined tolerance. 

Approximate Value of Maximum Power Coefficient
When carrying out an initial assessment of a turbine design, it is sometimes desirable to 
quickly calculate the value of CP,max. , as shown in Example 12-5. The following empirical 
equation has been derived for this purpose:

 
C

B
BP ,max

.

..
. ( . ) .

= + − +0 593
1 48 0 04 0 0025

0 67

0 67
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λ λλ

λ
λ2

21 92
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− +
⎡
⎣⎢

⎤
⎦⎥

. B
B

C CD L/
 

(12-39)

Here CD/CL is the drag to lift ratio at the design angle of attack a of the turbine.

Example 12-5 Refer to the hypothetical turbine in Fig. 12-11. Assume CD/CL = 0.05 and that the turbine 
has 3 blades. If the turbine rotates at 1 rad/s in a 6 m/s wind, what is the predicted value of CP,max at 
that wind speed?

Solution Based on the turbine radius of 34.5 m, the tip speed ratio is l = 5.75. Substituting other known 
values into Eq. (12-39) to solve for CP,max gives

CP,max

.

..
. ( )

. (( ) . )
=

+ −
0 593

5 75 3
1 48 3 0 04 5

0 67

0 67 .. . ( . )
. ( . )

( . )
(

75 0 0025 5 75
1 92 5 75 3
1 2 5 75 32

2

+
− + ⋅ 00 05 0 4727. ) .

⎡
⎣⎢

⎤
⎦⎥

=

Thus approximate value from Fig.12-5 of CP = 0.453 at U = 6 m/s is quite near the estimated value 
of CP,max.

Approximate Solution to Blade Design Problem by Dividing into Finite Sections
As an alternative to integrating thrust over the length of the turbine blade as proposed 
in Eq. (12-36), it is possible to perform a discrete approximation of the thrust or power 
extracted by the turbine under given wind and blade conditions by dividing the blade 
into a limited number of sections and analyzing the performance at the midpoint of 
each section. 
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The first step is to evaluate the lift coefficient as a function wind angle, local speed 
ratio, and solidity, using Eq. (12-38), and then the characteristic equation for lift as a 
function of a, based on the airfoil shape. The lift coefficient equation for the airfoil will 
typically be some function of a, for example, a linear function for a representative air-
foil might be CL = 0.46352 + 0.11628a. The correct value of a is one that satisfies both 
equations for the section under study, that is, the lift coefficient predicted by the airfoil 
design equals the lift predicted from airflow conditions.

For each segment of the blade, we need data on solidity s ′, local speed ratio x, and 
pitch angle b. In some cases the twist qT for the blade at the location r is given, rather 
than b, where qT is defined as

 θ β βT = − 0  (12-40)

where b0 is the pitch angle at the tip of the blade. Note that b0 may be positive or nega-
tive, and that typically its absolute value is small (0 < |b0| < 3°). Also, x can be calcu-
lated from the ratio of location r to length of blade R

 x r R= ( )/ λ  (12-41)

Calculation of b, s ′, and x make it possible to calculate a for the segment. Once 
a, j, CL, and CD are known, it is possible to calculate the local contribution to power 
coefficient CP,i using the following:

 
C x xP i i i i i, sin cos sin sin= ⎛

⎝⎜
⎞
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−( ) +8
2

2Δλ
λ φ φ φ φ ccos cotφ φi d l iC C x( ) − ( )( )1 2/

 
(12-42)

Here Δl is the change in x from one segment to the next, that is, Δl = xi – xi − 1, which is a 
constant value since the width of the segments is uniform. The overall power coefficient 
for the blade is the sum of all the local values of CP,i for each segment i for each segment 
1, 2, . . . N. The total power produced by the blades is then the power in the wind multi-
plied by the overall power coefficient, that is, Pprod = CP × Pavailable. Example 12-6 illustrates 
the calculation of the local contribution from a segment to CP; the calculation for an entire 
blade is left as an exercise at the end of the chapter. 

Example 12-6 A two-bladed wind turbine is designed with the following characteristics. The blades 
are 13 m long, and the pitch at the tip is –1.970°. The turbine has a design TSR of l = 8. Lift coefficient 
is a function of a as follows (note, α is in degrees): For a <21°: CL = 0.42625 + 0.11628a − 0.00063973a2 − 
8.712 × 10−5a3 – 4.2576 × 10−6a4. For a >21: CL = 0.95. For the entire blade, the drag coefficient is CD = 
0.011954 + 0.00019972a + 0.00010332a2. For the midpoint of section 6 (r/R = 0.55) find the following 
for operation at a tip speed ratio of 8: (a) angle of attack a; (b) angle of relative wind q; (c) CL and CD; 
(d) the local contribution to CP. Ignore the effects of tip losses. The chord at that point is 0.72 m and 
the twist is 3.400°.

Solution First calculate factors needed for calculating a: r = 0.55(13) = 7.15 m; s ′ = Bc/2pr = 2(0.72)/ 
2p(7.15) = 0.0321; x = rl/R = 0.55(8) = 4.4; b = qT + b0 = 3.400 – 1.970 = 1.430. We can now solve for α using 
the lift coefficient equation for the airfoil design and Eq. (12-38). The exact solution using a computer 
solver is a = 7.844°, which gives CL = 1.241 from both equations. In other words, given the values of r, 
s ′, x, and b, and the derived value of j = a + b = 7.844 + 1.430 = 9.274 degrees, the following hold:

 C x xL = − − =4 sin (cos sin )/[ '(sin cos )]φ φ φ σ φ φ 1.241  
 CL = 0.42625 + 0.11628a − 0.00063973a2 − 8.712 × 10−5a3 – 4.2576 × 10−6a4 = 1.241
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Table 12-5 shows values of CL as a function of a around the solution.

Thus, answer to part (a) is a = 7.844°. Part (b), f = a + b = 7.844 + 1.43 = 9.274. Part (c), CL = 1.241, 
CD = 0.011954 + 0.00019972a + 0.00010332a2 = 0.01988. Part (d), for the contribution to CP,i, we first 
calculate Δl = xi – xi − 1 = 4.4 – 3.6 = 0.8. Then solve for CP,i using Δl, l, f, x, CL, and CD in Eq. (12-42), 
which gives CP,i = 0.0567.

12-5-4 Steps in Turbine Design Process
In the previous section we investigated the analysis of the performance of a given blade 
design. It is also necessary to be able to start with a desired level of performance from a 
turbine and design a blade that meets the requirements. 

The selection of a blade design can be seen in the larger context of designing the 
overall wind turbine system. This design process can be summarized in the following 
steps:

 1. Determine the radius of the rotor based on the desired power at typical wind 
speeds.

 2. Choose a desired tip speed ratio based on function, that is, for electric generation 
l > 4 is typical, for mechanical applications such as water pumping a lower 
value of l is chosen.

 3. Choose a desired number of blades.

 4. Select an airfoil, and obtain all necessary data (e.g., CL and CD data).

 5. Create an ideal shape for the blade, based on the chosen airfoil and dividing 
into 10 to 20 elements. Note that optimal airfoil shapes are typically too difficult 
to fabricate exactly, so that some modification will be necessary.

 6. Create an approximation of the ideal shape that provides ease of fabrication 
without greatly sacrificing performance.

 7. Quantitatively evaluate blade performance using strip theory.

Lift Coefficient CL

Angle of Attack
a (deg.) From Eq. (12-38) From Airfoil Design

7.70 1.2716 1.2289

7.75 1.2610 1.2331

7.80 1.2503 1.2372

7.85 1.2394 1.2413

7.90 1.2283 1.2454

7.95 1.2170 1.2495

8.00 1.2055 1.2535

TABLE 12-5 Comparison of Approaches to Calculating Lift Coefficient C
L 
as

a Function of Angle of Attack a
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 8. Modify shape of blade, based on results of step 7, so as to move blade design 
closer to desired performance.

 9. Repeat steps 7 and 8, trading off blade performance and ease of production, 
until a satisfactory design is obtained.

A complete example of this procedure from start to finish is beyond the scope of this 
chapter. A partial example is presented as a problem at the end of the chapter. As a start-
ing point for the design procedure outlined in steps 1 to 9, Table 12-6 provides param-
eters for two representative ideal blade designs. The data given in the table provide the 
information necessary for steps 2, 3, 5, and 6 in the turbine design process. The two 
representative ideal blades shown in the table have constant CL = 1.00 and CD = 0. 

Note that values are given here independent of the exact radius of the turbine, and 
the overall solidity is the percent of the swept area that is covered by the area of the 
blades. For example, if rotor 1 has a blade length of 10 m, then the total swept area is 
~314 m2, and of this area, a viewer facing the turbine at rest would see 8.8% or 27.6 m2 
of blade, and the rest open space. A typical application of rotor 1 might be in a medium 
to large turbine (10 kW to 2.5 MW), whereas rotor 2 would typically be applied to a 
small turbine, with a rated capacity of 2 kW or less. The turbine shapes above are 
ideal in the sense that they are designed without taking into account drag on the 
blade (CD = 0); they assume a constant lift coefficient of CL = 1.0. 

12-6 Economics of Wind Power
The economic analysis of a wind power project, whether small- or large-scale, focuses on 
the ability of the revenues from electricity generation to pay capital and operating and 
maintenance (O&M) costs. O&M includes routine care for the turbines and ancillary 

Rotor 1
l � 6, B � 3

Rotor 2
l � 10, B � 2

r/R f c/R f c/R

0.15 32.0 0.191 22.5 0.143

0.25 22.5 0.159 14.5 0.100

0.35 17.0 0.128 10.6 0.075

0.45 13.5 0.105 8.4 0.060

0.55 11.2 0.088 6.9 0.050

0.65 9.6 0.076 5.8 0.042

0.75 8.4 0.067 5.1 0.037

0.85 7.4 0.059 4.5 0.033

0.95 6.6 0.053 4.0 0.029

Overall solidity 0.088 0.036

Source: After Manwell, et al. (2002), p.124. John Wiley & Sons Limited. Reproduced with permission.

TABLE 12-6 Representative Three-Blade and Two-Blade Designs, in Relative Dimensions
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facilities, insurance, and possibly royalties paid to the landowner on whose property 
the turbines are erected. A common practice is for farms and ranches to enter into a 
long-term agreement for the use of their land for wind energy generation; in addition to 
royalties paid, the farmer or rancher continues to use the land for its original purpose, 
except in the direct vicinity of the turbine(s). O&M costs tend to be small relative to 
capital repayment costs in the case of wind power (on the order of 2 to 3% of capital 
cost), and we ignore them for the rest of this section.

We first consider the case of a large-scale wind park installation. Suppose a collec-
tion of 20 turbines with rated output of 1.5 MW is installed in a location with 7.7 m/s 
average wind speed (17.0 mph). Each turbine costs $1.5 million ($1000/kW), and an 
additional 20% on top of the total turbine cost pays for the balance of the system, bring-
ing the total cost to $36 million. Note that the cost of onshore turbines (i.e., not built 
offshore in lakes or seas) was reported to be in this range in 2002 or 2003, but recently 
prices as high as $1500 or $2000/kW including balance of systems have been reported, 
so that the industry may be moving permanently to a higher price regime. The park 
produces an average of 85 million kWh/year, for a 32% capacity factor. The investment 
lifetime is considered to be 20 years.

Net value of the project over its lifetime is shown in Fig. 12-18. Here, we are assuming 
that the turbine operators are able to sell electricity to the grid wholesale at an average 
rate of $0.05/kWh in constant dollars. This assumption is simplistic, since, in a market-
driven grid environment, the actual price paid for wind-generated electricity will fluc-
tuate up and down with peaks and troughs in demand, and the owner must accept the 
price paid at the time, given that wind is an intermittent resource. However, the rate 
of $0.05/kWh is realistic in many locations as an average. The project is profitable for 
the range of MARR values used in the figure, with a payback (i.e., net value reaching 
the level of +/− $0) ranging from 11 years for MARR = 3% to 16 years for MARR = 7%. 
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FIGURE 12-18  Net value of wind park investment in constant dollars for MARR in range 3 to 7%. 

Analysis based on $1200/kW cost including balance of system, and $0.05/kWh paid wholesale 
for electricity; see comments in text. 
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This calculation also does not consider a premium that many customers are willing to 
pay in order to purchase “green” electricity, which would increase the value of each 
kWh of production above $0.05 and hasten the breakeven point. 

The economics of the investment in Fig. 12-18 is representative of the situation in 
many electricity markets around the world today. With growing demand for electricity, 
and relatively small penetration of wind in terms of overall market share of kWh, there 
is plenty of room for the grid operator to buy wind energy from the turbine operator 
whenever it is generated, and there are plenty of windy sites available in many coun-
tries where wind turbines can be added.

We now contrast the investment in commercial-scale wind power with an invest-
ment in a residential or small-commercial size 10-kW turbine. Suppose the residence 
or small business is grid connected and has net metering, meaning that real-time elec-
tricity production from the wind turbine beyond what is being consumed on the prem-
ises is transmitted to the grid, and the system owner receives credit for this electricity 
against bills for power bought from the grid. The turbine output then displaces pur-
chases of electricity from the grid whenever it can be generated from the wind, at an 
assumed rate of $0.13/kWh. The complete system costs $25,000 after applicable tax 
relief. Note the higher cost per kW compared to commercial wind, for example, 
$2500/kW for the small system. The wind resource is whatever wind is available 
immediately adjacent to the building, which, since people generally are reluctant to 
live or work in extremely windy locations, is lower than that of the commercial tur-
bines, namely 4.3 m/s (9.4 mph) at the hub height of the device. (The hub height is 
also lower than that of a commercial turbine, given both cost and zoning restrictions 
on the height of the turbine tower.)

Output from this small-scale system might be on the order of 9000 kWh/year, for a 
capacity factor of approximately 10%. This amount of output is worth $1170/year, so 
that the simple payback is between 21 and 22 years. At an MARR of 3%, the payback 
increases to 35 years, at or near the expected lifetime of the device. 

12-6-1 Comparison of Large- and Small-Scale Wind
From this comparison, it is clear that on the basis of price alone, the consumer is better 
off buying wind-generated power from the grid than purchasing a small-scale wind 
system, unless they happen to live or work in an extremely windy location or are not 
already connected to the grid. Nevertheless, on-site wind energy from small-scale wind 
may have its own advantages that make it justifiable:

 1. Potential for greater reliability: A grid-tied system can be installed in such a way 
that if grid power is lost, the system can switch into a stand-alone mode and 
continue operating, given additional investment in batteries and controls. In 
certain applications, for example, businesses where loss of merchandise or sales 
opportunities may be critical, not being vulnerable to extended blackouts has 
real economic value. 

 2. Marketing, public relations, or morale-boosting value: Having a small wind turbine 
on site makes an obvious statement about the building owner’s commitment to 
renewable energy, and visitors to such a site may respond positively. For 
example, a Wal-Mart store in McKinney, Texas, United States (30 mi north of 
Dallas, Texas) recently installed a 50-kW wind turbine along with other 
amenities to promote an image of a green store. The state of Texas has some of 
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the best wind resources in the entire United States, and it is unlikely that a 
small-scale turbine like this one can compete with grid-purchased wind power 
on the basis of price alone in the Texas electricity market. However, as part of a 
larger program of green technologies used to help attract customers and 
increase sales, the investment makes sense. A number of tubine manufacturers 
also see the potential to bring down the cost of small-scale wind turbines if 
enough units can be purchased.

 3. The right combination of green, local, and affordable: When choosing a clean energy 
option, a building owner may look at the available options and choose to invest 
in an on-site renewable system, even though it may cost more than other 
options. In this case, the owner may be looking to make a more personal, local 
contribution to the sustainable generation of energy, and if the cost is within the 
allowable budget, the owner may choose to spend the extra cents per kWh to 
generate wind energy on site.

12-7 Summary
The successful application of wind energy technology requires both knowledge of the 
wind resource in a location and a suitable turbine design. The wind resource can be 
evaluated accurately by continually gathering wind speed data at a site for at least 
1 year and then assigning each hour of the year to a wind speed “bin” based on hourly 
average wind speed. In many locations, a statistical pattern of a Weibull or Rayleigh 
form can be fitted to the distribution of wind speeds, which provides a convenient way 
of representing the wind speed in a functional form or approximating the wind speed 
distribution if the year-round average wind speed for the site is known but bin data are 
not available. Turbine designs can be analyzed in a preliminary way using the “actuator 
disk” model, from which the Betz limit, which states that the theoretical upper bound 
on extraction of available wind energy by a wind device is 59.3%, is derived. For more 
detailed analysis of the shape of the turbine blade and the design of the turbine blade to 
maximize power conversion within manufacturing limitations, a more detailed tech-
nique such as strip theory is required. Among different sizes of turbines, it is generally 
only the commercial-scale turbines that can produce at prices competitive with other 
resources available on the grid; nevertheless, small-scale wind may also be attractive to 
some owners for reasons of energy self-reliance or for promoting a green image, or in 
off-the-grid locations. 
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Exercises
1. The following wind measurements by bin are given for a proposed wind turbine location. 
Assume the air has a density of 1.15 kg/m3. 

Bin

Wind Speed (m/s)

Hours/yearMinimum Maximum

 1  0.0  0.0  80

 2  0.0  1.0  200

 3  1.0  2.0  501

 4  2.0  3.1  850

 5  3.1  4.1  1300

 6  4.1  5.2  1407

 7  5.2  6.2  1351

 8  6.2  7.2  990

 9  7.2  8.2  641

 10  8.2  9.3  480

 11  9.3  10.3  375

 12  10.3  11.3  291

 13  11.3  12.3  180

 14  12.3  13.4  78

 15  13.4  14.4  32

 16  14.4 And above  4

 a.  Calculate the total estimated energy available in the wind from the bin data, in kWh/m2. 
For bin 16, assume an average wind speed of 16 m/s.

 b.  Calculate the estimated energy available in the wind using the average wind speed and the 
Rayleigh function. For bin 16, assume an average wind speed of 16 m/s.

http://www.windpower.org/en/core.htm
www.awea.org
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 c. Calculate the estimated energy using the method of Eq. (12-6) in the chapter.
 d.  Calculate the error between the actual value from (a) and the estimated values from (b) and 

from (c). 
 e.  Plot both estimated and actual curves on a single graph, with hours per year as a function 

of bin number.

2. Estimating output from a turbine: the following data for a large turbine designed for high-wind 
areas are provided. The turbine swept area has a diameter of 80 m and you can assume an air density 
of 1.15 kg/m3. In the data below, bin 1 spans from 0 m/s up to the cut-in speed of 6.25 m/s, and 
thereafter each bin spans a 0.5 m/s increment, for example, bin 2 is 6.25 to 6.75 m/s, and so on. Bin 18 
spans from 14.25 to 22.25 m/s, and above 22.4 m/s the machine stops (i.e., this is the cutout speed). 
The device is being considered for use in a site with average wind speed of 9.6 m/s. Note that bin 
18 has an approximate average wind speed of 17.25 m/s, reflecting the fact that lower speeds are 
more probable than higher ones within this bin. (Data source: ASME Table 5-1 from ASME Press, 
“Wind Turbine Technology: Fundamental Concepts of Wind Turbine Engineering,” David Spera, 
Page 22).

Bin Num. V-avg. (m/s) P-out (kW)

 1  —  0

 2  6.5  175

 3  7  318

 4  7.5  460

 5  8  603

 6  8.5  745

 7  9  949

 8  9.5  1153

 9  10  1316

 10  10.5  1479

 11  11  1642

 12  11.5  1805

 13  12  1968

 14  12.5  2120

 15  13  2263

 16  13.5  2385

 17  14  2500

 18  17.25  2500

 a.  Plot CP for the turbine as a function of bin number, using the Vavg value for each bin as a 
basis for calculating power in the wind.

 b.  Calculate the predicted total annual output and capacity factor for this device in the chosen 
location, using the site average wind speed and assuming the wind follows a Rayleigh 
distribution.

 c. Based on (b), is the device suitable for the site?
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3. Apply the power curve of Fig. 12-7 to a site with average wind speed of U = 7.7 m/s, with bin 
speed estimated using a Rayleigh distribution. Using 0.5 m/s bin size increments, estimate total 
output from the device in this location in kWh and the capacity factor. 

4. Suppose a small turbine rated at 10 kW has approximately the following power curve:
  U < 4 m/s, Pi = 0 kW; 4 m/s < U < 10 m/s, Pi = (10/6)(U – 4)kW; 10 m/s < U < 20 m/s, Pi = 10 

kW; above 20 m/s, no output. Apply this power curve to the wind distribution of Table 12-1. 
What is the predicted annual output in kWh?

5. You are given the following geometry for a turbine blade, divided into 10 sections with the 
dimensions for the midpoint of each section given:

Section r/R Radius (m) Chord (m) Twist (�)

 1 0.05 0.248 Hub Hub

 2 0.15 0.743 0.428 35.3

 3 0.25 1.238 0.415 20.65

 4 0.35 1.734 0.347 13.05

 5 0.45 2.229 0.285 8.9

 6 0.55 2.724 0.241 5.95

 7 0.65 3.219 0.207 3.6

 8 0.75 3.715 0.18 2.05

 9 0.85 4.210 0.152 0.9

 10 0.95 4.705 0.122 0.2

Tip 1.00 4.953 0.107 0

 The pitch at the tip of the blade is −2°. The turbine has 3 blades, an ideal tip speed ratio of 7, 
and a rated wind speed of 11.62 m/s. For a <12, CL = 0.368 + 0.0942α, CD = 0.00994 + 0.000259a + 
0.0001055a2, where a is given in degrees. The hub occupies the innermost section, so it does not 
contribute to the performance of the turbine.
 a.  For each section, calculate (i) angle of attack, (ii) angle of relative wind, (iii) lift and drag 

coefficient, and (iv) the local contribution to CP. Ignore tip loss effects.
 b. Find the overall power coefficient. 
 c. How much power do the blades produce at 11.62 m/s?

6. You are asked to carry out a preliminary design of a turbine that will deliver 250 kW at a design 
speed of 10 m/s. Use the data for ideal rotor 1 in Table 12-5 to carry out the design. Assume constant 
CL = 1.00 and negligible coefficient of drag, and design each blade based on the division of the blade 
into 10 even increments, each with uniform aerodynamic characteristics.

7. Using Eq. (12-11) as a starting point, show that the maximum power that can be extracted by 
a translating device is 0.148 CD.

8. Using Eq. (12-12) and Bernoulli’s law as a starting point, show that the axial induction 
between the free wind and far wake speed is always twice the reduction from the free wind to 
the actuator disk.

9. A wind turbine rated at 250 kW costs $450,000 and has a swept area of 1200 m2. It is installed 
in a location with year-round average power density available in the wind of 320 W/m2, and on 
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average converts 25% of the energy into electricity. The electricity is sold to the grid at $0.039/kWh, 
paid at the location of the turbine (i.e., no transmission cost). The project has a 20-year time horizon 
with salvage value of $20 thousand, and the MARR is 8%. Calculate the net present value (NPV) 
of this investment.

10. Suppose the turbine and site from problem 3 are used as the basis for an investment in a wind 
park. Each turbine has a total cost of $1000/kW, plus 20% for all site and grid connection costs. 
Ignore operating and maintenance costs. If the project life is 25 years and the MARR is 5%, what is 
the cost per kWh to produce electricity at this facility, before considering any transmission costs?

11. Suppose the 10-kW turbine from problem 4 is installed in a remote location to provide off-
the-grid power. Including battery and thermal storage system, the cost is $70,000. If the system 
lasts for 25 years and the MARR is 6%, what is the levelized cost per kWh? You can assume all 
electricity produced is equally valuable, whether it is consumed in electrical applications or goes 
into battery or thermal storage.



 CHAPTER 13
Transportation Energy 

Technologies

13-1 Overview
This chapter focuses on technological options for sustainably delivering energy to 
motor vehicles and other mechanized transportation equipment. Each specific 
propulsion technology can be categorized among a limited number of generic 
“endpoint technologies,” and the strengths and weaknesses of each are considered. 
While the goal of sustainability may drive society toward adoption of endpoint 
technologies that will meet future expectations for transportation energy, the basic 
design of motor vehicles for the consumer market of today is driven by the need to 
trade off energy consumption against performance, size, and other consumer 
amenities. Therefore, a number of design factors are introduced and analyzed as a 
foundation for discussion of all technology alternatives. Thereafter we take a closer 
look at four major alternative propulsion platforms and fuels, namely, battery-electric, 
hybrid-electric, biofuel, and hydrogen vehicles. The chapter concludes with a 
discussion of “well-to-wheel” analysis of energy efficiency in transportation vehicles. 
Material in this chapter provides a basis for consideration of systems issues related to 
transportation energy in Chap. 14.

13-2 Introduction
In the modern world of motorized cities, long-distance travel by jet or limited-
access highway, and global trading of manufactured goods and commodities, it 
comes as no surprise that the transportation sector has become an enormous end 
user of energy. This sector is the single largest consumer of petroleum resources in 
the world today, and the second largest consumer of nonrenewable fossil fuels next 
to electric power conversion. Worldwide, the transportation sector accounted for 
approximately one-fourth of the total end-use energy consumption value of 426 EJ 
(403 quads) in 2003. In the United States alone, in that year the transportation 
sector accounted for 28.5 EJ (27.0 quads), which constitutes 27.5% of the total U.S. 
energy end-use budget of 103.7 EJ (98.3 quads), or 6.5% of the world total, as shown 
in Fig. 13-1. To put these values in context, the U.S. transportation energy consumption 
rate is equivalent to 9 billion 100-W lightbulbs burning continuously 24 h/day, 7 days 
a week, all year long, or 30 lightbulbs for every one of the United States’ approximate 
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population of 300 million people.1 The world transportation energy consumption 
figure is equivalent to 36 billion lightbulbs, or 6 lightbulbs per person.

A unique challenge facing the ongoing use of various energy sources for 
transportation is the need to store energy in a concentrated form onboard the vehicle. 
One objective of vehicle design is to store a large quantity of energy per unit of weight 
and volume displaced on the vehicle, lest the weight or volume of the fuel should 
limit the capacity to carry passengers or cargo. Some vehicles bypass this problem by 
using the electric grid as a source of energy, through the use of electric catenary (e.g., 
electric trains with overhead wires, subways with third rails, trolleybuses, and so on), 
while others are nonmotorized (e.g., bicycles, cycleshaws, and so on). However, of the 
vehicle-miles traveled each year, only a small minority fall into these two categories. 
The great majority of vehicle-kilometers are generated by vehicles that are (a) mechanized 
and therefore not relying on human power and (b) carry their own power source 
(sometimes referred to as “free-ranging”). 

Most of the energy used by free-ranging vehicles comes from petroleum in either a 
gasoline or diesel form. Gasoline or diesel fuels have a number of characteristics that 
make them well-suited for use in motor vehicles: they do not require pressurization, 
and they are liquids, so that they are relatively easily dispensed into the vehicle’s fuel 
storage tank and combusted in the internal combustion engine. They also provide high 
specific weight and volume, that is, for the amount of space and payload taken in the 

Emerging
42.9%
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17.8%
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FIGURE 13-1 Comparison for 2003 of U.S. transportation energy consumption to other U.S. 
energy consumption (“U.S. other”), total energy consumption of other industrial countries 
(“Other industrial”), and emerging countries. 

Total value 426 EJ (403 quads). Note that total energy consumption for all industrial countries is 
U.S. transport + U.S. other + other industrial. (Source for data: U.S. Energy Information Agency.) 

1In both Chaps. 13 and 14 we will extensively use the United States as an example for transportation 
energy consumption. Although the per capita energy consumption is higher than most other countries, 
the relative allocation of energy to transportation (e.g., percent of energy for transportation, percent 
of transportation energy dedicated to different modes such as highway vehicles or railroads, and the 
like) is similar to that of many other industrialized countries. Some differences between the United 
States and peer countries in Europe and Asia do arise, and these are discussed in Chap. 14 as systems 
issues.
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vehicle, they provide a large amount of energy storage. Ideally, any alternative fuel 
must match these characteristics. Otherwise, society will need to radically rethink the 
way motorized transportation systems are used so that fuels that are less convenient or 
provide shorter range become the norm.

As discussed in Chaps. 4 and 5, the twin arguments of peaking of conventional 
petroleum production and CO2-induced climate change make a compelling case for 
exploring alternative fuels and alternative technologies. Many such alternative 
technologies exist on a small scale or in concept, including natural gas vehicles, fuels 
derived from coal, non-conventional crude oil sources such as oil shale, conversion of 
renewable energy sources into a form transferable to vehicles, and the like. However, in 
order to succeed, such technologies must be technically robust and financially viable. 
Under pressure from declining petroleum supplies, society may be willing to pay more 
for an alternative fuel source than they currently pay for gasoline, but people will refuse 
to support such a fuel if its price is exorbitant, or they may simply be unable to afford 
it. Furthermore, the energy source must be developed in parallel with the vehicles that 
use it and the infrastructure to distribute it, and all these things must fall into place in a 
short amount of time, or at least in a way that keeps pace with the decline in availability 
of gasoline and diesel from the market. Mature technologies that use petroleum more 
efficiently, such as hybrid drivetrains, are already expanding in the marketplace, but 
they are not a permanent solution unless the energy source is changed from petroleum. 
Cost of any new distribution infrastructure system is also a concern, although given the 
high value of the transportation fuels market—at an average cost of $3.00/gal, including 
taxes, the approximately 200 billion gallons of gasoline, diesel, and jet fuel purchased in 
the United States in 2006 would have a retail value of some $600 billion—it is clear that 
companies that deliver transportation energy products should be able to recoup a 
significant investment in new infrastructure through continued sales.

Compared to the challenge of finding a clean and abundant source of energy from 
which to make a future energy source for transportation, the ability to transfer that 
energy source onto the vehicle poses the more daunting of the two challenges. For 
example, nuclear energy and large-scale wind turbines are two proven technologies for 
generating electricity without CO2 emissions that have a similar cost per kWh to fossil 
fuel energy generation. However, we do not yet have an infrastructure to manufacture 
fuel cell or battery technologies on a scale to take nuclear or wind energy onboard the 
vehicle as a substitute for gasoline (though in the case of electricity, home recharging 
might provide a partial solution). We also do not have a network of refueling stations 
available to the public to distribute and dispense electricity or hydrogen. These obstacles 
may favor instead the development of a petroleum substitute, such as a biofuel, that 
behaves like petroleum so that we can use our existing distribution and dispensing 
infrastructure, but that does not depend on nonrenewable resources and that does not 
contribute to climate change. 

To summarize, the development of a clean, abundant, and economical substitute for the 
petroleum-based transportation energy system is one of the major challenges facing the 
nations of the world today. Society would likely experience significant disruption from 
passing the peak oil point and not having a carefully prepared alternative waiting in the 
wings (see Chap. 5). Also, if the alternative were to be nonconventional petroleum sources, 
we might prolong for a time the worldwide transportation system based on liquefied fossil 
fuels, but greatly aggravate the climate change problem if no suitable system for mitigating 
CO2 emissions is in place. This challenge is arguably one of the most difficult technological 
and systems problems that we face in the pursuit of sustainable energy.
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13-2-1 Definition of Terms
The transportation literature refers to vehicles that run on a fuel other than gasoline or 
diesel as an alternative fuel vehicle (AFV); in some cases use of diesel in passenger cars is 
considered to be an alternative fuel, since, in markets such as that of the United States, 
it is somewhat unusual. Some alternative options for transportation energy, such as 
hybrid vehicles, do not use an alternative fuel but instead use an alternative propulsion 
“platform” to reduce the requirement for gasoline. Some sources refer to alternatives 
such as hybrids as “advanced” propulsion systems. It is also possible to have options 
that are a mixture of both, for example, a hybrid vehicle that runs on an alternative fuel. 
In this chapter we use the umbrella term “alternative propulsion platforms and fuels” 
to describe the complete range of alternatives. We also interpret the term fuel broadly, 
so as to include electricity, even though electricity does not have the characteristics 
usually associated with the term fuel, such as combustibility.

Engines that use gasoline ignite the fuel using a spark, and are therefore called 
spark-ignition (SI) engines. Diesel-burning engines rely on the compression of the fuel 
alone to ignite the fuel, without the use of a spark, and are called compression-ignition 
(CI) engines. Although exceptions may occasionally arise, in general, when applied to 
conventionally fueled vehicles, the use of the term SI engine implies gasoline combustion, 
and the use of the term CI engine implies diesel combustion.2

13-2-2 Endpoint Technologies for a Petroleum- and Carbon-Free 
Transportation System
Transportation energy technologies that replace the use of petroleum for trans-
portation as currently practiced must (1) be based on a more abundant supply of 
energy and (2) avoid permanently increasing the concentration of carbon in the 
atmosphere to avert climate change. Note that the second requirement does not 
preclude a carbon-based energy source. It also does not preclude emitting CO2 from 
the vehicle tailpipe to the atmosphere at some point, as long as carbon emitted to the 
atmosphere is later removed so that the overall atmospheric concentration does not 
permanently increase.

Although there might appear to be a wide range of technologies competing to play this 
role, each can in its essence be reduced to one of the five “endpoint technologies”3 that 
meets the objectives of abundant supply and protecting the climate. The five endpoint 
technologies are shown in Table 13-1. Some appear more promising at this time than others. 
For example, much research effort is going into developing hydrogen and biofuels as energy 
sources, into developing improved battery technology for vehicular use, and into 
sequestering carbon from the use of fossil fuels. However, given that we are at a very early 
stage of this transition and that it will take many years to complete, other less well-
emphasized options are included in the table for thoroughness.

2The performance of SI and CI engines can be modeled theoretically using temperature-entropy 
diagrams of the type presented for stationary combustion systems in Chap. 6. These diagrams are not 
presented in this chapter, but are widely available in thermodynamics texts, for example, Wark (1983) 
or Cengel and Boles (2006).
3The use of the term endpoint technology in this chapter is similar to the term backstop technology. The latter 
was not adopted because the term in this chapter has a specific meaning in regard to the limited number 
of options, and because it was felt that the latter term is not well defined in the literature, and may mean 
different things to different readers.
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All five endpoint technologies share a few common characteristics:

• They all present substantial technical, organizational, and financial challenges.

• Whether or not the endpoint technologies require the introduction of new 
vehicle technologies or use existing ones, they all require large new infrastructure 
systems to generate energy and distribute it to vehicles. Some also require 
infrastructure to transform existing energy sources into a form that can be stored 
on a vehicle, and others require infrastructure to process CO2 already in the 
atmosphere, or to sequester CO2 that is a by-product of conversion to the energy 
currency used onboard the vehicle.

• The endpoint technologies are not mutually exclusive. It is possible that one will 
eventually become dominant, and it is also possible that multiple ones will each 
claim some niche in meeting transportation energy demand. An analogy could be 
made with today’s situation, where most surface transportation (road, rail, ship) 
is propelled by petroleum-fueled internal combustion engines, but a minority of 
rail service uses electricity supplied from outside the vehicle.

Name Description

Endpoint 1 Battery—electric Zero-carbon electricity∗ distributed to 
vehicles, which run on electricity between 
recharges

Endpoint 2 Hydrogen Zero-carbon hydrogen distributed to 
vehicles, which run on hydrogen between 
refills†

Endpoint 3 Sustainable hydrocarbons Hydrocarbon fuels resembling petroleum 
products made using biological processes‡,
or CO2 emissions to atmosphere removed 
by separate process

Endpoint 4 Alternative onboard energy 
storage

Alternative systems such as compressed 
air or flywheels used to power vehicle 
between recharges

Endpoint 5 Eliminate free-ranging, 
mechanized vehicles

All mechanized vehicles are connected to 
grid via catenary. All free-ranging vehicles 
are human-powered§

∗“Zero-carbon electricity” means that the electricity is generated and delivered to the vehicle without 
increasing CO2 concentration in the atmosphere. Thus electricity generated from biofuels could be used 
in this endpoint technology.
†Although it is likely that this endpoint technology would combine use of hydrogen with fuel cell 
technology in order to achieve high efficiency, other conversion technologies (e.g., combustion in piston 
engine) are also possible.
‡Biological processes include crops, plant matter, or microbes. For sustainability, energy inputs should 
be renewable rather than from fossil fuel resources. Alternatively, fossil-fuel-based energy source could 
be used if the resulting CO2 is captured and sequestered.
§Animal power might be substituted for human power.

TABLE 13-1 Alternative Endpoint Technologies for Petroleum-Free, Carbon-Free Transportation
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We first consider endpoint technologies 4 and 5. Endpoint 4 bypasses the need for a 
fuel or currency altogether by storing and releasing energy in some way that does not 
involve combustion or the flow of electric current. Two forms currently available in an 
experimental form are compressed air, which is pumped into the vehicle and then 
released through an engine that turns a driveshaft, and an onboard flywheel that is set 
spinning by an external force prior to operation and then powers the vehicle’s drivetrain 
when it is in motion. For example, vehicles using compressed air are under development 
by Moteur Developpment International of France, with the expectation that a micro-car 
version will be available in the European market in 2008. This is an “umbrella” category 
in that other options for unconventional onboard storage might be developed in the 
future, that we do not currently anticipate. While the reader should be aware of these 
developments, the great majority of R&D effort is currently aimed at endpoints 1 to 3, 
so we do not consider endpoint 4 further in this chapter.

Turning to endpoint technology 5, relying on externally powered vehicles, the goal 
is to enhance or expand existing electrical catenary powered transportation systems. 
Transportation outside of the catenary network would require human or animal power, 
and all free-ranging mechanized vehicles would be discontinued. Research aimed at 
developing personal rapid transit (PRT) in the 1970s showed that it is prohibitively 
expensive to provide an electrically powered guideway for vehicles on every street 
currently accessible to motor vehicles. Therefore, the catenary network would necessarily 
be sparser than the network currently accessible to motor vehicles. Mechanized vehicles 
would operate on main arterials in urban areas and on certain feeder streets, but side 
streets would have no powered vehicles. Similarly, in rural areas some, but not all, 
roads would have mechanized vehicles operating.

From a societal point of view, complete elimination of mechanized free-ranging 
vehicles is arguably the most draconian of all the endpoint technologies, because it 
would involve such a large change in social and economic patterns, including land use, 
business practices, and so on. The resulting urban landscape might resemble that of the 
late nineteenth century in certain cities in Europe and North America before the advent 
of the motor car, where electric tramways, horse-drawn vehicles, bicyclists, and 
pedestrians dominated the streets. Expanding the availability of catenary can, however, 
make an important contribution to sustainable energy for transportation. Some amount 
of extension of electric catenary is underway in the world at present, such as recent 
projects to electrify railway lines between New Haven and Boston in the United States, 
or the electrification of the East Coast Main Line in Great Britain, as well as additions 
and conversions of transit lines to electric trolleys or streetcars in various cities around 
the world. To the extent that these systems currently use zero-carbon electricity, or could 
do so in the future, they can contribute to reducing the CO2 burden from transportation. 
However, we do not consider the underlying technology required for endpoint 5 further 
in this chapter (see Chap. 14 for a discussion of their role in an overall systems solution 
to transportation energy needs).

We now turn to the technologies that are the focus of the remainder of this chapter, 
namely, endpoints 1 to 3. These technologies have in common the use of some carrier 
that is stored onboard the vehicle, either electricity, hydrogen, or some type of 
hydrocarbon. It is thought that these three are, in fact, the only feasible terrestrial 
transportation energy sources, based on unsuccessful attempts to identify others. As 
will be seen in the following discussion, all three have substantial technical hurdles, but 
also show real potential over the long term, so we are justified in considering them in 
some depth here.
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Endpoint technologies 1 and 2 have in common that the energy generation 
component is relatively well-developed, whereas the distribution, dispensing, and 
onboard technology are less developed. Large-scale wind and nuclear technologies are 
already able to produce electricity (and by extension, hydrogen through electrolysis) in 
large quantities without emitting CO2. In some circumstances, the electricity from these 
sources costs more than electricity from fossil fuels, but a concerted effort to build a 
transportation energy system around them would likely result in a reduction in cost so 
that any increase in cost per unit of energy equivalent delivered to the vehicle, compared 
to the current system, could be absorbed by consumers as part of the transition. 
Alternatively, with widespread and cost-effective carbon sequestration, the electricity 
or hydrogen for these technologies could come from fossil fuel combustion and 
conversion, which is another mature technology. In the case of endpoint technology 1, 
electrically powered vehicles might recharge at night when both power plant and grid 
usage are at a low point, so that the recharging function might be added to the tasks of 
the electric grid without requiring major expansion of generating and transmission 
infrastructure.

Other technologies in the chain from energy source to vehicle propulsion are less 
well developed. The list of these technologies includes the following:

1. Adaptations to the electric grid: Night recharging (as described in the previous 
paragraph) notwithstanding, the ability to recharge vehicles during the day 
would require a network of new charging stations, as well as possibly expansion 
of the transmission and distribution grid in certain locations, in order to deliver 
electricity to vehicles on a very large scale.

2. Capacity for short-term storage: In the case of endpoint 1, especially where 
intermittent energy sources such as solar or wind are used, if the electricity cannot 
be dispensed to the vehicle as it is generated, some means of short-term storage 
would be necessary to retain the energy content until it could be dispensed. For 
example, electricity could be converted to hydrogen for short-term storage. 

3. Long-distance hydrogen infrastructure: In the case of endpoint 2, it is envisioned 
that hydrogen would be produced in large central facilities in order to benefit 
from economies of scale. These facilities would require a new distribution grid 
for the product to reach the end users.

4. Infrastructure for long-lasting and cost-effective batteries or fuel cells: These techno-
logies must be perfected for their respective pathways to succeed, and once 
perfected, a new manufacturing infrastructure to produce, distribute, and 
recycle batteries or fuel cells would be necessary. 

5. Onboard hydrogen storage technology: For endpoint 2, the hydrogen fuel cell must 
be coupled with a means of storing sufficient hydrogen onboard the vehicle in 
order for it to have sufficient range, while meeting cost and safety requirements.

Depending on which exact solution eventually takes shape, not all of the technologies 
on the list would be required, but some of them would be, and each requires substantial 
R&D to perfect.

By contrast, endpoint 3 takes advantage of the existing distribution and onboard 
conversion of the transportation energy resources more or less unchanged, and instead 
requires the development of a new energy generation technology that creates from 
renewable resources a fuel that closely resembles, or is chemically identical to, today’s 
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gasoline or diesel. In many of the available variants on this pathway, the original source 
of energy is the sun, with conversion of sunlight taking place in agricultural fields, in 
water-based resource “farms,” or in controlled facilities that use microorganisms to 
generate the raw materials for liquid fuels. Coal might also be used as an energy source 
instead of the sun, by converting the carbon content of the coal into a synthetic liquid 
fuel, combusting this fuel in the vehicle, and then capturing the resulting CO2 from the 
atmosphere.4 The conversion of coal to synthetic fuel has already been used in the past 
in Germany and South Africa during times of war or political isolation. The attraction 
of endpoint 3 is that, once the hurdle of making the fuel is overcome, companies that 
currently refine, distribute, and dispense motor fuels, or manufacture vehicles, could 
continue to use familiar technologies with only minor adaptations.

As a variation on endpoint 3, synthetic fuels from coal might be combusted in 
vehicles with release of CO2 to the atmosphere, and a separate system of devices, not 
powered by fossil fuels, would capture the CO2 from the atmosphere in a location where 
it was convenient to sequester it (see Chap. 7). In such a system, much of the infrastructure 
cost would entail the construction of a worldwide network of “sequestration centers,” 
in addition to facilities for synthesizing a vehicular fuel from coal. The latter technology 
already exists in the form of, for example, Fischer-Tropsch diesel, which can be produced 
from gasified coal.

Lastly, combinations of endpoints 1 and 3 are also possible. For example, a plug-in 
hybrid vehicle (see Sec.13-4-2) might recharge using electricity from renewable resources 
from the grid (endpoint 1), and then refuel using a biofuel (endpoint 3).

13-2-3 Competition between Emerging and Incumbent Technologies
In considering the transition to alternative transportation technologies, we must 
recognize the influence of the starting point of today and the existing worldwide fleet 
of motor vehicles, aircraft, and other consumers of transportation energy from 
petroleum, and the infrastructure that supplies this energy. While alternative pathways 
are desirable in the long run, today they must be introduced in the context of a mature 
petroleum-based system that is the “incumbent” technology, and the expectations in 
terms of price, reliability, performance, and so on, which this system has created in 
consumers. The situation is therefore different from the early days of the automobile at 
the beginning of the twentieth century. At that time, use of horses had fallen out of favor 
for urban transportation, due to problems with fouling of streets. When “horseless 
carriage” designs emerged that used either the internal combustion engine, electricity, 
or steam for propulsion, each new technology had to compete with the other two for 
dominance of the new market, but horse propulsion was no longer a strong incumbent 
“technology” that could resist the rise of the automobile. Once the internal combustion 
engine had outvied electricity and steam, the market for both cars and gasoline could 
grow at a pace determined by the vehicles’ success alone.

Is it a certainty that consumers will under no circumstances accept an alternative 
transportation energy option that has diminished performance but compensates with 
some other positive feature, for example, that it is better for the environment? 
Historically, there have been examples where citizens made radical changes in personal 

4Although petroleum or natural gas might also be used as an energy source in this process, we only 
consider coal in this example because it is the only fossil fuel with sufficiently large remaining resources 
to justify the investment in a new infrastructure for the long term.
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transportation patterns in order to contribute to some other objective. For example, at 
the time of World War II, many countries experienced great changes in this area, such 
as the discontinuation of passenger car production in the United States between 1942 
and 1944, or the dramatic rise in use of public transportation in many countries around 
the world. Although governments required citizens to participate through laws, 
rationing, and so on, these programs were in the end successful in nations on both sides 
of the conflict because, by and large, individuals recognized the contribution that the 
savings of energy and raw materials could make to the war effort. In the same way, it is 
within the realm of possibility that citizens might shift en masse from the current 
technology to some other, the way that they have recently been shifting from land lines 
to cell phones, if the danger from climate change were clear enough, and the anticipated 
benefit of radically changing vehicle technology were convincing enough. Indeed, on 
an individual level, a small fraction of the population in various countries has already 
made such a switch for environmental reasons—for example, taking up regular 
commuting to work by bicycle rather than by car. 

This scenario of rapid, radical shifting of technology has some possibility of 
occurring. However, because it presents a great challenge in terms of making social 
adjustments, and because there are strong candidates for vehicles that use energy 
sustainably without a great loss of performance, we focus in the remainder of this 
chapter exclusively on options that can “oust the incumbent” technology (petroleum-
driven internal combustion engine vehicles, or ICEVs) by delivering equivalent 
performance while still achieving the desired reductions in CO2 emissions and other 
environmental gains.

On the alternative fuel infrastructure side, there must also be support for the growth 
in the number of vehicles sold with an equal growth in energy outlets to supply them, 
which clearly requires a leading role for regional and national governments. As a 
cautionary tale about what can go wrong when support for AFVs is inadequate or ill 
conceived, consider the case of efforts in the United States to introduce flex-fuel vehicles 
(i.e., able to use mixtures of gasoline and biofuels, or diesel and compressed natural gas, 
in different percent combinations) in the 1980s. Through a system of mandates and 
financial incentives, several hundred thousand flex-fuel vehicles were sold, so that the 
potential existed for these vehicles to use biofuels and thereby reduce gasoline 
consumption. 

Although the individual vehicles were technically proficient, the technology failed 
to take root because a business case was not established for building the infrastructure 
to deliver the alternative fuel. Many vehicles were driven in areas where they had no 
access to gasoline-biofuel mixtures, and never once during their driving life took 
advantage of the flex-fuel capability. The public judged the flex-fuel capability not to be 
useful, and it became unmarketable as soon as government incentives and mandates 
were removed. Fleet owners of flex-fuel vehicles found that, if they had paid a premium 
for this capability when the vehicle was new, they could not pass this premium on in 
the used vehicle market because the buyers saw no added value in it. 

Changing performance of the gasoline technology in terms of air quality played a 
role as well. A major driver of introducing AFVs at the beginning of the program was 
the perception that they produced less air pollutants than gasoline vehicles, and that 
their introduction would help to improve urban air quality. However, over the lifetime 
of the AFV program, vehicle manufacturers were able to greatly reduce emissions per 
mile of many important pollutants, so that the air quality motivation no longer existed 
by the end of the program. 
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In the final analysis, the 1980s AFV program may have had some benefit, in terms 
of forcing the emissions control technology for gasoline engines to improve, or providing 
a technological platform on which biofuel programs that have been expanding since the 
year 2000 could build. Nevertheless, it failed as an attempt to create and sustain a 
permanent presence of flex-fuel vehicles using an alternative fuel dispensing network. 
This experience can be contrasted with that of Brazil, where an alternative fuel industry 
based on the production of ethanol from sugar cane has for many years provided a 
substantial fraction of the motor fuel consumed; see Sec. 13-4-3 on biofuels.

13-3 Vehicle Design Considerations and Alternative 
Propulsion Designs

The preceding example of AFVs shows the importance of considering the interaction 
between the alternative and incumbent technologies when introducing alternative fuels 
and propulsion systems. In Sec. 13-4 we will consider electric vehicles, hybrid vehicles, 
biofuels, and hydrogen fuel cell technology. Each technology must be seen in the context 
of the petroleum-based technology it seeks to replace. An understanding of vehicle 
design helps to provide some of that context, and is the focus of this section.

Regardless of the energy source or the propulsion technology used, design of any 
vehicle is based on meeting certain performance requirements, of which saving energy 
(by extension leading to reduced CO2 emissions) is just one. Based on the power, weight, 
and aerodynamic characteristics of a vehicle, it is possible to predict a number of its 
performance measures. These performance measures provide an indication of the 
success of the engineer in meeting the customer’s desire for a vehicle that performs 
well, for example, stopping, accelerating, climbing hills, and so on. Of course, most 
customers are aware that there is usually a trade-off between performance on the one 
hand and fuel economy/reduced cost of fuel on the other, so that vehicle performance 
may be only one of several factors in choosing a vehicle for purchase. Also, aspects of 
driving style, including typical cruising speed or rates of braking and accelerating, 
affect delivered fuel economy, so even if a customer anticipates a certain level of fuel 
economy from a given vehicle, the way they drive the vehicle may affect the actual fuel 
consumption. Lastly, customer preferences change in response to outside information, 
so it is to be expected that as they learn more about the role of vehicle choices in affecting 
climate change and other environmental issues, customers will give environmental 
concerns more weight in their decision making.

For their part, vehicle manufacturers have responded to government requirements 
and consumers’ desire to reduce fuel expenses by using technological innovations to 
improve energy efficiency of vehicles. For example, Table 13-2 shows how drag 
coefficients have improved over generations of vehicle designs. The drag coefficient 
relates the velocity of the car to the amount of effort required to overcome aerodynamic 
drag, so as this coefficient is reduced, cars become more efficient other things equal.

13-3-1 Criteria for Measuring Vehicle Performance
Typical performance measures used in vehicle design include the power requirement at 
cruising speed, maximum speed, maximum gradability, and maximum acceleration. Each 
is explained in turn below. The measures of performance can be applied to internal 
combustion engines (ICEs), electric motors, or vehicles which combine both (i.e., hybrids).

Power requirement at cruising speed: The power requirement for a vehicle to maintain 
cruising speed on a level road is the power provided from the transmission that just 
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equals the rolling and aerodynamic resistance of the vehicle, so that it neither 
accelerates nor decelerates. Let PTR be the required tractive power, r be the density of 
air, AF the frontal cross-sectional area of a vehicle, CD the aerodynamic drag coefficient 
(as represented in Table 13-2), V the vehicle speed, and Co the coefficient of rolling 
resistance. The relationship between PTR and V is then

 P A C V mgV CF D oTR = +0 5 3. ρ  (13-1)

where m is the mass of the vehicle and g is the gravitational constant. For a vehicle 
climbing a constant grade, Eq. (13-1) can be modified to include a term that incorporates 
the work done to move the mass of the vehicle against gravity.

Maximum speed: By extension from Eq. (13-1), the maximum speed for a vehicle is the 
speed V when the transmission in an ICE vehicle is in highest gear, or motor output in an 
electric vehicle (EV) is at its maximum value, PTR is in equilibrium with aerodynamic and 
rolling resistance, and an increase in engine or motor rotational speed, in rpm, would lead 
to a drop in PTR, so that the vehicle cannot accelerate to a higher speed. For a given desired 
maximum speed Vmax, Eq. (13-1) tells us the required tractive power that must be provided 
by the drivetrain. Alternatively, for a given amount of available tractive power, we can 
predict Vmax for the vehicle.

Maximum gradability: The maximum gradability is the grade of slope at which the 
gravitational force acting downward on the vehicle is just balanced by the maximum 
tractive force FTR of the engine or motor acting upward, so that upward motion at an 
infinitesimal rate is just possible. Here slope is the ratio of distance of rise to distance of 
run, measured in percent, that is, 10 m vertical over 100 m horizontal is a 10% slope. 
Maximum gradability GRmax is a function of FTR and m, as follows:
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(13-2)

Maximum acceleration: The maximum acceleration Amax achievable on a level surface 
by the vehicle is based on its maximum available tractive force FTR and its total mass. In 

Vehicle Drag Coefficient (C
D
)

1970s or 1980s standard 
passenger cars

0.5–0.6

1970s or 1980s sports cars 0.4–0.5

Post-2000 high fuel economy 
passenger cars

0.25–0.3

Highly aerodynamic concept 
cars

0.15–0.18

Theoretical minimum drag 
(teardrop shape)

0.03

TABLE 13-2 Evolution of Drag Coefficient Values, 1970s 
to Present
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a simple form, ignoring the effect of drag and assuming constant force across the range 
of vehicle speeds, this relationship can be derived from Newtonian mechanics, as 
follows:

 
A

F
mmax = TR

 
(13-3)

Thus, in order to maximize acceleration, the engineer seeks to maximize force while 
at the same time reducing mass. In practice, increasing force tends to increase engine 
size, thereby increasing mass and lowering Amax, so a balance must be struck between 
the two factors. Examples 13-1 and 13-2 illustrate the use of these performance measures 
for evaluating vehicle designs at a basic level.

Example 13-1 A representative passenger car that is designed for fuel economy has a frontal area of 
2.6 m2, drag coefficient of 0.3, rolling resistance coefficient of 0.01, curb weight of 1200 kg, maximum 
tractive force at low speeds of 3000 N, and tractive power at maximum speed of 30 kW. The vehicle has 
five-passenger capacity, plus rear end space behind the second seat for storage. Calculate the cruising 
power requirement at 96 km/h; the maximum speed; and the maximum gradability. (In standard 
units, the vehicle has a cross-sectional area of 28.1 ft2, weighs 2640 lb, and the desired cruising speed 
is 60 mph.)

Solution Assume air density of 1 kg/m3. The cruising speed is equivalent to 26.7 m/s. Therefore, 
using Eq. (13-1), the power requirement is

PTR = +0 5 1 2 6 0 3 26 7 1200 9 8 263. ( )( . )( . )( . ) ( )( . )( .77 0 01 10 5)( . ) .= kW

Next, the tractive power at maximum speed of 30 kW will determine the maximum speed Vmax. 
Plugging in known values gives

30 0 5 1 2 6 0 3 1200 9 83kW = +. ( )( . )( . ) ( )( . ) (max maxV V 00 01. )

Solving using a numerical solver gives Vmax = 40.2 m/s, or 145 km/h (90.4 mph).

Maximum gradability is determined using the maximum tractive force at low speed and the mass 
of the vehicle:

GRmax
( . ) ( )

= ×
⋅ −

⎡

⎣
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=100
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0
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.. . %264 26 4=

Example 13-2 Now consider a representative sport-utility vehicle (SUV) also with five-passenger 
capacity. The SUV rides higher off the road, and so has a larger frontal area of 3.1 m2 and a higher 
drag coefficient of 0.4. Due to more rugged tires, the rolling resistance coefficient increases to 
0.015. The curb weight is higher at 1500 kg, but the power train is also stronger, delivering a 
maximum tractive force at low speeds of 4500 N, and tractive power at maximum speed of 50 kW. 
(In standard units, the vehicle has a cross-sectional area of 33.4 ft2 and weighs 3300 lb.) (a) Calculate 
the cruising power requirement at 96 km/h; the maximum speed; and the maximum gradability. 
(b) Suppose both the SUV and the economy car in Example 13-1 accelerate from a standstill at full 
force in a frictionless vacuum, and that they can maintain the maximum low-speed tractive force 
over the entire range of speeds. How fast will each of them reach the cruising speed of 96 km/h 
or 60 mph?
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Solution

 (a) Repeating the calculations from Example 13-1 but using new parameters for the SUV, the 
answers are PTR = 17.6 kW, Vmax = 146 km/h (91.0 mph), and GRmax = 32.2%.

 (b) Since there is no resistance and tractive force is constant, we can apply Eq. (13-3) to the case of 
both vehicles. For the car:

A
F
mmax .= = =TR m/s

3000
1200

2 5 2

In order to reach cruising speed of 26.7 m/s, the car must accelerate for t = (26.7)/(2.5) = 10.7 s. By 
similar calculation, for the SUV, Amax = 3 m/s2, t = (26.7)/(3) = 8.9 s. Note that because the assumptions 
about vehicle specifications are simplistic, the comparison is not transferable to actual vehicles having 
approximately the same dimensions.

Discussion A comparison of the results for the two vehicles is given in the table below. The percent change 
column gives the percent change up or down for the value for the SUV, relative to that of the car.

 Units Compact SUV Change

Cruise kW  10.5  17.6  67%

Maximum
speed

Km/h  144.6  145.7  1%

mph  90.4  91.0  1%

Gradability percent  26.4%   32.2%  22%

Acceleration seconds  10.7  8.9  −17%

From the table, it is clear that the design features of the SUV give it the superior performance in the 
categories that consumers seek in such a vehicle, but also worsen its fuel economy. In practical terms, 
the maximum number of passengers is the same, but the SUV has presumably more cargo space, 
rides higher off the ground, and is heavier, giving it the impression of being a structurally stronger 
and hence safer car. However, cruising fuel consumption is 67% more; although it is not shown, the 
heavier mass will also lead to greater fuel consumption when accelerating. Increased drag and rolling 
resistance coefficients as well as mass lead to fuel consumption at constant speed being greater. On a 
per unit of mass basis, the SUV can provide more tractive force when accelerating and more tractive 
power at maximum speed, so acceleration, maximum gradability, and maximum speed are superior, 
which are desirable features for this type of vehicle. 

The results for the two generic vehicles presented in the above table can be compared to real-world 
vehicles to examine the validity of using engineering formulas to predict performance. For instance, the 
2005 Toyota Corolla and Toyota RAV-4 small SUV are comparable to the example vehicles in terms of 
curb weight and drag coefficient (1150 kg/0.3 and 1448kg/0.4, respectively). Using current estimates of 
highway fuel economy from the USEPA, the increase in predicted fuel consumption for driving a RAV-4 
in place of a Corolla is 37%. Though not as large as the predicted value in the table of 67%, the difference 
is nevertheless significant. Also, if we were to assume for the example SUV that the tires had the same 
rolling resistance as for the passenger car (Co = 0.1), the fuel increase percentage in the table would be 49%, 
which is closer to the real-world vehicles. Given that Eq. (13-1) is calculating power requirement at one 
speed and does not take into account many variables that affect overall fuel economy (highway driving 
cycle, power train efficiency in converting gasoline into power, effects of accelerating and braking, and 
so on), we can see that the use of Eqs. (13-1) and (13-2) as shown in this example is a reasonable way to 
make first-order predictions about differences in performance and energy efficiency.

Complicating Factors in Vehicle Design
It is possible to use Eqs. (13-1) to (13-3) to make the calculations necessary at a basic 
level to make broad comparisons between major groups of light-duty vehicles, such 
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as compact cars versus SUVs and minivans, or hybrids versus ICE vehicles. In practice, 
complicating factors come into play, which make accurate comparisons between 
competing vehicle alternatives, or interpretation of experimental results from a 
vehicle test track, a much more complex enterprise. 

As an example, let us focus just on the question of acceleration. First, in real-world 
driving, the force acting to accelerate the vehicle is the net difference between tractive 
force from the power train and resistance acting on the vehicle. Since the resistance is a 
function of V, this component of the net force will change as the vehicle accelerates. 
Furthermore, FTR changes with changing speed. Taking the example of the ICE, FTR is 
related to the flywheel torque TFW , measured in newton-meters or N·m, of the engine, 
which is itself changing as a function of rpm, as follows:

 T T G G LAX FW TR FD DR= × × −  (13-4)

 F T rTR AX tire= ×  (13-5)

Here TAX is the axle torque in N · m, GTR is the transmission gear ratio (which varies 
depending on which gear the transmission is in), GFD is the final drive gear ratio 
(i.e., between the drive shaft and the transaxle), LDR are the various drivetrain losses, 
and rtire is the radius of the tire. This calculation assumes a manual transmission; 
additional losses are incurred due to slippage in an automatic transmission.

The practical result of Eqs. (13-4) and (13-5) is that, since the engine has an rpm 
range where TFW reaches a peak value, and then above or below that range TFW falls off, 
the ability to contribute to FTR will diminish once the rpm is above the range. Presence 
of a multispeed gearbox allows the driver to compensate by shifting into a higher gear 
where once again the engine will operate in ideal rpm range. However, with each higher 
gear, GTR is decreased, so that FTR and hence maximum acceleration decreases. The effect 
of changing FTR with changing speed is shown in Fig. 13-2 for the relationship between 
FTR in the top gear in an ICE, resistance forces, and maximum velocity. At Vmax, FTR and 
resistance forces are in balance, so as V approaches Vmax, resistance is increasing with 
the third power of V while FTR is decreasing with increasing rpm, so that the vehicle will 
approach Vmax asymptotically. This behavior is observed in vehicles traveling at very 
high speeds. A test driver can typically accelerate from a standstill to expressway speeds 
of 100 to 140 km/h relatively rapidly, depending on the vehicle in question, but 
thereafter finds that the increase of speed to the rated maximum speed of the vehicle on 
level ground happens much more slowly. 

One practical outcome of the complex nature of relationship between design 
parameters and delivered performance is that manufacturers carry out performance 
testing using a mixture of theoretical modeling and empirical testing. As illustrated in 
Examples 13-1 and 13-2, theoretical evaluation can be used to make general predictions 
about the performance of classes of vehicles in terms of cruising fuel consumption, 
maximum gradability, and so on. On the other hand, where the goal is to create a 
transparent benchmark by which a discerning consumer will make choices between 
specific makes and models within a vehicle class, it is too complicated to create a 
defensible theoretical model that makes meaningful comparisons between vehicles, so 
the makers use empirical testing instead. For example, a vehicle’s ability to accelerate is 
evaluated and published for promotional purposes in terms of “time from 0 to 30 mph” 
(0 to 48 km/h) or “time from 0 to 60 mph” (0 to 96 km/h), and so on, using professional 
drivers on a test course, rather than through theoretical analysis.
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13-3-2 Options for Improving Conventional Vehicle Efficiency
From the discussion in the previous section, overall vehicle weight, maximum power, 
aerodynamic drag, and other parameters directly influence the energy consumption of 
gasoline and diesel ICEVs. It follows that making changes to the parameters, such as 
curb weight, aerodynamic drag, or rolling resistance, through improvements in vehicle 
design, provides a means to improve fuel economy. Some of the parameters are already 
evolving in this direction. As shown in Table 13-2, typical drag coefficient values have 
been decreasing steadily, and a further decrease to a value of CD = 0.25 for many 
passenger cars is possible in the next 5 to 10 years. Makers have also reduced curb 
weight per unit of passenger compartment volume through more efficient use of space, 
advances in materials, and the abolition of the underbody chassis that was common to 
vehicles in the 1960s and before. On the other hand, in markets such as that of the 
United States, larger vehicles such as SUVs have become popular, putting upward 
pressure on the average curb weight of the light-duty vehicles in the fleet. Nevertheless, 
further improvements in ICEV weight should be possible, especially if higher fuel 
prices discourage buyers from purchasing the largest vehicles. Through these changes, 
some improvement in fuel economy is attainable, without sacrificing performance or 
vehicle comfort. These incremental changes have a lower up-front cost to the maker 
than full-scale changes to alternative platforms, so they pose less of a financial risk.

Incremental improvements of this type have a limit, however. First, as time passes, it 
becomes harder to wring additional savings out of an ICEV platform that has already been 
substantially improved. Secondly, as long as the fuel for these vehicles remains gasoline or 
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diesel, the makers and car buyers cannot fully achieve the resource and climate goals laid 
out at the beginning of the chapter if only this option is pursued. The next section therefore 
turns to alternative fuels and propulsion platforms as a more complete solution.

13-4 Alternatives to ICEVs: Alternative Fuels 
and Propulsion Platforms

Vehicles that use an alternative fuel or are based on an alternative propulsion platform, 
which are the focus of this section, have the potential to radically reduce petroleum 
consumption and CO2 emissions, and in some cases there are already vehicles on the 
road that are achieving this goal. Vehicles that use alternative fuels, including electric 
vehicles, biofuel-powered vehicles, and hydrogen fuel cell vehicles, can obtain their 
energy from sources other than fossil fuels. Hybrid vehicles take advantage of a 
fundamentally different propulsion platform to greatly reduce energy requirements, 
regardless of the energy source. All of the major makers in North America, Europe, and 
Japan, have active research in one or more of these technology fields. 

Like an ICEV, an alternative vehicle must deliver acceptable performance to the 
customer to succeed in the market, while reducing energy consumption and greenhouse 
gas (GHG) emissions to succeed on environmental goals. Not only must it deliver sufficient 
power, but it must also do so without incurring a large weight or volume penalty, since 
otherwise the handling of the vehicle or its capacity to carry cargo may be compromised. 
This standard applies to the alternative vehicles considered throughout this section.

13-4-1 Battery-Electric Vehicles
The battery-electric vehicle (hereafter EV) has existed since the early days of the history 
of the automobile in a niche-market and prototype form. After automobile makers 
settled on the ICE as the propulsion system of choice in the 1900s, experimental work 
continued with the vehicles at a low level throughout the twentieth century, and by the 
1970s prototypes existed with a range of 130 km (81 mi.) per charge and acceleration of 
0 to 96 km/h (0 to 60 mph) in 16 s. The World Solar Challenge between Adelaide and 
Darwin, Australia, in 1987 was a catalyst for developing a new generation of more 
advanced EVs, and positioned the winning entrant, General Motors, to develop a 
prototype EV called the “Impact” launch in January 1990 that achieved a 145 km range 
between charges, a 150-km/h top speed, and acceleration of 0 to 96 km/h (0 to 60 mph) 
in 8.6 s. Since it coincided with California’s regulatory deliberations for tighter tailpipe 
standards, GM’s introduction of the Impact concept EV had the unintended consequence 
of stimulating the zero emission vehicle (ZEV) mandate.

In the late 1990s a number of American and Japanese makers entered EVs in the 
commercial passenger car and light-truck market in California in the United States, and 
leased or sold several thousand vehicles, ranging from the Saturn EV-1 two-seat coupe 
(the production version of the Impact), to the Toyota RAV-4 small SUV, to the Ford 
Ranger pickup truck. In 2001, the automakers succeeded in weakening a mandate that 
would have required the expansion of EV sales in the California market, and by 2002 
new EVs were no longer for sale from the major manufacturers. This unfolding of events 
remains controversial even now. The major manufacturers claim that their efforts to sell 
the vehicle proved that a sufficient market did not exist for a vehicle that lacked adequate 
range for intercity driving, meaning that an owner would most likely need to own a 
second ICE-powered vehicle in order to meet all driving needs. Supporters of the EV 
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countered that there was, in fact, a sufficiently large market of drivers who could afford 
to own an EV as a second car, and that automakers had not made a good faith effort to 
promote the technology.

Electric Vehicles Today
Although this debate continues today, the experience with EVs proved that technically, 
such a car could be built so as to operate well on urban road networks otherwise 
dominated by ICEVs, even if the economics were questionable. It also provided a 
stepping stone toward the HEV technology that has been expanding steadily in the 
North American and Japanese markets since 1997, and at a faster rate since 2003. Mass-
produced EVs may well reenter the passenger vehicle market as it evolves in the future. 
For example, at the time of this writing, Tesla Motors, a start-up maker, is preparing to 
enter the U.S. market with a high-end, two-seat EV sports car.

Other EVs continue to enter the marketplace by various means. In Europe and 
Japan, EVs are enjoying slightly more success as small niche vehicles, good for short-
distance travel and featuring ease of parking. The Italian firm Effidi launched the two-
seat electric Maranello 4 in 2006. Limited-use vehicles (LUVs) powered by batteries that 
travel at a maximum speed of 50 to 60 km/h (30 to 35 mph) are available in the U.S. 
market and elsewhere; while not legal for travel on highways, they are useful for niche 
applications such as national and state parks, corporate office parks, or academic 
campuses(see Fig. 13-3). Siemens markets a complete electric drivetrain that can be 
retrofitted into an ICEV by removing the ICE drivetrain, and there are a number of 
small companies and individuals who provide retrofitting services to a few thousand 
vehicles each year, either using off-the-shelf EV drivetrains such as the Siemens product, 
or piecing together their own systems.

FIGURE 13-3 Limited-use vehicle (LUV) from the GEM (Global Electric Motors) division of Chrysler. 

The turn-signals, headlights, seatbelts, and license plate seen in the image allow for legal operation 
on public roadways. The letters “LU” in the New York State license plate signify that the vehicle is 
only legal to operate on roads with a speed limit of 35 mph (approx. 60 km/h) or less. 
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Electric Vehicle Drivetrain Design Considerations
The most recent generation of EVs have opted for ac motors due to superior performance. 
In such a vehicle, the drivetrain consists of a battery bank, a power controller that 
converts electrical energy from dc to ac, a motor, and a transmission to the driven 
wheels, as shown in Fig. 13-4. Control over the vehicle is transmitted from the accelerator 
pedal electronically to the power converter, which then controls the rate of energy flow 
to the motor. Note that, although not shown in the figure, the EV drivetrain may also 
incorporate regenerative braking. Instead of dissipating kinetic energy as heat in the 
brake pads, as occurs in an ICEV, the EV can run the transmission in reverse, using 
the electric motor as a generator that creates drag on the wheels to slow the vehicle, 
while at the same time recharging the batteries.

The charge density of the battery technology has a strong influence on the overall 
range of the vehicle. Charge density can be measured either in terms of energy per unit 
of weight or per unit of volume. Suppose we take a simplified model of an EV in which 
charge availability is constant at all states of charge of the battery (i.e., whether full, 
half-full, and the like) and that the vehicle has constant average energy intensity in 
terms of the energy required per unit of mass of vehicle moved 1 km. The range R, in 
km, can be estimated as a function of battery weight as follows:

 
R

CD W
W W

=
⋅

+
battery

vehicle batteryμ( )
 

(13-6a)

where CD is the charge per mass of battery in watthours/kg (or Wh/kg), Wbattery is the 
mass of batteries in kg, Wvehicle is the mass of remainder of the vehicle in kg, not including 
the batteries, and m is the energy intensity of the vehicle, in Wh/kg · km (i.e., average 
watthours of battery capacity required to move 1 kg of the vehicle for 1 km). This 
equation can be rewritten to solve for Wbattery as a function of range R:
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If we take the fixed cost of the vehicle to be Cfixed before adding the cost of the batteries, 
the total cost of the vehicle TC can be written as a function of range as shown:
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FIGURE 13-4 Schematic of components in EV drivetrain system. 
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where Cbattery is the unit cost of the batteries in $/kg. The use of these equations to 
estimate battery requirements and total cost as a function of range is illustrated in 
Example 13-3.

Example 13-3 A representative EV can be built with either lead-acid (Pb) or nickel-metal-hydride 
(NiMH) batteries. Regardless of battery type, the vehicle has the following values: Wvehicle = 920 kg, 
m = 0.128 Wh/kg · km, and Cfixed = $14,000. Lead acid batteries have values of CD = 55 Wh/kg and 
Cbattery = $125/kWh. NiMH batteries have values of CD = 80 Wh/kg and Cbattery = $300/kWh. What 
mass of batteries is required, and what is the total cost, of a vehicle that has a range of (a) 200 km 
and (b) 300 km?5

Solution For case (a), EV with 200 km range, from Eq. (13-6b) the weight requirement is

For Pb: Wbattery = [200 × 0.128 × 920] / [55 – 200 × 0.128] = 801 kg

For NiMH: Wbattery = [200 × 0.128 × 920] / [80 – 200 × 0.128] = 434 kg

We can solve for the total cost of the vehicle using Eq. (13-7), or by converting cost per Wh to cost 
per kg. In the case of lead-acid, the value is (55 Wh/kg)($125/kWh)/(1000 Wh/kWh) = $6.88/kg. 
Similarly, for NiMH, the value is (80 Wh/kg)($300/kWh)/(1000 Wh/kWh) = $24.00/kg. The total 
cost of the vehicle is then

For Pb: kg kg

Fo

TC = + ⋅ =$ , $ . / $ ,14 000 801 6 88 19 511

rr NiMH: kg kgTC = + ⋅ =$ , $ . / $ ,14 000 434 24 00 24 424

For case (b), repeating the above calculations gives 2128 kg and $28,642 for the EV with lead-acid 
batteries, and 852 kg and $34,448 for the EV with NiMH batteries.

Discussion The NiMH battery has a large advantage in terms of saving weight, especially at the 
higher range of 300 km. With the cost figures given, this weight saving does not translate into a cost 
saving since the NiMH battery cost is also significantly higher at either 200 or 300 km range. However, 
this cost barrier is not insurmountable: the NiMH technology show promise of dropping in cost with 
further development, unlike the lead-acid, which is thought to have reached a cost plateau. Thus the 
results of this example point to emerging battery technologies such as NiMH as a means of developing 
a more cost-effective high-range EV in the future. 

Figure 13-5 shows vehicle range per full charge as a function of battery weight for 
the vehicle in Example 13-3. At a range of 300 km, the batteries comprise more than 2/3 
of the total mass of the vehicle in the case of lead-acid. Note also that this estimate is an 
optimistic simplification, since increasing vehicle weight by such a large amount will 
have a multiplier effect in terms of requiring additional strengthening of the vehicle 
body, a stronger electric motor, heavier brakes, and so on, to be able to support the extra 
batteries, further increasing weight. For NiMH, the total vehicle weight at a range of 
300 km is 1775 kg, versus 3051 kg for the lead-acid.

As discussed in Example 13-3, if the cost of the alternative battery technology per kg is 
high, its use will reduce vehicle weight but not cost. As shown in Fig. 13-6, the greater 
charge density does not “break even” in terms of reducing overall vehicle cost until the 
range of the vehicle reaches approximately 350 km and the cost reaches $43,000. Above this 
range value, the cost for lead-acid increases rapidly, and the cost curve approaches a vertical 
asymptote around 430 km range, so that the vehicle cannot achieve this range for any cost. 

5Values of cost and charge density data for batteries are taken from Husain (2003).
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If EVs capable of intercity travel are to gain a measurable share of the passenger 
vehicle market in the future, raising charge density and lowering cost per unit of energy 
storage in batteries, especially by shifting away from lead-acid battery technology to 
various emerging alternatives, will likely play an important role. Nickel-metal hydride 
batteries are already in use as secondary battery storage in hybrid vehicles, and some 
prototype EVs have used lithium-ion batteries with promising results. Costs for both 
types of batteries are declining, with values as low as $200/kWh reported. Repeating 
the analysis in Example 13-3 with either NiMH or lithium ion at this cost per kWh gives 
total cost values of $20,950 and $27,632, respectively, a much improved cost figure for 
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the vehicle. Note that these figures should be interpreted carefully, since they do not 
take into account the full detail of how vehicle design affects overall cost.

Increasing production and economies of scale may help the new battery technologies 
as well. The Tesla roadster is projected to have a range of 320 km (200 mi) per charge, 
using lithium-ion batteries. Although this vehicle is aimed at the upper end of the car 
market due to its $100,000 price tag, the combination of R&D experience and economies 
of scale if demand rises may lead to cheaper lithium-ion-based EVs in the future.

13-4-2 Hybrid Vehicles
A recent trend that can benefit cars and light trucks alike is the emergence of the hybrid 
drivetrain, which uses a combination of internal combustion engine and electric motor to 
optimize energy use for propulsion. These drivetrains have been introduced primarily into 
passenger cars to date, with additional use of hybrid drivetrains in midsize delivery vehicles 
that operate in stop-and-go conditions. The most efficient hybrid-electric vehicle (HEV), in 
the U.S. market, the Toyota Prius, has a rated fuel economy value of 23 km/L (55 mpg) for 
combined city/highway fuel economy, versus 11 to 17 km/L (25 to 40 mpg) for typical 
conventional drivetrain vehicles.6 The Prius is not as efficient as the best-performing car in 
the European market, the Audi A2 diesel (fuel economy of 40 km/L, or 95.3 mpg; taking 
into account the 11% greater energy content per gallon in diesel than gasoline, this is 
equivalent to 36 km/L, or 85.9 mpg), but the Prius also has a larger interior.

HEVs currently constitute a small part of the world passenger car market; however, 
concern about the environment and rising fuel costs have sparked interest, and sales 
have risen steadily, as shown in Fig. 13-7 for the sales of hybrids in the United States for 
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6As this book was going to press, the U.S. Environmental Protection Agency published revised fuel 
economy standards to better reflect real-world results, both for 2008 model cars and retroactively for 
previous years. The old values are used in this chapter, so the reader should consult www.fueleconomy.
gov to find the current estimate for any specific vehicle mentioned. For example, the new estimate for 
the Prius is 45 mpg highway/48 mpg city/46 mpg overall. This change represents a 16% reduction in 
overall fuel economy. We assume that other fuel economy estimates have been reduced proportionally, 
so that relative comparisons presented here are still valid.

www.fueleconomy.gov
www.fueleconomy.gov
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the period 1999 to 2006. At the same time, with each passing year, automakers introduce 
new hybrid models in different market niches (sedans, minivans, SUVs, and so on), 
further increasing the opportunity to grow sales.

The HEV uses a combination of ICE and battery-electric technology to capture the 
advantages while avoiding some of the drawbacks of each. There are two basic energy 
flow concepts for the drivetrain hybridization:

 1. Series hybrid: All mechanical power from the ICE is first converted to electrical 
energy, then either to a motor for driving the wheels, or to a battery system for 
storage. 

 2. Parallel hybrid: Mechanical power from the ICE goes to a transmission, where it 
is divided between driving the wheels and driving a generator for storing 
energy, depending on operating conditions.

In other words, the parallel concept makes possible a direct mechanical connection 
between ICE and wheels, the same as an ICEV, and the series system does not, as shown 
in Fig. 13-8. In practice, however, a combination of these concepts may be implemented; 
such is the case for the dominant hybrid drivetrain in the light-duty vehicle market, 
namely, the Toyota full hybrid system as used in the Prius and now many other vehicles 
(including versions adopted by Ford and Nissan). Auto makers can develop hybrid 
vehicles from the ground up, or by adapting existing ICEV models to incorporate a 
hybrid drivetrain (see Figs.13-9 and 13-10)

In most hybrid drivetrains, some fraction of the power from the engine is used to 
move the vehicle when the load is low, and the remainder is used to charge the battery 
or other storage device. When the load is too great for the power originating from the 
engine alone, the drivetrain withdraws energy from the battery system so that the 
combination of ICE and electrical power together can meet the load. Note that all 
hybrids use a secondary battery system to store and dispense electric charge to the 
drivetrain, which is separate from the primary battery system used in both HEVs and 
conventional ICEVs for auxiliary functions (lights, sound system, and the like).

(a) Series

(b) Parallel

GeneratorIC
Engine

IC
Engine

Battery

Battery

Power
conversion Motor Wheels

WheelsTransmission

Generator/
motor

FIGURE 13-8 Schematic of basic energy fl ow concepts for hybrid vehicle drivetrain: (a) series 
and (b) parallel.
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A number of variations on the hybrid drivetrain are possible. A through-the-road 
hybrid (e.g., 2006 Toyota Highlander SUV, forthcoming 2009 Dodge Durango SUV) 
uses the ICE to drive one set of wheels (front or rear) and the electric motor to drive the 
other. A mild hybrid system (e.g., 2007 Chevrolet Silverado truck) does not allow the 
vehicle to run entirely on electric power, but instead adds electric power as needed to 
smooth out load on the ICE. For heavy-duty vehicle applications where stop-and-go 
driving is common, such as in delivery vehicles or municipal waste haulage, companies 
such as Eaton and Parker-Hannifin are providing hydraulic hybrid systems that store 
energy hydraulically on level ground or when braking, and release it in times of 
increased load. Diesel-electric hybrid drives are also in use in delivery vehicles belonging 
to companies such as FedEx and UPS.

FIGURE 13-9 Two approaches to marketing a hybrid passenger car: (a) Toyota Prius, developed 
“from the ground up” as a hybrid, and (b) Honda Civic Hybrid, adapted from the conventional 
Honda Civic ICEV. (Source: © Philip Glaser, 2007, philglaserphotography.com.) 



FIGURE 13-10 Birds-eye view of three engine compartments: (a) conventional 2004 Honda Civic, 
(b) 2004 Honda Civic Hybrid, and (c) 2005 Toyota Prius. 

In Figures 13-10b and c, the additional components of the hybrid drivetrain do not require any 
signifi cant increase in the volume of engine compartment. (Source: Philip Glaser, 2007, 
philglaserphotography.com.) 
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Fuel Economy Advantage of the Hybrid System
The hybrid drivetrain has at least the three following advantages:

 1. Independence from external generating source: All of the electric charge in the 
batteries comes originally from the energy in the fuel (gasoline or diesel), so it 
is not necessary to spend time recharging the vehicle from an off-board source 
of electricity while it is stationary, as in an EV. Also, since the electric charge is 
usually put to use in propulsion relatively soon after being generated (either 
from the ICE or from the drivetrain), the battery storage requirements are 
greatly reduced, in terms of space, weight, and cost.

 2. Optimal ICE efficiency at the expense of maximum power output: Since the ICE in a 
hybrid can depend on the battery-motor system for additional power under 
peak load, it need not be optimized for maximum power output at the expense 
of efficiency, as occurs in many ICEVs. To this end, some hybrids (e.g., Toyota 
Prius) use a different thermodynamic cycle known as the Atkinson cycle, which 
emphasizes higher efficiency under average load at the expense of reduced 
peak power. Such a trade-off would be unacceptable to most consumers in an 
ICEV, because they would not have a satisfactory amount of power available 
for rapid acceleration, climbing steep grades at speed, and other high demand 
driving regimes. However, this arrangement works well in a hybrid, allowing 
it to improve fuel efficiency and satisfy performance requirements.

 3. Regenerative braking: The HEV can use regenerative braking to recover kinetic 
energy from the wheels back into the secondary battery when decelerating. 
Measured in “round-trip” energy efficiency, up to 40% of the energy originally 
available as kinetic energy in the rotation of the wheels is returned to the wheels 
after conversion from mechanical to electrical and back to mechanical energy.

It is interesting to note that although point 3 is the feature that is more familiar to 
most drivers, it is point 2 that contributes the most to the improvement in fuel economy 
in many hybrids. In fact, the growth of the hybrid market has opened up new 
opportunities for the development of the Atkinson engine. The Atkinson cycle was 
originally invented by James Atkinson in 1882 as a way of circumventing the patent on 
the Otto cycle of Nicholas Otto. Although it did not come into widespread use at the time 
of its invention, the Atkinson cycle does have a combustion efficiency advantage, so that 
it was appropriate for use in the development of the hybrid drivetrain in the 1990s.7

In some models of HEVs, the hybrid drivetrain has been used to take larger models 
of cars that are fairly powerful and add additional power while at the same time 
modestly improving fuel economy. For example, the 2005 Honda Accord hybrid with 
six-cylinder engine has a maximum output (combined ICE + motor) of 190 kW (255 hp) 
and a combined city/highway average fuel economy of 11.7 km/L (28 mpg), versus 
179 kW (240 hp) and 9.8 km/L (23.5 mpg) for the ICEV version with six-cylinder engine. 
Thus the hybrid platform gives the automakers flexibility to either pursue maximum 
fuel efficiency, or maximum performance with no loss in fuel economy. From an energy 
conservation or climate change point of view, the former option is desirable; however, the 
latter option may encourage some consumers, who might not consider the compact 

7A variation on the Atkinson cycle is the Miller cycle, which was developed in the 1940s by adding 
supercharging (forced intake of air into the cylinder) to the Atkinson cycle. Both are referred to sometimes 
as Atkinson-Miller cycle engines.



396 C h a p t e r  T h i r t e e n

hybrids that achieve the best fuel economy, to purchase a hybrid and save some 
amount of fuel.

Hybrids in Comparison to Other Propulsion Alternatives
The potential of the hybrid drivetrain to reduce energy consumption across a wide 
range of vehicle applications can be exemplified by considering several current and 
recent passenger vehicle models (Table 13-3). Most vehicles are currently available in 

Eng Size 
(cc)

Maximum
Power†

Power/
liter‡

(kW/L)

Curb
wt.
(kg)

Overall Fuel 
Economy§

(kW) (hp) (km/L) (mpg)

2007 Audi A2 1190.0 55.0 73.8 46.2   930 39.9 95.3

2005 Ford 
Escape (man)

3000.0 149.1 200.0 49.7 1575 8.4 20.0

2005 Ford 
Escape
Hybrid

2260.0 99.2 133.0 n/a 1719 13.8 33.0

2005 Honda 
Accord (man)

3000.0 179.0 240.0 59.7 1522 9.8 23.5

2005 Honda 
Accord Hybrid

3000.0 190.2 255.0 n/a 1591 11.7 28.0

2001 Saturn 
EV-1

n/a 116.0 155.6 n/a 1350 25.1 60.0

2001 Toyota 
Echo (man)

1500.0 78.3 105.0 52.2   927 16.3 39.0

2001 Toyota 
Prius

1500.0 72.0 56.3 28.0 1259 20.3 48.5

2007 Toyota 
Prius

1500.0 87.0 76.4 38.0 1254 23.2 55.5

2008 VW 
Jetta TDI

1900.0 75.0 100.6 39.5 1431 18.8 45.0

∗See earlier footnote about 2007 changes to USEPA fuel economy ratings.
†Maximum power value for hybrids includes power from electric motor (specs not shown) in addition 
to power from ICE. Due to differences in the way that ICEs and electric motors function, each achieves 
maximum power output in different driving conditions, limiting the comparability of maximum power 
ratings between ICEVs, HEVs, and EVs in this table. The calculation of maximum power for the hybrid 
models shown is the arithmetic sum of ICE and electric motor power. 
‡Power per liter. Values for 2001 and 2007 Toyota Prius are based on 42 kW and 57 kW, respectively, for 
the ICE only. Values for other hybrids not given due to ICE/motor breakdown not being available. 
§Fuel economy value shown is arithmetic average of city and highway economy values from USEPA. 
For EV-1, electricity consumption has been converted to gallons of gasoline equivalent and then fuel 
economy calculated.
Notes: 1000 cc = 1 L. “man” = manual transmission.

TABLE 13-3 Performance Characteristics of Representative EV, HEV, Gasoline ICEV, and Diesel 
ICEV Models∗
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the U.S. market, although the Audi A2 is available only in Europe, and the EV-1 has 
been discontinued. The Ford Escape is a small SUV; otherwise, all vehicles are five-
passenger coupes, sedans, or hatchbacks. The Toyota Echo is an ICEV that most closely 
resembles the 2001 Prius among Toyota’s line of ICEVs, and is therefore included in the 
table for comparison. The VW Jetta and Audi A2 are diesel vehicles, and the others are 
gasoline powered.

A comparison of HEV and ICEV vehicles in the table shows that, in each case, the 
HEV vehicle delivers substantially improved fuel economy over the vehicle closest to it in 
size and performance. This is achieved despite a weight penalty for the additional 
drivetrain components, batteries, and so on. For example, the 2001 Prius weighs over 300 kg 
more than the Echo, but is approximately 9 km/L better in terms of fuel economy. 

In the case of the two Prius models, the ICE power per unit of engine volume is low 
compared to other models in the table, consistent with the discussion above of the use 
of the Atkinson cycle. For these two vehicles, the power per unit displacement is 28 and 
38 kW/L, respectively, versus a range of 39.5 to 59.7 for the ICEVs. Both Prius models 
compensate for this lack of specific power with a 30-kW electric motor that provides 
additional torque when needed. 

Some of the advantages of HEVs over EVs are borne out in the table as well. For 
example, the 2005 Prius carries more passengers than the EV-1 (which is a two-passenger 
coupe), but weighs less and achieves almost the same fuel economy when measured in 
energy equivalent units. Battery requirements are a major contributor to the difference 
in curb weight; an EV-1 carries 395 kg of batteries, versus 27 kg for the secondary battery 
in the Prius. Also, while range is a limitation for the EV-1, the range of the Prius is actually 
better than many ICEVs in its class: a 2007 Prius has a nominal range of 1050 km (650 mi), 
based on the tank size of 45 L (12 gal) and the overall fuel economy shown. 

One other observation from the table is that the diesel vehicles, and especially the 
Audi, achieve very high fuel economy even without using a hybrid drivetrain (even 
taking into account the slightly higher energy content per volume of diesel, compared 
to gasoline). This suggests that the diesel ICE could be combined with a hybrid drivetrain 
to achieve the best possible fuel economy. The U.S. automakers adopted this approach 
in a government-sponsored R&D program known as the Partnership for a New 
Generation of Vehicles (PNGV), and developed concept cars that achieved 70 to 80 mpg 
using diesel hybrid drives on lightweight platforms. Peugeot-Citroen, GM, and 
Volkswagen, among others, are expected to bring high-efficiency diesel hybrids to the 
market soon, possibly as early as 2010.

Projections about the energy savings benefits of diesel hybrids must be made carefully, 
since the diesel engine gains much of its efficiency advantage over gasoline in steady 
state, highway driving, where HEVs generally have less of an efficiency advantage over 
ICEVs. For example, if an efficient ICEV passenger car such as the Honda Civic averages 
12 km/L (29 mpg) and a similar sized gasoline HEV such as the Civic Hybrid can achieve 
18 km/L (42 mpg), one might assume that HEVs give a 45% increase in fuel economy 
across the board. However, it is unlikely that “hybridizing” of an efficient diesel ICEV 
such as the Audi A2 would result in a 45% increase in fuel economy for this vehicle on top 
of the already excellent fuel economy rating for this vehicle.

Further Reductions in Petroleum Consumption and GHG Emissions 
with Plug-in Hybrids
Although the preceding comparison showed how the EV has a relatively large battery 
weight requirement for relatively short range, the EV does have one key benefit, namely, 
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that it can operate on electricity made from a wide range of energy sources, including 
renewable or non-carbon ones. As long as the HEV continues to run on gasoline or 
diesel, it does not permanently solve this problem (although rapid uptake of HEV 
technology in the vehicle market could measurably extend the life of the world’s 
petroleum supply). A promising next step toward independence from fossil fuels is the 
“plug-in” hybrid, or PHEV, in which the secondary battery system has increased 
capacity that allows the vehicle to drive up to 80 km (50 mi) on stored charge, without 
using the ICE. This system allows the user to charge at home at night in addition to 
refueling at the filling station, greatly increasing the “effective” gasoline fuel economy 
(i.e., total distance divided by total gasoline consumption) of the vehicle. Example 13-4 
illustrates the effect of turning an HEV into a PHEV on fuel economy and energy cost 
per km of driving.

Example 13-4 A plug-in hybrid has a fuel economy of 20 km/L (47.3 mpg) when running on gasoline, 
and is able to travel 8 km (5 mi) on 1 kWh of charge. Its range on a full charge is 80 km (50 mi), before 
it begins to use the ICE. Gasoline costs $0.79/L ($3.00/gal) and electricity costs $0.12/kWh.
Over a two-week period, the vehicle accrues the following distance of travel each day:

Day km Day km

1 60.8   8 182.4

2 27.2   9 144

3 105.6 10 33.6

4 22.4 11 38.4

5 62.4 12 70.4

6 72 13 25.6

7 427.2 14 52.8

Thus days 7 to 9 involve an extended intercity trip, and the other days involve driving in and around 
the vehicle’s home base. Assuming that the vehicle has access to recharging each night, and that it only 
recharges the amount necessary to offset the kilometers traveled that day, calculate (a) the effective 
fuel economy, (b) the energy cost per km (for combined electricity and gas), and (c) the energy cost 
per km if it were only a hybrid with no plug-in capability.

Solution For each day, we subtract off 80 km of driving, and if there is a positive amount remaining, 
assign it to ICE propulsion. Thus on day 1, there is 0 km ICE use, and the vehicle uses (60.8)/
(8 km/kWh ) = 7.6 kWh of electricity that must be recharged the following night; on day 3, 25.6 km 
are powered with the ICE, consuming 1.3 L, and so on. 

 (a) On the basis of this type of daily calculation, in total 1325 km (828 mi) are driven in two 
weeks, of which 539 km (337 mi) require the use of the ICE. At the given fuel economy of 
20 km/L, the fuel consumed is 27 L. Thus the (effective) fuel economy is (1325 km)/
(27 L) = 49.1 km/L (116 mpg).

 (b) At the given cost, 27 L of fuel cost $21.37. The remaining 786 km (491 mi) are driven using 
electric power, requiring 98.2 kWh of electricity, which costs $11.78. Thus dividing the total 
$33.15 of energy cost among the total distance driven gives $0.025/km ($0.04/mi).

 (c) Assuming that the gasoline-only HEV achieves the same 20 km/L fuel economy over the 
entire distance traveled as does the PHEV when driving on gas, the fuel consumption is 
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66.2 L (17.5 gal), which costs $52.50. Dividing energy cost by distance driven gives ($52.50)/ 
(1325 km) = $0.04/km ($0.063/mi).

Discussion The treatment of fuel economy in this example is simplistic, because, depending on the 
design of the specific PHEV drivetrain, the drive controller might occasionally activate the ICE while 
there is still charge in the secondary battery, in order to deliver sufficient total power for hard acceleration 
or climbing a grade. However, inclusion of this level of detail would likely not lead to a dramatic change 
in the results, so that the overall fuel economy would still exceed 42 km/L (100 mpg).

The focus on gasoline consumption as the figure of merit in this example stems from the concern 
about volatility of gas prices at the pump, and about energy security in countries such as the United 
States that depend heavily on imports. A more complete comparison of the HEV versus PHEV would 
take into account the total energy consumption for both gasoline and electricity, and the total CO2 
emissions. In some circumstances, a PHEV might save gasoline but increase energy and CO2. The 
comparison in this case is left as an exercise at the end of the chapter.

At present, PHEVs are not available from the major automakers, so a number of after-
market companies are developing plug-in retrofit kits that can convert an HEV to a PHEV 
and give the vehicle a range of 20 to 50 km without using the ICE. The automakers are 
preparing to enter PHEVs into the market within a few years, such as the Chevy Volt, 
which is slated for launch in 2010. Given that many passenger vehicle owners drive 50 km 
or less on 70 to 80% of the days of the year, it is clear that a transition to PHEVs could 
significantly reduce petroleum production, as electricity from a wide range of sources 
(but very little from oil-fired electric power plants) would replace gasoline and diesel 
consumption in ICEs. The PHEV could also have security benefits, since, in the case of a 
disruption in oil supplies, fleets of PHEVs in major urban centers could still drive a fixed 
distance each day on electric charge (which presumably is less vulnerable to crises in 
international relations), preserving some measure of mobility for the public.

In order for the PHEV technology to give a clear advantage over ICEVs in terms of CO2 
emissions and impact on air quality, it is important that any fossil-fuel-generated electricity 
come from a source that has high thermal efficiency and up-to-date emissions controls to 
prevent the escape of pollutants into the atmosphere. In a scenario unfavorable to PHEVs, 
low efficiency or poor emissions controls might wash out any environmental advantage 
compared to the ICEV technology, even if the PHEV reduced consumption of petroleum.

13-4-3 Biofuels: Transportation Energy from Biological Sources
Biofuels for transportation include any products derived from living organisms, ranging 
from food crops, to plant and tree material, to microorganisms, that can be processed 
into substitutes for liquid transportation fuels. The use of biofuels for transportation 
dates back to the early years of the ICE, when Rudolf Diesel, inventor of the diesel 
engine, used peanut oil as a fuel in his early engine prototypes. One of Diesel’s 
motivations was indeed to create a source of mechanical power that could burn a wide 
variety of fuels, so that small businesses of the day would not be captives of the coal 
industry for their energy supplies. In recent years, interest in biofuels has surged as 
nations such as Brazil and the United States have sought to reduce petroleum imports. 
Also, many countries see biofuels as a way to prepare for anticipated pressures on the 
world’s petroleum resources by developing a renewable alternative.8

8For more information on biofuels, see, Drapcho et al. (2008), Nag (2008), Olsson (2007), Sorensen (2002) 
Chap. 4, or Tester, et al. (2005) Chap. 10.
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In order to provide real benefit to society, a biofuel must achieve at least the following 
two objectives:

 1. It must measurably reduce emissions of CO2 and other pollutants compared to 
petroleum, when taking into account life cycle energy inputs and emissions. 
These inputs include energy and emissions resulting from growing and 
harvesting crops, processing crops into finished fuels, and transportation of 
raw materials and finished fuels. Given the grave concern about climate change, 
a biofuel process that reduced CO2 without greatly increasing emissions of air 
pollutants might also be acceptable in some locations.

 2. It must be available in sufficient quantity to displace a measurable fraction of 
the fuel currently derived from petroleum, without curtailing the ability of the 
world’s population to harvest sufficient grain for nutritional purposes. It is 
especially important to safeguard the survival of the poorest people in the 
world, who depend on food imports at times when locally produced food 
supplies fall short. Thus, even if it were economically attractive to shift a large 
part of the grain harvest of countries such as the United States from exports to 
domestic biofuel production, it would be morally untenable to pursue such a 
policy, not to mention contrary to the principles of sustainable development, if 
it led to starvation of many vulnerable people.

The presence of a positive net energy balance (NEB) is often used as a criterion for 
evaluating a biofuel, meaning that a biofuel that delivers more energy to the vehicle than 
it requires in the production life cycle. A biofuel with a positive NEB is considered 
worthwhile. While useful as a surrogate for a more complete analysis of environmental 
benefit and impact, NEB is imperfect, in that it does not consider the relative CO2 
emissions of the energy source (e.g., coal versus natural gas for process heat). It also does 
not consider land use changes that might be necessary for producing the biofuel, for 
example, clearing forests and releasing a large quantity of CO2 in order to grow crops for 
biofuels. Even if energy input and NEB stay constant, environmental measures such as 
CO2 emissions are subject to change over time, either negatively, for example, if gas 
supplies diminish and biofuel producers switch to coal as an energy source, or positively, 
if renewable or nuclear energy with no GHG emissions is used as a major input into the 
production process. Thus, if possible, one should seek out measures of the target 
environmental concern (CO2, air pollutants, and the like), where available, in evaluating 
the net environmental benefits of a biofuel. NEB values are also subject to change over 
time due to improvements in technology and agricultural/industrial practices, so it is 
important to work with the most up-to-date values available when assessing biofuels.

The above discussion focuses on biofuels as an alternative to petroleum-derived 
liquid fuels, but they may also be seen as an alternative for short-term energy storage for 
renewable energy derived from the sun, as shown in Fig. 13-11. From this perspective, 
arriving solar energy on the left-hand side of the figure may be converted to electricity 
in a photovoltaic panel, and delivered via the grid to a recharging EV, where it is stored 
in the battery until used during the drive cycle. Also, since in a mature solar-to-EV 
system of the future, production of solar electricity might not exactly match demand for 
recharging in real time, an energy storage option is shown, for example, using pumped 
storage or conversion to hydrogen (for later reconversion back to electricity). Biofuels 
can achieve the same conversion-and-storage function, as shown on the right-hand side, 
through creation of oils and starches in plants using sunlight, water, and CO2. Thus the 
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biofuel harvesting and processing system acts as a large battery bank, storing energy in 
biofuels and releasing it later through combustion in engines. When the biofuel is 
combusted, the CO2 is released back to the atmosphere, completing the cycle.

A limiting factor affecting all biofuels currently in use, and by extension affecting 
their ability to meet requirements 1 to 2 above, is the low retention rate of solar energy 
in plants and trees, for later conversion into biofuels. Of the incoming energy, which 
may average 100 to 250 W/m2 year round, taking into account diurnal cycles and 
variations in regional climate and latitude, less than 1% is available in the starches or 
oils as a raw material for conversion to fuel. This limit affects the ability of agriculture 
or forestry to provide sufficient raw materials to meet a major share of world 
transportation energy demand. Also, because the crops for biofuels accumulate energy 
at such low density, a large energy expenditure is required to gather the material 
together for processing, which hurts the balance of energy produced relative to energy 
input required. Much research work is therefore under way around the world to find 
ways to capture more of the solar energy in the biofuel crop and to use more of the 
biomass of the entire plant as a raw material. Breakthroughs in research along these 
lines are, in fact, critical if biofuels are to become a major source of energy for trans-
portation; otherwise, using current crops and technology, they can play at best a 
moderate role in displacing petroleum consumption and reducing CO2 emissions.

In the remainder of this section, we focus most closely on the two most prevalent 
biofuels at present, namely, ethanol and biodiesel, and then conclude with a shorter 
discussion of some emerging alternatives.

Sun
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FIGURE 13-11 Comparison of pathways to solar-derived energy for vehicles from PV panels and 
EVs (left) and from biofuels and ICEVs (right).
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Ethanol
Ethanol is the name for a chemical compound which resembles ethane (C2H6), but has 
one hydrogen atom replaced by a hydroxide ion, thus giving C2H5OH. Most ethanol is 
produced at present by fermenting crop sugars (such as sugarcane in Brazil, or corn in 
the United States) in a highly aqueous solution, since, if the solution is insufficiently 
diluted, the microorganisms that carry out the fermentation cannot survive. In order to 
make a transportation fuel that is 99% or more pure ethanol, the producer must then 
distill the solution to remove the water, which is a highly energy-intensive process; 
estimates vary, but the total energy consumption in an ethanol plant may represent on 
the order of 50 to 70% of the energy content per unit of ethanol, and much of this energy 
is devoted to distillation. The energy content per unit volume for ethanol is lower than 
that of gasoline (21.3 MJ/L or 75,700 Btu/gal net energy content, compared to 32.5 MJ/L 
or 115,400 Btu/gal), so any comparisons of ethanol and gasoline must be conducted on 
an equivalent energy content basis.

It is possible to combust pure ethanol in a spark-ignition (SI) engine with appropriate 
modifications, or to blend it with gasoline and sell to consumers under the label “EXX,” 
where XX stands for the percentage ethanol in the blend. SI engines can combust up to 
10% ethanol without modification. Above this ratio, the engine must be modified to 
function well with the higher proportion of ethanol. In flex-fuel ethanol vehicles, the 
engine detects the proportion of ethanol and adjusts combustion accordingly. Different 
countries have taken different approaches. In Brazil, the passenger car fleet includes a 
mixture of vehicles that run on 100% ethanol, vehicles that use a fuel made up of a fixed 
ratio of gasoline to ethanol, and flex-fuel vehicles that can adapt to changing proportions. 
In the United States, vehicles that can run on over E10 ethanol are flex-fuel vehicles, and 
can combust ethanol mixtures up to E85. 

While world ethanol production is currently only a small fraction of the total output 
of gasoline, there has been robust growth in recent years. U.S. production of ethanol 
grew from 7.6 to 18.5 billion liters from 2001 to 2006 (2.0 to 4.9 billion gallons). Brazil 
produced 17.0 billion liters (4.5 billion gallons) in 2006, making it the second largest 
producer in the world after the United States. Note that the energy content of the total 
world ethanol production of 51.1 billion liters (13.5 billion gallons) of ethanol in 2006 is 
1.1 EJ, compared to 179 EJ content in all crude oil production in 2005. There is room for 
further growth in output before limitations on the total size of corn or sugar cane crops 
would curtail production. As an indicator of the potential upper bound on output in the 
United States, dedicating the entire 2005 corn crop to ethanol production would have 
displaced 12% of the gasoline demand in that year, compared to 1.7% that was actually 
displaced. Dedicating all corn to ethanol would of course be impossible, but by 
expanding corn production, reducing exports, or finding substitutes for corn in other 
applications, substantial growth could be achieved.

One attraction of ethanol production in the United States is that it serves as a 
petroleum multiplier, in that it takes a relatively small petroleum input to the life cycle 
(e.g., for truck or rail transportation to move the corn crop or ethanol product), and 
converts this input into a much larger quantity of ethanol, in terms of energy equivalent. 
This process requires large inputs of other fossil energy sources, but since gas and coal 
are used for these inputs and the United States primarily relies on domestic reserves for 
these fuels, ethanol helps the U.S. balance of trade.

As corn-based ethanol production has grown in the United States, so has the debate 
about whether or not it is environmentally beneficial, based on ethanol’s NEB: both 
positive and negative values have been reported. This debate is, unfortunately, misguided 
in a number of ways:



T r a n s p o r t a t i o n  E n e r g y  T e c h n o l o g i e s  403

• The outcome of whether or not the NEB is positive or negative depends largely 
on the specific process studied. There is a large amount of variability in ethanol 
production processes, and it would be difficult to create a study that truly 
represented the “average” process. Rather than attempting to generalize 
whether the NEB is positive or not, the research community should attempt to 
identify best practices and apply them not only to ethanol production across the 
board but to other emerging biofuels.

• Even those studies that see a positive NEB for ethanol find it to be modest 
(e.g., 8 or 9 units of energy in for 10 units out), confirming that ethanol is at 
best a stepping stone toward more effective biofuels in the future, rather than 
an end in itself. Again, research effort should be applied elsewhere. Note that 
this limit on NEB does not extend to other ethanol feedstocks such as the use 
of sugarcane for ethanol production in Brazil. The Brazilian process has a 
much better NEB: for every unit of energy expended to grow and process the 
sugarcane into ethanol, approximately three units of energy content are 
delivered in the fuel. However, sugarcane is a tropical crop and is not available 
to temperate regions such as the United States.

• The debate over energy inputs and outputs is a distraction from a much more 
important concern, namely, whether diverting too much corn to ethanol, and 
achieving modest environmental gains at best, will eventual have repercussions 
on basic food supplies that the United States as a country comes to regret. 
Already, U.S. corn prices have increased markedly in recent years, leading to a 
knock-on effect on many other food prices.

Overall, it is clear that, for ethanol production in temperature regions to have a real 
positive effect on the environmental bottom line, the ethanol production process will 
need to be changed to reduce energy input required, use nonfossil resources, use non-
crop raw materials, or some mixture of the three. These points are revisited at the end 
of this section.

Biodiesel
The preceding discussion described how large energy requirements for fermentation 
and distillation erode the energy efficiency of ethanol production. Because process 
energy requirements are less, biodiesel avoids some of these energy losses and is capable 
of delivering a larger quantity of energy to the vehicle per unit of energy input, according 
to most studies.

Both biodiesel and petrodiesel fuel consist of complex hydrocarbon strings. Petro-
diesel has an average composition of C12H26, but with the number of carbon atoms 
varying around this average from C10 to C15. The chemical composition of biodiesel is 
substantially different from that of petrodiesel, as a biodiesel molecule typically has a 
large number of carbon atoms and incorporates a methyl ester (CO2CH3) chain. Biodiesel 
has lower energy content per unit volume than petrodiesel (33.0 MJ/L or 117,000 Btu/
gal net energy content, versus 36.2 MJ/L or 128,700 Btu/gal, respectively). Most 
biodiesel in use today fits this description, although there is work ongoing to develop a 
“bio-derived synthetic diesel” that originates from plant or animal sources but is 
chemically much closer to petrodiesel.

The process of creating biodiesel involves mixing fats and oils with an alcohol 
(typically methanol) and a catalyst (usually sodium hydroxide). The oil molecules break 
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apart and reform into methyl esters and glycerol, which are then separated and purified. 
The methyl esters are the biodiesel, while the glycerol is a commercially valuable 
coproduct. The processes used by roughly half of the biodiesel industry can be applied 
to any fat or oil feedstock, including recycled cooking oil. The other half of the industry 
uses only vegetable oils, of which soybean oil is the least expensive feedstock. The 
attraction of using cooking oil or other recycled oils is its lower cost compared to virgin 
soybean oil or other crop feedstocks; however, it is also more challenging to collect and 
purify these wastes on an industrial scale, since both availability and quality are 
unpredictable.

Total sales of biodiesel in the United States began rising rapidly in the late 1990s, 
increasing from 1.9 million liters (500,000 gal) in 1999 to an estimated 946 million liters 
(250 million gallons) in 2006. Germany produced 2.6 billion liters (690 million gallons) 
of biodiesel in that year, making it the world’s largest supplier. As with ethanol, the 
total energy content is small relative to that of petroleum products; the combined 
production in the United States and Germany has an energy content of 116 PJ 
(109 trillion Btu), or less than 0.1% of that of world crude oil production in the same 
year. Supplies of biodiesel in Germany and the United States come primarily from 
large-scale production based on biodiesel crops. At the same time, biodiesel is produced 
from local waste oil streams by individuals and small-scale businesses, which also 
produce straight vegetable oil (SVO), or unreacted vegetable fat (i.e., not converted to 
diesel fuel using the process described above) that can be combusted in a CI engine 
when preheated so as to reduce viscosity.

The most common form of biodiesel is a 20% biodiesel/80% petrodiesel mix known 
as “B20,” since it requires very little adaptation of the vehicle or fuel supply system for 
use in existing vehicles. With adaptation, B100 (100% biodiesel) can also be used. Diesel 
engines are in general more sensitive to cold weather operation than gasoline engines, 
and with use of biodiesel, this sensitivity is increased. Therefore, biodiesel operators 
must take precautions to avoid gelling of fuel in supply lines, especially when using 
biodiesel at higher concentrations (greater than B20). Otherwise, no significant changes 
are needed to use biodiesel in CI engines. In some ways, biodiesel can be beneficial to 
the engine and fuel supply system, for example, adding 2% biodiesel to fuel increases 
the lubricating capability of the fuel (“lubricity”) inside the engine.

Most, though not all, recent studies of the life cycle energy inputs and outputs from 
biodiesel production see a substantial energy advantage, greater than that of corn 
ethanol. Published values of the net reduction in energy consumption range from 48 to 
75%; at the other end of the spectrum, one study found that biodiesel production 
required 27% more energy than it yielded. Dissenting studies notwithstanding, the 
apparent improvement in energy efficiency compared to corn ethanol comes from 
(1) reduced requirement of agricultural inputs to grow soybeans compared to corn and 
(2) reduced energy requirements in the processing stage, since the animal or vegetable 
oils used as inputs are closer to biodiesel in their chemical formulation, and require 
processing with a catalyst, but do not require distillation. When GHGs other than CO2 
are taken into account (e.g., N2O from agriculture), biodiesel may release on the order 
of 60% of the GHG equivalent of petrodiesel over its life cycle, per unit of energy 
delivered to the vehicle.

Improvements in environmental performance of biodiesel relative to petrodiesel 
come at a price. Figure 13-12 shows that from 2002 to 2005, the average price gap 
between #2 diesel and B20 in the United States before state or federal taxes ranged from 
as little as 6% to as much as 31%. Since pure biodiesel is more expensive per gallon than 
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petrodiesel, this price gap would be even higher in a comparison of B100 with 
petrodiesel. Beginning in January 2005, a federal tax incentive went into effect that 
provides $0.20/gal incentive for B20 made by blending #2 diesel with “virgin” biodiesel 
and $0.10/gal incentive for B20 made by blending #2 diesel with reused animal- or 
vegetable-based oil, with the intent of keeping B20 and petrodiesel close together in 
price. Here virgin biodiesel is made from either crops such as soybeans or animal fat 
from the meatpacking industry, while reused biodiesel comes from the purification and 
reacting of waste oil products such as cooking oil. 

Improving efficiency in the biodiesel industry and rising prices of crude oil on the 
world market since 2005 have made biodiesel more competitive. Nevertheless, the 
industry continues to depend on government price supports in Germany, the United 
States, and elsewhere to remain price competitive with petrodiesel. Governments see 
this as a worthy investment, not only for environmental reasons, but also because bio-
diesel displaces imports of petroleum, thereby retaining financial flows in the domestic 
economy where they support the agricultural sector.

Lastly, although biodiesel from crops such as soybeans may have an energy 
efficiency advantage compared to corn-based ethanol, soybeans as a crop suffer from 
lower yields per area planted compared to corn. Thus the maximum soy-based biodiesel 
production that could be achieved worldwide may be more limited in terms of total 
energy content than the amount for sugar- or corn-based ethanol. For example, in the 
United States, without substantial changes to the allocation of planting or noticeable 
reduction in soybean exports, the maximum biodiesel output is thought to be about 
5 to 6% of current petrodiesel consumption on an energy content basis.

Future Prospects for Biofuels
As discussed in the two previous sections, there is disagreement about the quantitative 
extent of energy savings and GHG reductions from corn-based ethanol and soy-based 
biodiesel. When averaging across the range of published results, there appears to be a 
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modest savings from corn ethanol, and a larger savings from soy-based biodiesel. 
However, the overriding concern is that neither one can substantially reduce petroleum 
demand due to limits on the amount of crops that can be grown, and therefore the focus 
of R&D should be on the development of biofuels that can have real impact on energy 
security and protecting climate over the long term. If a robust world transportation 
biofuel system (e.g., capable of meeting 20 to 40% of transportation energy demand) is 
to emerge in the future, it will look so different from the process of today that it would 
render moot many of the current arguments about the details of quantitative parameters 
on inputs to crops, energy consumption in biofuel plants, and so on.

In the short to medium term, the goal of GHG reductions from biofuels should be 
evaluated against other social and economic objectives that can be ascribed to them. 
The cost of importing petroleum and the economic health of the farming economy are 
primary concerns in many countries. For example, the United States spent $309 billion 
on importing crude oil in 2006—three times as much as 2001, in current dollars; this 
increase was primarily due to the rise of crude oil prices, which rose from around $25/
barrel in 2001 to above $70/barrel at times in 2006. Also, U.S. family farms have at times 
in the past suffered through periods of low farm commodity prices and economic 
insecurity (as happened in the 1890s, 1930s, and 1980s). Therefore, a corn ethanol 
program that modestly reduces CO2 but also transfers some fraction of the massive bill 
for imported oil to family farms, and also raises the price of corn, may be justified. 
There are two caveats with this claim. First, the program must actually trickle down to 
family farmers; if the only economic beneficiaries are large agricultural commodity 
conglomerates that were already in good economic shape, then the purpose has been 
defeated. Secondly, if the program grows so large or if prices increase so much that 
working class and poor people in developing countries cannot afford to eat, or if some 
of these countries start selling their domestic corn crops for ethanol production in order 
to gain a better price, rather than feeding their own people, then the program will end 
up undermining the goals of sustainable development.

In the longer term, it is clear that lack of arable land and excessive fossil fuel input 
hinder the ability of biofuels to reduce GHG emissions and provide a renewable 
alternative to nonrenewable fossil fuels. Several solutions to this problem are on the 
technological horizon, as follows:

• Introduce new feedstocks for biofuels: New feedstocks might reduce energy inputs or 
expand capacity by producing inputs to biofuel processing on lands that are not 
prime farmland that produce grain for the food processing industry. Switchgrass, 
for example, can provide cellulose for ethanol with relatively low energy inputs 
and production on more marginal land that is not suitable for food crops. Similarly, 
trees such as willows can be farmed on plantations where branches are periodically 
harvested without uprooting the entire tree, again providing a cellulosic base for 
ethanol production. These processes are not yet cost-competitive with corn or soy 
based biofuels, so further research is needed. Another feedstock worthy of further 
development is the waste stream from food production and other waste streams 
with high energy content. Not only can the conversion of these waste streams 
increase the amount of biofuel available, but it can reduce the size of the waste 
stream and decrease solid waste management expenditures.

• Use agricultural wastes as process energy inputs: Agriculture waste products from 
crops, including corn and soy crops for biofuels, could be used as an energy 
source for process heat and energy in biofuel production, thus displacing some 
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fossil fuel inputs. Also, carbon content of agricultural wastes that originally 
came from the atmosphere through photosynthesis would not contribute to 
increasing atmospheric GHGs when combusted. This technique must be applied 
carefully, since some of these wastes traditionally decompose in the field and 
provide nutrients for future crops. Excessive diversion of wastes from 
decomposition to process heat and energy might improve the NEB of the biofuel 
but deteriorate the quality of the soil. Care must also be taken when combusting 
waste products to limit emissions, so that improvements in NEB do not come at 
the expense of air quality.

• Use microorganisms and aquatic plants to convert sunlight into feedstocks for biofuels: 
Certain microorganisms have the potential to capture and retain solar energy at a 
higher concentration in W/m2 than can food crop plants. Therefore, using this 
approach, a measurable fraction of the demand for transportation energy might 
be met without greatly reducing the land available to grow enough food crops to 
feed the world. One limitation is that use of microorganisms may require a more 
expensive engineered facility than the relative simplicity of planting crops in a 
field, so that achieving an acceptable cost per unit of energy equivalent may be a 
challenge. A step in this direction is the exhaust-gas-to-algae process of GreenFuel 
Technologies Corporation of Cambridge, Massachusetts, which grows algae in 
the flue gas from fossil-fuel-fired power plants, to create a feedstock for biofuel 
production. This process is not GHG-free, since it relies on fossil fuel combustion 
in the first place; however, it multiplies the net amount of useful energy delivered 
per unit of coal or gas combusted, thus reducing GHG emissions.

• Genetic engineering of crops to provide a raw material that is closer to a finished biofuel: 
In the future it may be possible to modify crops so that they produce oils that 
are chemically equivalent to, or at least closer to, ethanol and biodiesel. This 
approach could reduce cost, energy input, and GHG emissions, compared to 
the multistep process currently used in converting crops such as corn and soy 
into biofuels. One concern is that these crops not inadvertently mix with 
nongenetically engineered crops, which are preferred by many consumers for 
reasons of taste or concern about health risks from genetically modified 
organisms (GMOs). If the use of genetically engineered crops for fuel feedstocks 
can over time prove itself not to be a threat to other types of agriculture, then 
this concern can be addressed. 

• Use of thermochemical processes: Thermochemical processes can be used in place 
of biological processes (e.g., fermentation) to convert biological raw materials 
such as wood or plant cellulose into synthetic gases or oils suitable for 
combustion. These processes can also be applied to food processing wastes. A 
joint venture between Conoco-Philips and Tyson Foods will convert waste 
animal fats into a biodiesel product that meets the ultra-low-sulfur diesel 
standards, using a thermal depolymerization process. 

13-4-4 Hydrogen Fuel Cell Systems and Vehicles
The hydrogen fuel cell (HFC) is one of a family of fuel cell designs that convert a range 
of fuels, such as methanol, solid oxides, or phosphoric acid, into electricity through a 
chemical reaction. Christian Schonbein developed the principle of the fuel cell in 1838, 
and in 1843 William Grove assembled the first working prototype. The first experimental 
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application in a vehicle was the Allis-Chalmers Tractor Co.’s use of an alkaline fuel cell 
in a prototype farming tractor unveiled in 1959. The first commercial application was in 
the 1960s, when NASA used a fuel cell developed by General Electric in the Gemini 5 
mission, demonstrating the availability of a working alternative to batteries for 
electricity supply onboard space flight. At about the same time, General Motors tested 
a fuel cell in a motor vehicle for the first time in its “Electrovan” prototype, retrofitting 
an ICE-powered van to run on a fuel cell powered by hydrogen and oxygen.

Since the time of the Gemini missions, fuel cells have been used primarily in space 
flight, where they are capable of providing power over long durations, in a weightless 
environment, without the noise or emissions of other types of generators. In recent 
years, both vehicle manufacturers and energy companies have been taking an increasing 
interest in the fuel-cell-powered vehicle as an alternative to the ICEV powered by 
petroleum-derived liquid fuels. To this end, makers including Daimler, Ford, GM, 
Honda, and Toyota have been retrofitting production ICEVs to run on hydrogen fuel 
cells and also developing prototype hydrogen fuel cell vehicles (HFCVs) from the 
ground up, so as to take advantage of new design possibilities made available by the 
fuel cell platform. Energy companies have also begun installing demonstration 
hydrogen filling stations, dispensing liquid and/or compressed hydrogen, in cities 
such as Washington and Tokyo. In 2005 Honda became the first automaker to lease an 
HFCV to a private individual for continuous use, providing a retrofitted version of a 
subcompact hatchback to a family in southern California.

Compared to passenger vehicles, operation of urban public buses may provide a 
more advantageous application for demonstrating the use of hydrogen (see Fig. 13-13). 
Public urban buses are operated, refueled, and maintained by professional staff; they 

FIGURE 13-13 Prototype hydrogen fuel cell bus at the University of Delaware, United States, 
in January 2008. 

The bus is in regular use as a shuttle for carrying students between residences and campus. 
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can more easily accommodate the extra volume required for onboard hydrogen storage 
than passenger cars; they are usually refueled exclusively in a single location (typically 
the depot or maintenance facility where they are stored when not in service); and, on 
many urban bus routes, they are not required to travel great distances in a single day’s 
service (typically not more than 160 to 240 km, or 100 to 150 mi). A number of bus 
vendors including Daimler, El Dorado National (United States), and Toyota-Hino have 
placed prototype HFCV buses in service in various cities, including Madrid, Stuttgart, 
Stockholm, Nagoya, Vancouver, and Palm Springs, California, among others. One 
possible pathway for developing a successful HFCV is to perfect the technology on 
buses first, and then transfer the mature technology to passenger cars with appropriate 
modifications.

In the remainder of this section, the basic thermodynamics governing the function 
of the fuel cell is first presented, since this technology is relatively new (e.g., compared 
to the internal combustion engine or electric motor) and may not be as familiar. However, 
the reader should be aware that this technology is not as mature as that of the EV or 
HEV, and predictions of a future “hydrogen economy” are speculative at this point. The 
latter parts of this section discuss practical aspects of implementing fuel cells in vehicles, 
and prospects for successfully commercializing them.

Function of the Hydrogen Fuel Cell and Measurement of Fuel Cell Efficiency
The function of the individual fuel cell is shown in Fig. 13-14. In the diagram, the fuel 
cell is supplied with pure hydrogen on the right and ambient air containing 
approximately 21% oxygen on the left. At the anode, the hydrogen separates into 
protons and electrons (in the case of a deuterium atom, the neutron remains joined to 
the proton), and then the proton exchange membrane allows only the proton to pass. 
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FIGURE 13-14 Schematic of hydrogen fuel cell function, showing anode, cathode, and proton 
exchange membrane.
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This leaves an excess of electrons on the anode side, which creates a voltage difference 
that can do work across an exterior load (e.g., electric motor in a vehicle). Since one fuel 
cell by itself does not create a sufficient voltage difference for most applications, multiple 
fuel cells are typically combined into a fuel cell stack to reach the desired voltage. On the 
cathode side of the membrane, electrons and protons recombine into hydrogen, and 
then the hydrogen combines with the oxygen in the air to form water, which is the main 
component of the fuel cell’s exhaust.

Next, we focus on estimation of the maximum efficiency of the fuel cell, using a 
theoretical model that ignores the effect of imperfect function and losses. We begin by 
considering the Gibbs free energy gf of a compound, which is a measure of its ability to 
do external work, given temperature and pressure conditions. Because the value of 
Gibbs free energy changes with the reference point chosen, we focus on the change in 
Gibbs free energy, or Δgf , when a chemical reaction takes place, since value of Δgf is not 
affected by choice of reference point. For example, at ambient conditions of 298 K and 
100 kPa pressure, the reaction of 1 mol of H2 molecules with one-half mole of O2 
molecules to form 1 mol of water molecules has a change in Gibbs free energy value of 
−237.2 kJ/mol. (We use gram-moles and not kilogram-moles throughout this section.) 
In other words, the decrease in Gibbs free energy due to the transformation of hydrogen 
and oxygen into water is energy that is available to do other work, such as moving 
electrons in a circuit.

Next, we can compute the voltage difference created by the release of energy if all 
of the electrons available in the reaction flow from the anode through the load to the 
cathode in the fuel cell. Recall that Faraday’s constant F is the amount of charge in 1 mol 
of electrons, or (1.602 × 10−19 coulomb/electron) × (6.02 × 1023 electron/mole) = 9.64 × 104 
coulomb/mole. Furthermore, since 1 coulomb is equivalent to 1 J/V, dividing Δgf among 
the total charge, as represented by the number of moles of electrons n in the reaction 
multiplied by F gives the potential E in units of volts, that is
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Taking the case of the reaction in the HFC, 1 mol of hydrogen molecules is equal to 
2 mol of hydrogen atoms. Plugging known values at ambient conditions into Eq. (13-8) 
gives
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Thus the theoretical maximum voltage from this fuel cell, assuming all energy is 
converted to the flow of electrons and that all the hydrogen is consumed in the reaction, 
is 1.23 V. Note that this value for maximum voltage is specific to the HFC; fuel cells that 
run on other fuels may have different maximum voltages.

We can now evaluate the theoretical maximum efficiency of the fuel cell relative to 
the energy available from combustion with oxygen of the same quantity of hydrogen. 
Using the higher heating value (HHV) for combustion, which includes the condensation 
of steam to liquid, the combustion of 1 mol of H2 molecules yields Δhf = −285.8 kJ/mol.9 

9Alternatively, the lower heating value (LHV) of −241.8 kJ/mol could be used, which is the value prior 
to condensation. We use HHV throughout this section.
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In practice, not all of the hydrogen fuel will be reacted in the fuel cell, so we take account 
of this limitation by factoring in the consumption rate of fuel mf, which is the ratio of 
mass of fuel consumed to mass of fuel input. Comparing energy released in the fuel cell 
to energy available in combustion, and including losses due to unreacted fuel, the 
theoretical maximum efficiency of the cell hFC is 
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For a well-designed fuel cell in normal operation, a value of mf = 95% may be 
achievable. At an operating temperature of 80°C (353 K), which is current practice 
with typical prototype HFCVs, change in Gibbs free energy is decreased slightly, to 
Δgf = −228.2 kJ/mol. Thus the maximum achievable efficiency is 
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This simple calculation explains much of the interest in HFCVs. If efficiency values 
close to the value shown can be achieved in vehicular fuel cells in the future, then the 
HFC will have a clear efficiency advantage over the ICE, which is limited by the Carnot 
limit. Note that the operation at relatively low temperature (less than the boiling point 
of water) is advantageous for the fuel cell. Temperature and pressure have a strong 
effect on the value of Δgf, and as the temperature increases, the theoretical maximum 
efficiency decreases. For example, at 1000°C, the maximum with mf = 95% is hFC = 59%. 
Also, this comparison of HFC and ICE efficiency does not consider balance of system 
requirements for loads that are required to operate either technology, such as pumps for 
controlling oxygen and air flows in the fuel cell. A more accurate comparison would 
require an evaluation of the net energy available for propulsion after taking into account 
all required loads.

Along with the proportion of fuel consumed, the partial pressures of both reactants 
and products in the fuel cell has an effect on the performance of the cell. Changes to 
partial pressures affect the value of E as calculated in Eq. (13-8). This effect is evaluated 
by first setting a reference value for E, called E0, that is equal to the ideal change in 
potential at ambient conditions, that is, E0 = 1.23 V at 25°C, 0.1 MPa. Next, the partial 
pressures of reactants are introduced, PH2

 for hydrogen, PO2
for oxygen, and PH O2

 for 
water, each in units of atmospheres (1 atm = 100 kPa = 0.1 MPa); for example, at ambient 
conditions and assuming the operation of the fuel cell as in Fig. 13-14, PH2

 = 1, PO2
= 0.21, 

and so on. The adjusted potential E taking into account partial pressures can now be 
written
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This equation is known as the Nernst equation. In the equation, R is the ideal gas 
constant, and T is the temperature of the fuel cell reaction in kelvins. Also, the partial 
pressure of a compound is raised to same power as the number of molecules in the 
reaction. Therefore, PO2

0.5 appears in Eq. (13-10) because there is ½ molecule of O2 
reacted per mole of H2.
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For some situations, it is useful to be able to rewrite the partial pressures of compounds 
as follows:
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Here P is the total pressure in atmospheres, and α, β, and δ are factors corresponding to 
the relative value of the partial pressures of hydrogen, oxygen, and water, respectively, 
compared to the total pressure. Eq. (13-10) can now be rewritten to separate the natural 
log term into separate components:
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Eq. (13-11) facilitates the evaluation of the effect of changes to individual fuel cell 
operating parameters on the value of E. We can write the value of the change ΔE as the 
difference between Enew and Eold, or the value of E after and before the change in parameter, 
respectively, that is

 ΔE E E E P E= − = −new old new new new new old( , , , ) ( ,α β δ α ββ δold old old, , )P  (13-12)

since the terms that do not change will cancel out. The evaluation of E using the Nernst 
equation and the effect of changing operating parameters is demonstrated in Example 13-5.

Example 13-5 A hydrogen fuel cell operates at 25°C and pressure of 100 kPa, using a supply of pure 
hydrogen and oxygen from ambient air. The partial pressure of the water that forms from the hydrogen 
and oxygen is 30 kPa. (a) What is the voltage drop across the fuel cell? (b) If the supply of air is replaced 
with a supply of pure oxygen, and nothing else changes, what is the new voltage drop?

Solution

 (a) Given the initial data, partial pressures for each of the components of the reaction are PH2
= 1, 

PO2
= 0.21, and PH O2

 = 0.3. Substituting into Eq. (13-10) gives
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 (b) If the fuel cell is operated with pure oxygen, PO2
= 1. Thus b new = 1 while bold = 0.21. Rewriting 

Eq. (13-12) to include only nonzero terms gives
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Thus Enew = Eold + ΔE = 1.24 + 0.01 = 1.25 V
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Actual Losses and Efficiency in Real-Word Fuel Cells
Real-world fuel cells in current use do not achieve the 75% efficiency value predicted 
above based on Eq. (13-9); instead, they achieve on the order of 50% in the best 
circumstances. Some losses come from incomplete fuel consumption as mentioned 
above. In addition, in an ideal fuel cell, constant partial pressure of hydrogen is 
maintained despite continuing consumption of the fuel as it is reacted across the proton 
exchange membrane. In an actual fuel cell, the amount of fuel available and hence 
partial pressure declines as the fuel is consumed, especially in regions close to the outlet 
from the cell. In this area, current will decline, so that the overall power output of the 
cell declines as well. Also, some of the energy released in reacting the fuel is released to 
the surrounding as heat, rather than being converted to electrical energy. While the 
theoretical upper bound on fuel cell voltage may be on the order of 1.2 V, in practice a 
value of less than 1 V is more realistic.

Implementing Fuel Cells in Vehicles
The core component of an HFCV is the fuel cell stack, in which a large number of fuel 
cells (on the order of 120 to 200) are connected in series so as to achieve a sufficient 
voltage to serve the propulsion load (see Fig 13-15). Once the voltage is fixed, current 
flow from each cell must be adequate to meet overall power requirements. Once the 
best possible efficiency has been achieved, the stack designer can increase current flow 
from a single cell by increasing its cross-sectional area, so the stack is designed both 
with enough cells (for voltage) and with enough area per cell (for current) to provide 
sufficient power. From the fuel cell (FC) stack, electricity is delivered to the drivetrain 
to turn the wheels. One approach is to have the stack connected by wires to electric 
motors at each of the four wheels. This layout provides four-wheel drive, and also gives 
maximum design flexibility, since the motors are positioned close to the wheels, the 
stack takes up relatively little space, and the wire harnesses connecting stack to motors 
can be designed around other elements in the vehicle frame (e.g., dimensions of the 
passenger compartment). A regenerative braking system with secondary battery system 
for short-term storage of charge is also possible.

Bipolar
plate with
flow fields

Fuel cell
(MEA)

End plate

FIGURE 13-15 Exploded view of a fuel cell stack, made up of alternating units of fuel cells and 
bipolar plates. The connection is made to exterior loads from the end plates. (Source: Spiegel 
(2007). Reprinted with permission.)
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Systems for storage of hydrogen onboard the vehicle are quite different from those 
for gasoline or diesel in an ICEV. One kilogram of pure hydrogen has approximately the 
same energy equivalent as 2.8 kg of gasoline (1 gal or 3.8 L at ambient temperature and 
pressure). Assuming efficiency gains in mature HFCVs in the future, stored mass of 5 to 
6 kg hydrogen might achieve sufficient range per refueling, on the order of 400 to 
500 km. At low pressures, this amount of hydrogen would take up far too much space 
on the vehicle, so in order to achieve a realistic storage volume, the hydrogen must 
either be stored in a liquid form at cryogenic temperatures, or compressed to 34 to 68 MPa 
(5000 to 10,000 psi). These storage specifications require a mixture of efficient insulation 
and strong containers that can withstand the shock of accidents. They also require 
careful design of the interface between the vehicle and the refueling facility.

Ancillary systems on the HFCV also have different requirements. For example, with 
the fuel cell operating at low temperatures (on the order of 80 to 100°C), there is no 
longer a source of high-temperature exhaust gases for use in heating the passenger 
compartment as in the ICEV. Another significant issue is that the low temperature 
complicates heat rejection, requiring large heat exchangers. Even a 60% efficient FC 
delivering 20 kW has to throw away 8 kW of low-grade heat, and at peak vehicle loads 
the heat rejection task is much greater.

Advantages and Disadvantages of the Hydrogen Fuel Cell Vehicle
Assuming all technological hurdles can be bridged, the HFCV may be able to achieve a 
number of advantages as an alternative for vehicle propulsion. First, like the electricity 
grid, it can make use of a wide range of energy sources, including some that might in 
the future be redesigned to produce hydrogen directly, such as nuclear or solar-thermal. 
Next, because the refueling process resembles refueling with petroleum products, it 
may be faster and easier to refuel than the EV, and the hydrogen filling station of the 
future may resemble the gasoline/diesel station of today. Also, transmission and storage 
of hydrogen in a mature distribution network, with large intercity transmission lines 
and smaller urban-region distribution networks, might in the long run prove cheaper 
and more robust than distribution as electricity (all distribution can be carried out at low 
pressures). As discussed above, at low temperatures, FCs have a much higher theoretical 
efficiency limits than Carnot-limited ICEs. In addition, since the HFCV dispenses with 
the mechanical driveshaft, there is a new flexibility in locating the hydrogen storage, 
fuel cell stack, and network of electric motors that might enable automotive designers 
to radically reshape the passenger car so as to create new design possibilities. Lastly, the 
presence of a high-quality electricity source onboard the vehicle in the form of the FC 
stack may expand the role of the vehicle as a mobile power generator.

There are also substantial challenges with the HFCV, as follows:

 1. Cost-competitive and reliable fuel cell: At present prices per kW of capacity, fuel cell 
stacks are too expensive to compete with ICEs, to the point that they make the 
entire HFCV too expensive to market competitively with current ICEVs or HEVs. 
Typical ICEs cost on the order of $25 to $35/kW of capacity, or $3,000 to $4,000 
per engine. Fuel cell costs dropped from $500,000/kW for NASA in the 1960s to 
roughly $500/kW by the year 2000, but parity with ICEs has not yet been reached. 
Current-generation fuel cell stacks also require an occasional complete overhaul 
in order to function properly. Over the course of a 160,000 km (100,000 mi) vehicle 
lifetime, this might amount to several times having the entire fuel cell stack 
completely removed and refurbished. Customers would likely not tolerate this 
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inconvenience. Platinum loading (total platinum or similar precious metal 
requirements) in current-generation are also higher than desired. Although major 
gains have been made in reducing the amount of platinum required per kW of 
capacity from ~100 g/kW in the 1960s to 2 g/kW today, at current rates, further 
reductions to values on the order of ~0.1g/kW are needed to make the technology 
sustainable in terms of platinum availability.

 2. Safe and cost effective storage of hydrogen on board: Cryogenic cooling and storage 
of hydrogen incurs a large energy penalty (on the order of 30% of the initial 
energy in the hydrogen), so compressed hydrogen storage is the preferred 
option at present. However, storage at very high pressures requires containers 
that will not rupture in an accident and that are not vulnerable to fire. Dispensing 
the fuel, while faster than taking hours to charge an EV, is a riskier and more 
complex task than with an ICEV, perhaps requiring professional attendants at 
all hydrogen refueling facilities.

 3. New infrastructure needed to distribute/dispense hydrogen: Although energy companies 
have experience with making and handling hydrogen, as a society we have very 
few of the infrastructure pieces in place to use hydrogen as a transportation fuel on 
a large scale. This includes an adequate number of manufacturing plants, a 
distribution grid, and dispensing stations. Although some demonstration filling 
stations have been opened, energy companies and vehicle makers have been 
criticized for launching public refueling stations too soon, when the basic viability 
of the vehicles themselves has not yet been proven.

Given the extent of these challenges, and the emergence of competing technologies 
such as the PHEV or cellulosic ethanol, it is possible that we will create an end-game 
technology that runs on stored electric charge from nonfossil sources whenever possible, 
and on advanced biofuels when not, so that there will be no place for the HFCV in the 
future. On the other hand, if other technologies such as PHEVs cannot completely solve 
the sustainability problem, the HFCV may yet emerge as the endpoint technology that 
is technically superior to all other options, and eventually becomes the permanent 
solution for sustainable transportation energy. Such an evolution would likely take a 
long time, on the order of decades. In the meantime, we can expect that vehicle makers 
and others will continue R&D at a steady pace to improve fuel cells and other components 
of this system.

13-5 Well-to-Wheel Analysis as a Means of Comparing Alternatives
It is clear from the variety of alternative fuel and propulsion platform options reviewed 
in the previous section that it is essential to have some means of making an “apple-to-
apple” comparison of quantitative effectiveness of each option in converting energy 
resources into vehicle propulsion while minimizing CO2 emissions. The well-to-wheel 
(WTW) approach to energy efficiency is just such an objective measure of the overall 
energy efficiency of a transportation energy technology. WTW analysis includes both 
performance onboard the vehicle and also energy consumed upstream in extracting, 
transforming, and delivering an energy product to the vehicle. The WTW hWTW efficiency 
can be written as

 hWTW = hWTT × hTTW  (13-13)
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where hWTT is the well-to-tank (WTT) process efficiency and hTTW is the tank-to-
wheel (TTW) process efficiency. The WTT process includes any energy expended to 
extract an energy product, transport it to a processing center, transform it into a 
fuel, and transporting the fuel onward to the dispensing point. The TTW process 
includes transforming the fuel into mechanical energy inside the vehicle and 
transmitting it to the wheels. 

WTW values for three representative cases, namely, ICEV, HEV, and EV, are given 
in Table 13-4. We do not include HFCV in the table due to lack of a technologically 
mature representative vehicle for comparison at present; there have been thousands or 
even millions of the three vehicle types in the table in service to date, but only a handful 
of HFCVs. The ICEV and HEV alternatives use petroleum refined into gasoline as basis 
for calculating WTW efficiency, while the EV uses electricity generated from the 
combustion of fuel oil derived from petroleum in a power plant to charge its onboard 
batteries. While fuel oil produces only a small fraction of the world’s electricity, it is the 
closest to the gasoline used in the other two vehicle examples. Electrical generation 
includes not only losses in electrical plants (where overall system efficiencies are on 
the order of 40 to 45%), but also energy expenditure in extracting and transporting 
natural gas to the plant and line losses in distribution of electricity from the power 
plant to the point of recharging the vehicle.

The WTW comparison illustrates a number of useful points about comparing 
alternative transportation technologies for the future. First, since the ICEV and HEV 
have the same WTT efficiency, the effect of changing to the hybrid drivetrain, shown in 
the increase in TTW efficiency from 16 to 28%, translates directly into an increase in 
overall WTW from 14 to 25%. The conventional ICEV is limited by a low TTW value. 
This drivetrain has already been the subject of many decades of research, and it is 
unlikely that future improvements would improve the TTW value by more than one or 
two percentage points above the current 16%. In order to achieve a major improvement 
while still keeping onboard gasoline as a starting point, a more radical transformation 
is required, as exemplified by the conversion to HEV technology. For example, Toyota 
has set a goal of an HEV that can achieve a WTW efficiency of 42%, or triple that of the 
ICEV, all by improving the TTW efficiency.

Secondly, the result for the EV shows the importance of looking at the whole energy 
cycle from the source. Looking at TTW efficiency alone, it appears that the EV is the 
most efficient approach, with 43% efficiency. Taking into account power plant and other 
distribution losses makes the comparison more realistic, showing that the EV is in fact 
less efficient than the HEV and only slightly better than the ICEV. Note that the numbers 
used in the table are intended to make general observations about the comparison 

Well-to-Tank Tank-to-Wheel Well-to-Wheel

Conventional ICEV 88 16 14

Gasoline HEV 88 28 25

EV (using electricity 
from fuel oil)

37 43 16

TABLE 13-4 Well-to-Wheel Comparison of Propulsion Technologies for Light-Duty 
Vehicles

Note: Values shown are percent efficiency at the given WTW stage.
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between ICEVs, HEVs, and EVs; values for a specific vehicle and energy supply chain 
will of course vary somewhat from the values shown.

WTW analysis is the most useful when comparing mature technological alternatives 
over a short- to medium-term time horizon.  All of the alternatives should derive their 
energy from a single source. For example, all of the options in Table 13-4 use fossil fuels 
as a primary energy source. Another possibility is a WTW comparison of solar energy 
converted to either electricity for EVs or biofuels for ICEVs/HEVs. However, if some of 
the sources do not emit GHGs and others do, then the relative WTW efficiency may be 
less important. For instance, if the EV in Table 13-4 were to derive its electricity from 
wind power instead of fuel oil, a low WTW efficiency in the table (due to the relatively 
low efficiency of wind turbines to convert the kinetic energy of the wind into electricity, 
compared to the efficiency of a combined cycle power plant to convert the chemical 
energy in methane into electrical energy) might not matter, because the end result of 
greatly reducing CO2 emissions would have been achieved.

13-6 Summary
In the future, sustainable transportation energy technologies will exploit energy sources 
that, unlike conventional petroleum, are available for the long term and will not 
contribute to the net increase of CO2 in the atmosphere. Although many specific 
technologies are emerging today that pursue this goal, they can each in their essence be 
reduced to one of five endpoint technologies, of which the three most promising appear 
to be (1) electricity, (2) hydrogen, and (3) sustainable carbon-based fuel. Energy 
technologies must be developed with both these long-term goals in mind, and also the 
short-term goal of providing an attractive alternative to the petroleum-driven con-
ventional vehicle. Consumers evaluate vehicles on the basis of fuel economy and also 
performance, including such parameters as maximum speed, acceleration, and gradability, 
so vehicles that use alternative fuels or propulsion platforms should be designed with 
these parameters in mind.

Major emerging alternative fuels and platforms include electric vehicles (EVs), 
hybrid electric vehicles (HEVs), biofuel-powered internal combustion engine vehicles 
(ICEVs), and hydrogen fuel cell vehicles (HFCVs). Each faces substantial technological 
challenges. EVs require battery systems that are cheaper, lighter, and carry more charge, 
in order to have the range between recharging and total vehicle cost that customers 
seek. HEVs in their present form are capable of reducing but not eliminating reliance on 
petroleum. Biofuels suffer from high input requirements of fossil fuel energy per unit of 
energy output, and also from large land area requirements per unit of fuel produced. 
HFCVs are faced with both technical and cost challenges, especially with the fuel cell 
stack and onboard hydrogen storage. As these technologies continue to evolve, well-to-
wheel analysis provides a convenient tool for making objective comparisons between 
alternatives on the basis of life cycle energy efficiency from the energy source to the 
delivery of propulsion.
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Exercises
1. A high-efficiency passenger car has a frontal area of 2.4 m2, a drag coefficient of 0.25, a rolling 
resistance value of 0.1, maximum torque of 2800 N, maximum power of 32 kW, and a curb weight 
of 1200 kg. Calculate: (a) power requirement at a cruising speed of 100 km/h, (b) maximum speed, 
and (c) maximum gradability.

2. Use the data in Table 13-3 to make a scatter chart of power versus fuel economy for the vehicles 
shown. How strong is the correlation between these two measures? For individual vehicles, are 
there reasons you can give for deviation from the trend? Discuss.

3. A fleet manager is considering replacing a fleet of gasoline ICEVs with equivalent EVs. One 
factor in the decision is the CO2 emissions from the vehicles. Each vehicle in the fleet drives an 
average of 10,000 mi/year, and the EVs have an average fuel economy of 20 mpg. The comparable 
EV consumes 274 Wh of electricity per mile. Emissions from electricity generation in the fleet 
manager’s municipality are given Example 7-2 in Chap. 7. You can assume that upstream CO2 
emissions (i.e., either from extracting petroleum and converting it to gasoline provided at the 
pump, or from extracting and transporting coal or gas to the electric plant) are even between the 
two options and that therefore they are outside the scope of your analysis. (a) How many pounds 
of CO2 does each vehicle emit per year? (b) Does the EV reduce CO2 emissions? (c) Repeat the 
calculation for your own location, based on local emissions per kWh of electricity. Does the result 
in (b) change?

4. Plot efficiency limit as a function of temperature Celsius for a fuel cell and a Carnot heat 
engine, as follows. For the fuel cell, use the data in the chapter for the efficiency limit at 80°C and 
1000°C to plot a line as a function of temperature. For the Carnot engine, assume that the engine 
exhausts to a low-temperature reservoir at ambient temp (20°C). According to your plot, what is 
the predicted “cross-over” temperature above which the Carnot engine has a higher efficiency 
limit than the fuel cell?

http://www.eere.energy.gov/afdc/altfuel/biodiesel.html
http://www.eere.energy.gov/afdc/altfuel/biodiesel.html
http://www.ethanol-gec.org/information/briefing/10.pdf
http://www.ethanol-gec.org/information/briefing/10.pdf
www.hybridcenter.org
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5. A fuel cell stack consists of 75 fuel cells arranged in series, each one 12 cm2 in size. The stack 
operates at 80°C and the amount of current generated is 4.257 A/cm2. The fuel cell operates at a 
system pressure of 1 MPa using a supply of pure hydrogen and oxygen in ambient air. The partial 
pressure of the water in the outflow is 0.5 MPa. Assume any losses to be negligible and that the 
voltage at which it operates is the open circuit voltage; in reality, the voltage would be lower due to 
the current flow. What is the output of the fuel cell stack when operating at full capacity, in kW?

6. A car buyer is considering whether or not to spend extra for a hybrid in order to save 
money in the long run on gasoline expenditures. The buyer drives 25,000 km/year. The cost 
difference between the two vehicles is $4000, and the fuel consumption is 7.9 L/100 km for 
the ICEV and 5.3 L/100 km for the HEV. The cost of fuel is $0.80/L (about $3/gal). (a) What is 
the simple payback for buying the HEV, in years? (b) If the buyer expects a 5% return on this 
investment, and either car will last for 10 years with negligible resale value at the end of that 
time, what is the NPV? (c) What is the NPV in (b) if the cost of fuel rises by 3% per year for 
the lifetime of the vehicle?

7. Consider total energy consumption and CO2 emissions from the PHEV car in Example 13-4, 
compared to an HEV which is identical except that it uses only gasoline. The CO2 emissions from 
electricity generation are the same as in Example 7-2 in Chap. 7. Ignore energy use and emissions 
upstream from the gasoline retailer or power plant. (a) Does the PHEV reduce energy consumption 
or CO2 emissions compared to the HEV? (b) If the electricity is generated 1/3 from gas and 2/3 from 
other fossil fuels, does the answer in (a) change?

8. A future midsize EV has achieved higher battery performance and reduced vehicle weight, 
but at the expense of higher cost. The production cost and weight of the vehicle, before adding 
any batteries, are $18,000 and 750 kg, respectively. The batteries are available with a charge density 
of 85 Wh/kg and a cost of $300/kWh. The energy intensity of the vehicle is 0.11 Wh/kg · km. 
(a) Produce two figures for this vehicle, one plotting vehicle range as a function of total mass, 
and the other plotting total cost as a function of range. (b) Compare this vehicle to an ICEV in the 
same class that costs $30,000 and has a typical range per tank of 400 km. What would the EV cost 
if it were to have the same range? By what percent would the range be reduced compared to the 
ICEV if it had the same cost?



CHAPTER 14 
Systems Perspective on 

Transportation Energy

14-1 Overview
This chapter uses the understanding of transportation energy technologies from the 
previous chapter as a basis for studying overall energy consumption and energy effi-
ciency of transportation from a systems perspective. There are a number of possible 
factors that mitigate the ability of technological interventions to affect energy efficiency, 
and even ways in which technological changes can be undercut by the “rebound” effect. 
For many different categories of transportation system, the past several decades have 
seen a mixture of positive and negative effects at a systems level. Given the pressing 
energy and climate change issues of the twenty-first century, and the prominent role of 
transportation as a contributor to those problems, it is of growing importance to use 
systems tools to improve the energy efficiency and environmental performance of the 
transportation sector. Two possible tools for this purpose are (1) shifting transportation 
to more environmentally friendly “modes” (i.e., types) of transportation, and (2) ratio-
nalizing the system so that it uses fewer resources. The chapter concludes with a discus-
sion of issues related to making a transition to a more sustainable system in the future.

14-2 Introduction
By its essential nature, transportation, and in particular the use and conservation of 
energy in service of transportation, lends itself to taking a systems approach. All energy 
applications interact with each other to some extent as they function in their surround-
ings; for example, they compete for finite resources, and they emit wastes that the natural 
environment has a finite capacity to absorb. In the case of transportation systems, how-
ever, these interactions take on a special importance, because the sharing of common 
infrastructures (e.g., roads, railroads, seaports, airports, and so on) leads to the various 
units in the system influencing each other’s function and performance—sometimes sig-
nificantly—whether it is motorists on an urban expressway, passengers in a train, or 
freight shipments moving through a distribution center. These interactions in turn affect 
how much energy is required to meet the needs of the system, as dictated by the level of 
congestion, the quality of maintenance of the system, or other factors. Over time, trans-
portation system users make changes to the vehicles or the infrastructure in order to 
adapt to changing conditions in the network. Here again, systems effects will influence 
how well these adaptations work. Therefore, a systems perspective on transportation 

421
Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use. 



422 C h a p t e r  F o u r t e e n

energy use is a necessary and useful complement to the consideration of transportation 
technologies in Chap. 13.

Transportation energy consumption originates in the propulsion system of the vehi-
cle, whether it is an internal combustion engine, a jet engine, or the electric motor of a 
railway locomotive that is supplied with electricity from the grid. It is further influenced 
by other design choices of the vehicle, such as materials choices, which affect its overall 
weight, or styling, which affects its aerodynamic drag. Engineers in an R&D setting of a 
laboratory or design facility appreciate the benefit of designing a vehicle to be efficient, 
since reduced manufacturing cost or operating cost will make the product more appeal-
ing to the management of the company and to the prospective customer, respectively. 
However, the pursuit of efficiency must be weighed against other priorities, such as 
power or performance, and often in the pursuit of product sales it is the latter two criteria 
that are favored. The way in which the service of moving people and goods in the real 
world is delivered also affects total energy use, so that an identical vehicle may achieve 
different levels of energy efficiency in different situations, depending on the circumstances. 
Land use planning (i.e., the geographic location of amenities in a region), availability of 
transportation infrastructure, extent of congestion, and other factors all play a role.

As an example of how a systems perspective can help us understand more accu-
rately the likely outcome of changes in technology intended to address transportation 
energy problems, we can consider the rebound effect, as shown in Fig. 14-1. A common 
response to rising energy use in the transportation sector is to introduce policies aimed 
at improving the energy efficiency of vehicles. These policies cause manufacturers to 
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develop more efficient engines and other drivetrain components, so that the drivetrain 
is able to move a vehicle the same distance with less fuel consumption. One part of the 
effect of this change is to reduce energy consumption per unit of distance, thereby influ-
encing total energy use in a downward direction. However, there are two other effects. 
One effect is that the more efficient drivetrain makes larger vehicles more affordable, 
increasing average vehicle size. The second effect is that, from the laws of economics, if 
we make an activity such as driving cheaper, demand for that activity will increase, 
driving up the total amount of driving. These latter two effects both influence the 
amount of energy consumption in an upward direction

The causal linkages in Fig. 14-1 show us three possible pathways from the step of 
increasing the level of “policies to improve energy efficiency” back to “level of trans-
portation energy use,” but they do not tell us whether, in the end, a net improvement 
in the amount of energy use will result. The outcome depends in part on the circum-
stances in each situation where such a policy is tried. In many cases, a government that 
enacts such a policy may reduce overall energy consumption compared to a baseline 
“do-nothing” scenario, even after taking losses due to the rebound effect into account. 
However, some erosion of energy efficiency gains due to the rebound effect is almost 
inevitable, unless other policies specifically aimed at curbing growth in vehicle·km or 
vehicle size are instituted at the same time. Also, since the overall long-term baseline in 
most industrialized and emerging countries is a steady increase in transportation energy 
consumption year after year, energy efficiency policies may make reductions against 
the baseline but not be able to reduce overall energy consumption compared to its level 
at the beginning of the policy implementation. This example shows the value of looking 
at transportation energy use from a systems perspective, as will be further demon-
strated in the remainder of this chapter.

14-3 Ways of Categorizing Transportation Systems
Transportation systems can be categorized in a number of ways, and the category to 
which each system belong influences how it functions. In turn, the function of the sys-
tem strongly influences energy requirements. The following is a typology of four trans-
portation categories, where a classification on one level can be made independent of the 
other three (an illustrative example follows):

• Function—passenger or freight: One general way to classify transportation is between 
passenger and freight transportation. Passenger transportation constitutes any move-
ment of people (e.g., for work, errands, and tourism), including all luggage or per-
sonal effects pertaining to their travel, and freight constitutes the unaccompanied 
movement of goods other than luggage (e.g., bulk commodities, finished products, 
livestock, and mail and parcels.). In general, vehicles are dedicated to one form or 
the other, although there are exceptions to this rule, for instance, in the case of avia-
tion, large commercial airliners frequently carry passengers on the main deck and 
airfreight on the lower deck (also known as the “lower lobe”) of the aircraft. 

• Modes—road, rail, water, air, and pipeline: Passenger and freight transportation can be 
further divided into one of these five major modes. For example, the road mode 
consists of cars, buses, and motorcycles on the passenger side, and vans and 
trucks on the freight side, which is sometimes called the “truck” mode. Broadly 
defined, the road mode can also include nonmotorized modes such as bicyclists 
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and pedestrians. The water mode (also called the “marine” mode) includes move-
ments of boats and ships on both inland bodies of water such as rivers, lakes, and 
canals, and on the open seas. All five modes exist in both a passenger and freight 
form, except for pipeline, which is used exclusively for freight, and primarily for 
the transport of energy products such as oil and natural gas. In addition to these 
major modes, a number of niche modes exist as well, such as an aerial tramway 
in a mountainous region that carries passengers and/or goods from the outside 
world to a remote community.1 The five major modes are, however, the only ones 
that consume a significant fraction of the world’s transportation energy budget.

• Geographic scope—urban or intercity: Both passenger and freight transportation can 
be divided between urban and intercity transportation movements. On the 
passenger side, the word “urban” is used as an umbrella term that covers 
movements both in large urban areas and small communities, but that in each 
case are characterized by movements for work, commerce, or recreation over a 
short distance and carried out on a daily or regular basis. Intercity passenger trips 
are typically of a distance of 50 to 100 km (approximately 30 to 60 mi) or more 
between two distinct towns or cities. On the freight side, intercity movements 
entail the long-distance “trunk” movement of goods between population centers, 
where the goods are often combined into a larger unit such as a tractor-trailer or 
a freight train with multiple cars. Urban movements are those (at the endpoints 
of a trunk movement) that are used to gather shipments together for long-distance 
movement, or distribute them once they have arrived at their destination. In some 
cases, smaller vehicles (such as delivery vans or light trucks2) are used to carry 
out urban distribution movements, while in other cases, the same truck may be 
used for both intercity movement and urban collection and delivery activities.

• Ownership—private or commercial: Transportation activity can be divided between 
private transportation movements, which consist of any activity in which the 
driver or operator owns the vehicle, and commercial movements, which entails 
the selling of the transportation service to passengers or shippers of freight by 
professional transportation providers (e.g., taxi companies, airlines, and for-
hire trucking companies). In the case of freight transportation by road, a fleet of 
trucks that is owned by a company for movement of products that it makes or 
sells itself is considered to be private transportation, even though the driver of 
the truck does not personally own the vehicle. For example, some large food 
retailers that operate chains of supermarkets may have their own private fleet, 
while others contract with for-hire firms to have this service carried out.

As examples of application of these categories, a driver in her/his own personal 
automobile to work represents passenger transportation using the road mode for urban 
transportation in a privately owned vehicle. A railroad moving a shipping container 
from a port to an inland city represents freight transportation using the rail mode for 
intercity transportation in a for-hire vehicle.

1Means of conveyance, such as aerial tramways, and cruise ships in which the purpose is sightseeing 
or tourism, and the passenger travels in a circuit without the intention of reaching the endpoint of the 
circuit as a destination, are generally not counted in transportation statistics.
2In the remainder of this chapter, we use the term light truck to refer to pickup trucks, vans, minivans, 
and sport-utility vehicles (SUVs).



S y s t e m s  P e r s p e c t i v e  o n  T r a n s p o r t a t i o n  E n e r g y  425

14-4 Influence of Transportation Type on Energy Requirements
The distinction between passenger and freight transportation is important because 
the movement of freight is strictly commercial in nature, while the movement of pas-
sengers entails more of a balance between competing factors including not only cost 
but also, in many cases, the comfort of the passenger, pleasure derived from the 
route of travel, or the image or status conveyed by the vehicle. When manufacturers, 
retailers, or other parties responsible for the overall cost of a product make decisions 
about freight, they determine the amount of protection needed for the product (e.g., 
protective packaging, and refrigeration) as well as the desired speed and reliability 
of delivery, and then seek out the least-cost solution that meets these requirements. 
There is therefore no incentive to spend extra on more expensive solutions, since the 
difference in cost will come directly out of the profitability of the product. When pas-
sengers make transportation choices, on the other hand, they may be more likely to 
spend extra on a larger, more comfortable vehicle, or more distant vacation destina-
tions, so long as they have the economic means to do so. Especially in the case of 
middle- and upper-class populations in the industrial countries, some of whom have 
in recent decades greatly increased purchasing power, the attraction of energy-inten-
sive transportation choices has made curbing the growth in overall transportation 
energy use more challenging.

The effect of increasing wealth and more demanding requirements for transporta-
tion service spills over into the choice of mode as well. For example, in the case of 
freight, modes such as water and rail are on average more energy efficient because 
they allow the vehicle operator to consolidate more goods on a vehicle, they move 
with less stopping and starting, and also water and rails create less rolling resis-
tance than, for example, rubber tires on roads. However, these modes also require 
greater coordination at the terminal points to consolidate and break apart shipments. 
From a transportation management point of view, shipment by road and air is a more 
agile option because the shipment reaches the destination more quickly and reliably, 
although the energy requirement is on average greater. An analogous argument can 
be made in the case of passenger transportation. Overall, the marketplace for both 
passenger and freight transportation has in recent years favored the higher service of 
road and air modes over the energy efficiency of rail and water, increasing total energy 
consumption.

Lastly, one of the main effects of the geographic scope of transportation is to limit 
energy source options. In the case of passenger transportation, the majority of transpor-
tation activity is generated in urban movements. For many of these trips, it would be 
possible for travelers to use alternative energy options such as electric vehicles with 
batteries or alternative liquid fuels that do not have as high an energy density, because 
the distances between opportunities to recharge/refuel are not too great. It is also easier 
to connect vehicles such as buses or urban rail vehicles to a catenary grid (e.g., overhead 
wires), because the density of passenger demand is high enough to justify the cost. By 
contrast, the majority of freight transportation activity happens over long distances 
between cities, where the current expectation is that the vehicle or aircraft can travel for 
long periods between refueling stops. For the most densely traveled rail routes, electric 
catenary may be justified, but for other routes, rail locomotives must rely on liquid fuels 
stored onboard the vehicle between refueling stops in the same way that trucks, air-
craft, or ships do.
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14-5 Units for Measuring Transportation Energy Efficiency
Transportation energy efficiency can be measured at various stages, from the testing of 
the equipment in the laboratory to the delivery of transportation services in the real 
world. Each successive stage introduces the possibility for ever greater numbers of 
intervening factors that can disrupt the smooth operation of a component, vehicle, or 
entire system, so that the potential for losses is increased, as shown in the following 
four stages:

1. Technical efficiency of components: A component of the drivetrain can be tested for 
its ability to transmit input to output energy. For example, the engine might 
be tested under steady-state, optimal conditions to determine what percent of 
the energy present in the fuel combusted is transferred to the rotation of the 
driveshaft. Engineers might evaluate losses in other drivetrain components in 
a similar way, that is, calculating efficiency on the basis of power out divided 
by power in.

2. Laboratory vehicle fuel economy: At this level of measurement of energy efficiency, 
vehicles are tested on a dynamometer to estimate fuel economy, where the 
dynamometer drive cycle is used to represent driving conditions in the real 
world. The results are given in units of city or highway mi/gal or km/L. For 
metric measurement of fuel consumption, the measure of “L/100 km” is 
commonly used. Laboratory testing recognizes that measuring technical 
efficiency of the drivetrain (approach #1) does not capture the use of the 
component in the vehicle, or the effect of parts of the vehicle that do not directly 
consume energy (e.g., the vehicle body). Estimation of fuel economy also results 
in a measure that incorporates times when the vehicle is not operating at 
optimal energy efficiency, for example, stop-and-go driving conditions. Lastly, 
prospective buyers of the vehicle want to know the effect of fuel economy on 
operating cost of the vehicle. Whereas a measure of technical efficiency of the 
drivetrain gives the buyer little information on this point, a measure of fuel 
economy can readily be translated into an estimated cost per year for fuel, if the 
buyer knows how far she/he typically drives in a year.

3. Real-world vehicle fuel efficiency or intensity: Government agencies typically report 
overall fuel efficiency (also referred to as energy intensity) for different vehicle 
classes (e.g., passenger cars, light trucks, and heavy-duty vehicles), in terms of 
energy consumption per unit of distance traveled. Thus fuel efficiency or 
intensity is the inverse of fuel economy, which is distance per energy. (L/100 km, 
introduced under approach #2, is a measure of fuel intensity.) These agencies 
use vehicle counts on selected roadways and modeling techniques to estimate 
total vehicle·km of travel, and the allocation of total annual transportation fuel 
sales to different transportation applications, as a basis for estimating actual 
kJ/vehicle·km (Btu/vehicle·mi in standard units).3 

4. Real-world transportation service efficiency or intensity: Use of energy per vehicle·km 
as a measure of technological progress is imperfect because the purpose of the 

3For brevity, metric units are used in the remainder of this chapter. Conversion between standard 
and metric units are as follows: 1 passenger ·mi = 1.6 passenger·km, 1 ton ·mi = 1.45 tonne ·km, 
1 vehicle ·mi = 1.6 vehicle ·km.
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transportation system is not the movement of vehicles but rather the delivery 
of transportation service, that is, the movement of passengers or freight. 
Movement of vehicles is a means to this end, but it is not the end itself. The 
quantity of transportation service is measured in units of passenger·km (pkm) 
and tonne·km (tkm, i.e., the movement of 1 passenger or 1 tonne of freight for 
a distance of 1 km, respectively) in order to incorporate the effect of distance 
on transportation intensity. In other words, the movement of 100 passengers 
for 100 km will require more energy, incur more wear-and-tear on trans-
portation infrastructure, and so on, than the movement of 100 passengers for 
1 km. As with vehicle ·km statistics, total passenger ·km and tonne·km are 
published by governments through a mixture of sampling and modeling. 
Thus it is possible to publish measures of transportation energy intensity in 
terms of kJ/passenger ·km and kJ/tonne·km, respectively. These measures 
capture the effect of changing transportation practices on energy consumption: 
for example, if vehicles are not loaded as fully and all other factors remain the 
same, energy intensity measured in energy per passenger ·km or tonne·km 
will increase.

The role of different measures in assessing the energy efficiency of the transporta-
tion system is summarized in Table 14-1.

Units

Name Metric Standard Description

Technical 
efficiency of 
components

Percent efficiency; 
kJ out per kJ in

Percent efficiency; 
BTU out per BTU in

Laboratory testing of 
drivetrain components 
(engine, transmission, 
tires, etc.)

Laboratory vehicle 
fuel economy

L/100 km, km/L mi/gal Estimate of real-world 
energy consumption 
performance based 
on laboratory 
drive-cycle test.

Real-world vehicle 
fuel efficiency or 
intensity

kJ/vehicle·km BTU/vehicle·mi Real-world energy 
efficiency based on 
estimates of actual 
energy consumption 
and vehicle distance 
traveled

Real-world
transportation 
service efficiency 
or intensity

kJ/passenger ·km, 
for passenger; 
kJ/tonne·km, 
for freight

BTU/
passenger·mi, 
for passenger; 
BTU/ton·mi, 
for freight

Real-world energy 
efficiency based 
on actual energy 
consumption and 
passenger or freight 
distance traveled

TABLE 14-1 Levels of Measuring Transportation Energy Efficiency
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Comparison of laboratory vehicle fuel economy values (approach #2) for an entire 
fleet of cars in a country and real-world fuel efficiency (approach #3) typically reveals a 
fuel efficiency shortfall or gap between the predicted and actual fuel consumption. The 
laboratory fuel economy values can be used to predict the annual fuel consumption of 
each vehicle in the fleet, based on its rated fuel economy and estimated distance driven. 
The sum of all the vehicles in the national fleet gives one possible value for the amount 
of fuel consumed. When the real-world fuel efficiency is converted to units of fuel econ-
omy, it is not as high a value as the estimate based on laboratory fuel economy figures. 
The shortfall occurs because laboratory tests typically do not fully capture the negative 
effect of high-speed driving, traffic congestion, decline of fuel economy due to aging 
vehicles, inadequate owner maintenance practices (e.g., failure to keep tires sufficiently 
inflated), and other factors.

14-6 Recent Trends and Current Assessment of Energy 
Use in Transportation Systems

In many industrialized countries, transportation is one of the fastest growing energy 
users, on a percentage basis. For example, Fig. 14-2 shows the change from 1970 to 2000 
for the United States, indexed to a value of 1.00 in 1970. As shown, of the five principal 
sectors included (namely, freight transportation, passenger transportation, commercial, 
residential, and industrial), freight transportation had the largest growth with 120%, 
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from U.S. Department of Energy, 2003.)
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while passenger transportation was third largest with 55%. Combined transporta-
tion (“All trans.” in Fig. 14-2) grew by 66%, while overall energy use (“All energy” in 
Fig. 14-2) grew by 49%.

The U.S. energy consumption data show that the trend of relatively rapid increase 
in transportation energy use has been continuing for some time. There are many possible 
contributors to this phenomenon, including the rise of more automobile-dependent 
land-use patterns; a faster paced working life in some sectors of the economy, forcing 
workers to travel more and longer distances in each working week; or greater wealth, 
allowing citizens to spend more on purchase of travel services. This situation can be 
contrasted with that of other sectors. In the industrial sector, manufacturers either 
improved energy efficiency so as to cut costs, or moved manufacturing activities out of 
the United States and hence off of the U.S. energy consumption records. In the residen-
tial sector, higher energy costs encouraged a significant shift to more efficient buildings, 
better insulation, and more modern appliances. 

The pattern in many other industrial countries is similar to the one in Fig. 14-2, with 
growth in energy consumption of sectors of special importance to a service economy 
(e.g., freight and commercial activities) outpacing that of other sectors, such as the 
industrial sector. There are, however, wide variations between countries in the total 
amount of transportation energy consumption or energy efficiency of transportation. 
As an example, Figs. 14-3 and 14-4 show the breakdown of total energy consumption 
for the United Kingdom and the United States, respectively. The modal percentages 
in the figures are for the combination of passenger and freight energy consumption. 
In both cases, the road and air modes are the largest energy consumers, although for 
the United States, the percent share for the road mode is somewhat higher than in the 
United Kingdom. (Pipeline energy consumption data were not available for the 
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FIGURE 14-3 Breakdown of transportation energy consumption by mode, United Kingdom, 2005. 
Total = 2.49 EJ.

Note: Total does not include 0.03 EJ energy equivalent of electricity attributed to the 
transportation sector. Pipeline energy consumption not included due to lack of data 
availability. (Source: Department for Transport, 2006.)
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United Kingdom, but we believe that their inclusion would not change this outcome, 
given the compact geography of the United Kingdom.) Also, the per capita energy con-
sumption for transportation of the United States is over twice as much as that of the 
United Kingdom (approximately 96 GJ/person, vs. approximate. 42 GJ/person). This 
difference can be explained partly in terms of factors beyond the control of the popula-
tion, such as the large geographic expanse of the United States, and partly in terms of 
short- and long-term choices about land-use patterns, size of vehicles, and so on.

These factors may also explain differences in average delivered energy efficiency of 
road vehicles for the two countries, as shown in Fig. 14-5. For the two categories shown, 
namely, passenger cars (excluding light trucks) and combination trucks (also known as 
articulated trucks, that is, a heavy truck consisting of a tractor and one or more detachable 
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FIGURE 14-4 Breakdown of transportation energy consumption by mode, United States, 2005. 
Total = 28.8 EJ. (Source: U.S. Department of Energy, 2007.)
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trailers), the U.K. fleet had an overall 19% and 14% efficiency advantage. Note that com-
parisons between the energy consumption and energy efficiency values for the two coun-
tries should be made carefully. The methods used to gather the underlying data, and then 
to calculate the values for the United Kingdom and the United States are not necessarily 
the same. Also, the relative contribution of natural factors (geography, climate, and the 
like) and human-controlled factors (transportation policy, fuel tax, decisions about land 
use, and the like) to the different values are not known. Therefore, while these data do 
suggest that the United States could study the United Kingdom for ideas on how to 
improve transportation energy consumption and efficiency, it does not necessarily hold 
that, by exactly replicating the conditions found in the United Kingdom, the United States 
would arrive at the same values of energy consumption per capita or per vehicle·km. 

14-6-1 Passenger Transportation Energy Trends and Current Status
The dominant user of passenger transportation energy in most industrial countries is the 
light-duty road vehicle (passenger cars and light trucks). In 2004, of the 19.7 EJ of energy 
attributed to passenger transportation in the United States, 84% was consumed by light-
duty vehicles. Most of the remainder was consumed by passenger air travel. In other 
industrial countries, light-duty vehicles are almost always the largest consumer of energy, 
although in some cases railroads and not aircraft are the second largest user, depending 
on the intensity of use of the rail versus air system. Data on passenger transportation 
energy consumption for emerging countries are generally not available, but it is likely 
that in some countries with particularly low rates of private ownership of light-duty vehi-
cles, the largest consumer of energy may be buses or passenger trains, since these modes 
become critical for urban or long-distance travel in the absence of personal cars.

Delivered energy intensity of passenger modes in kJ/passenger·km depends both 
on the inherent technical efficiency of the vehicle and the load factors of the service 
provided (i.e., percent of available seats filled). Figure 14-6 shows energy intensity for 
three intercity passenger modes in the United States, namely, bus, air, and rail. Although 
the rail mode is generally very efficient when load factors are high, intercity rail in the 
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United States suffers from low occupancy, so that energy intensity per passenger·km is 
only slightly lower than that of airline travel. By contrast, the bus mode is consistently 
more efficient than the other two. The air mode has been able to reduce energy intensity 
by 58% over the time period shown in Fig. 14-6, due to both improved aircraft and engine 
technology, and the use of yield management to maximize seat occupancy on flights. Of the 
three modes, only air had a significant share of total passenger·km; in 2004, bus and rail 
accounted for less than 2% each, whereas air accounted for approximately 13%. Data on 
light-duty vehicle passenger energy intensity divided between intercity and urban geo-
graphic scope were not available, so intercity car travel does not appear in the figure. 
However, for comparison, combined urban and intercity car and light truck intensity 
values in 2004 were 2305 kJ/passenger·km and 2854 kJ/passenger·km, respectively. 

For the two U.S. modes for which data were available, air and rail, the trend in load 
factors is shown in Fig. 14-7. For commercial aircraft, load factors are given in terms of 
percent of seats filled on average for the years 1970 to 2000. However, for rail, these data 
are not available directly, so instead a measure of passenger·km delivered per traincar·km 
moved is used. Data are also available on train·km of movement, or distance traveled 
by entire trains, but traincar·km are used as a basis for this figure since they more 
closely reflect the capacity provided. Because two different measures of load factors are 
used for the two modes, the values are presented in relative terms indexed to a value of 
1970 = 1. The graph shows that load factors have steadily increased for air from approx-
imately 50% in 1970 to 72% in 2000, while for rail the number of passenger·km deliv-
ered per traincar·km of movement rose just 6% over the same period (from 14.2 to 15), 
although they reached a value as high as 20 in 1990. Note that for the rail mode the use 
of passenger·km/traincar·km is not entirely precise because the average size of train-
cars may change over time, but it is thought to be adequate for this comparison.

The United States is unusual among the industrial nations for having a particu-
larly low share of passenger ·km and passenger energy consumption for bus and rail. 
Most other industrial nations have a higher share for these two modes, and also lower 
energy intensity for rail, since load factors are higher.
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FIGURE 14-7 Relative usage of available capacity for U.S. commercial air and passenger rail 
modes indexed to 1970 = 1.00.

Notes: For air, 49.7% of seats were occupied in 1970; for rail, each traincar·km of movement 
delivered 14.2 passenger·km of service. (Source: U.S. Department of Energy.)
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Divisia Analysis of U.S. Car and Light Truck Energy Consumption: A Case Study
Among passenger modes in the United States, the light-duty vehicle is the dominant 
user of transportation energy at present, and it has also been driving the rapid growth 
in transportation energy consumption over the last few decades. In 1970, light-duty 
vehicles consumed a total of 9.7 EJ of energy; in 2004, this amount had grown to 16.6 EJ, 
an increase of 70%.

Divisia analysis (see Chap. 2) provides insight into factors that contributed to this 
trend, by considering the relative roles of the two main classes of light-duty vehicles, 
namely cars and light trucks. While both cars and light trucks in the United States 
may have reduced energy intensity in recent decades, in the case of cars, improving 
intensity has kept pace with growing vehicle ·km, while in the case of light trucks it has 
not. As shown in Table 14-2, fuel consumption for cars rises only slightly from 257 to 
277 billion L/annum, while fuel consumption for light trucks increased approxi-
mately fourfold from 47 to 200 billion L. A significant shift in purchasing habits by 
American drivers drove this trend: as Americans bought fewer passenger cars and 
more pickups, minivans, and SUVs, the total number of vehicle ·km traveled by light 
trucks increased more than sevenfold, while the increase in vehicle ·km for passenger 
cars was less than twofold.

To carry out the Divisia analysis, we need to know the kilometers, fuel consump-
tion, and fuel economy of the combined fleet of cars and light trucks in the base year of 
1970. These are obtained by adding together the respective values given in Table 14-3; 
values from 2000 are also included in the table, for comparison. As shown, the overall 
fuel economy increases from 5.5 km/L to 8.5 km/L. Based on the increase in activity 
(kilometers of vehicle travel), the trended fuel consumption with no change in fuel 
economy would have been 737 billion L: 

4 037 10
7 37 10

12
11.

.
× = ×km

5.5 km/L
L

Year 

Cars Light Trucks

bil. km. bil. L Km/L bil. km. bil. L Km/L

1970 1467 257 5.7      197 47 4.2

1975 1654 280 5.9      322 75 4.3

1980 1779 265 6.7      466 90 5.2

1985 1995 271 7.4      626 104 6.0

1990 2253 263 8.6      920 135 6.8

1995 2301 258 8.9 1264 173 7.3

2000 2560 277 9.3 1477 200 7.4

Note: Figures include the sum of gasoline and diesel fuel gallons. (Source: U.S. Department of Energy, 
2003.)

TABLE 14-2 Vehicle·km Traveled, Liters of Fuel Consumption, and Fuel Economy of U.S. Cars and 
Light Trucks 1970–2000
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The Divisia analysis is completed by calculating the effect of overall efficiency 
changes (the combined energy intensity of cars and light trucks) and structural changes 
(the relative share of the two vehicle types). The results are shown in Fig. 14-8. Of the 
two types of changes, efficiency changes have the stronger effect, amounting to a change 
of −301 billion L in 2000. The increasing share of vehicle·km for light trucks, from 12% 
to 37% of the total between 1970 and 2000, has an upward effect on fuel consumption 
equivalent to 40 billion L in 2000. The two effects together explain the difference between 
actual and trended fuel consumption in the graph, that is,

E E E Eactual trended efficiency structure= + +Δ Δ

4777 737 300 40 109= − + [ L fuel]

Note that the results of the Divisia analysis do not explain the substantial rise in 
both activity and energy consumption over the period 1970 to 2000, nor do they tell us 
to what extent the upward pressure on fuel consumption due to rising vehicle·km 
could have been offset through increases in efficiency. One can surmise that, since 
vehicle·km increased by 143% over this period, it would have been difficult to prevent 
some amount of rise in absolute fuel consumption in any case—the average fuel econ-
omy would have needed to improve to 13.3 km/L to keep pace. The analysis results do 
tell us that improvements in efficiency accounted for most of the improvement against 
the trended projection of where fuel consumption would have been in 2000. Although 

Year bil. km. bil. L Km/L

1970 1664 304 5.5

2000 4037 477 8.5

TABLE 14-3 Vehicle·km Traveled, Liters of Fuel Consumption, and 
Fuel Economy of All U.S. Light-Duty Vehicles, 1970 and 2000
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changes in the structure profoundly affected the nature of the light-duty vehicle mar-
ket, with automakers selling many more light trucks, they only modestly increased fuel 
consumption relative to the trended value. 

14-6-2 Freight Transportation Energy Trends and Current Status4

As mentioned earlier, freight transportation energy consumption is growing rapidly 
around the world, due to both the move toward a more global economy, and changes to 
domestic distribution systems within many countries. Taking the Unites States as an 
example, the freight sector energy consumption has been increasing by more than 20% 
each decade since 1970. The absolute value for freight rose 120% from 3.7 EJ in 1970 to 
8.2 EJ in 2000, as shown in Fig. 14-2; although the latter value is smaller than that of 
some other sectors, 8.2 EJ is a large amount of energy in absolute terms, and the fact that 
it is almost entirely derived from petroleum and that its rate of consumption is on a 
rapidly increasing trend is cause for concern.

In the freight sector, improvements in technology have in general been working in 
favor of saving energy, and growing demand and operational choices (e.g., by what mode 
to ship, how quickly, in what shipment size) have in general been putting upward pres-
sure on energy consumption. On the one hand, freight vehicles have benefited from 
improved engine efficiency, use of lightweight materials, improved aerodynamics, and 
other advances. On the other hand, shippers of goods have increased their service expec-
tations, so that a long-term modal shift toward faster and more energy-intensive modes, 
namely truck and airfreight, has taken place, especially for the more valuable finished 
products. Rail and water modes continue to move large volumes of bulk goods, such as 
energy products (coal, petroleum products) or bulk agricultural products (grains, feeds). 
However, the loss of market share of total tonne·km of higher-value finished products for 
railroads over this period has been significant. For example, in 1977, railroads carried 45% 
of all food product tonne·km, which include any value added foods that have been 
canned, packaged, or prepared in some other way. (Grains and other unprocessed agri-
cultural output are classified as agricultural products and are therefore not included in this 
figure.) By 1997, rail’s share of food product tonne·km had fallen to 23%. This type of 
modal shift has been seen in many European countries and Japan as well.

The increase in U.S. freight energy consumption is driven by the road mode, which 
grew from 1.6 EJ in 1970 to 5.4 EJ in 2000 (Fig. 14-9). Other modes including water, rail, 
and pipeline held more or less constant due to modest increases in total freight tonne·km 
combined with gradually increasing energy efficiency. In the case of the air mode, rapid 
reductions in energy intensity offset the rapid growth in demand for this mode over 
this time period, although there was an upturn in consumption from 1995 to 2000.

At present, the truck mode is on average much more energy intensive than the 
water or rail modes. In the year 2000, the average energy intensity values for these three 
modes were 2301, 306, and 239 kJ/tonne·km, respectively. Note that this measure masks 
the impact of bulk goods on energy efficiency of water and rail, since they tend to be 
densely packed and move slowly, allowing these modes to achieve efficiency values 
that are not possible for more high value, time-sensitive goods. It is still more efficient 
to move high-value goods by rail than by truck, but the efficiency gain is not as great as 

4Parts of the discussion of energy use in freight transportation systems in this chapter are based on 
earlier work published in Vanek and Morlok (2000). The collaboration of Professor Emeritus Edward K. 
Morlok on these efforts is gratefully acknowledged.
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might be implied by the approximate 10:1 advantage base on the overall average modal 
energy intensities alone.

The influence of the type of product or commodity on the efficiency of freight move-
ment leads to an alternative approach to understanding freight energy consumption, 
namely, to divide total energy among different types of products or commodities (coal, 
food products, paper products, etc.). The commodity-based approach sheds light on the 
role of different commodities in generating consumption of freight energy, including 
the intensity of freight energy requirements, the trend over time for the product in ques-
tion, and the contribution of the different freight transportation modes to the total 
freight energy for the product. This information can then be used to carry out more 
targeted improvement of freight energy efficiency (see Secs. 14-7-1 and 14-7-2). For 
example, it may be of particular interest to work on improving energy consumption 
with a sector of the economy that either uses a large fraction of the total freight energy 
budget, or is energy intensive relative to the value or weight of goods moved, or is 
increasing its consumption rapidly.

A comparison of commodity-based analysis of intercity freight energy use in the 
United States and United Kingdom is given in Fig. 14-10(a) and (b). For the United 
Kingdom [Fig. 14-10(a)], 13 commodity groups are shown plus a miscellaneous ship-
ments category (“Misc Products”). The data did not support disaggregation of rail and 
water modes in the United Kingdom by commodity. Therefore, the contribution of these 
modes is not included in the commodity disaggregate values, and instead is shown 
separately on the right side with hash-marked bars. The remaining values are then just 
for road energy consumption. For the United States [Fig. 14-10(b)], 14 commodity 
groups are disaggregated, including energy consumption for multiple modes (e.g., 
road, rail, and water) for each group. Commodities not included among the 14 are rep-
resented with an “other products” bar in the figure, which represent 24% of the total 
energy consumption shown in the figure. Both figures [Fig. 14-10(a) (b)] exclude pipe-
line energy consumption, energy use for urban movement of freight, and energy con-
sumption in outbound international airfreight movements.
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FIGURE 14-9 Total U.S. freight transportation energy consumption by mode, 1970 to 2000. 

Note: Data point for water for the year 2000 is not included due to lack of a consistent data 
stream for the period 1995 to 2000. (Source: Own calculations, based on data from U.S. Dept. 
of Energy.)
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A common point between the two figures is that in both countries, shipping of food 
products is a large consumer of energy, relative to other commodities. The agricultural 
products (United Kingdom) or farm products (United States) groups are also fairly 
large consumers of transportation energy, so the total energy balance for the entire 
delivery of food items from crops on the farm to the final consumer, as a fraction of total 
freight energy, is even larger: 24% and 22% of the total energy consumption covered in 
the two figures, respectively. This observation makes the case for working with the food 
industry to make sure that food distribution is as energy efficient as possible.
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FIGURE 14-10 Freight energy consumption disaggregated by commodity for (a) United Kingdom, 
1995, and (b) United States, 1993. Total energy: for U.K., 0.36 EJ; for U.S., 3.5 EJ.

Note: Not all freight energy consumption of respective countries is covered in these fi gures; see text.
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Applying Freight Energy Consumption by Product Type to Life Cycle Energy Use
It is also possible to use commodity-disaggregate energy consumption to look at freight 
in context of the energy life cycle of products. Table 14-4 provides a partial life-cycle 
analysis for total energy consumption of selected commodity groups (the analysis is 
partial because energy data on extraction, end use, and disposal stages were not avail-
able). For 10 commodity groups where comparable numbers were available, the freight 
energy consumption values from Fig. 14-10(b) are added to production energy con-
sumption for the product sector in question, as estimated by the U.S. Department of 
Energy, to give the combined energy consumption shown. The percentage values are 
then the percent of the combined value attributed to each stage. 

As shown, the food, lumber, and apparel sectors have relatively high percent values 
for the transportation side, suggesting that attention to freight energy requirements is an 
important part of life cycle energy efficiency in these sectors. By contrast, sectors requir-
ing intensive manufacturing processes including paper products, chemical products, and 
various types of products based on metallurgy and metalworking have smaller percent 
shares for freight. The treatment of life-cycle analysis in this example is simplistic in that 
it deals with aggregate energy consumption for production and transportation in entire 
sectors, without tracking the specific life-cycle analyses of particular products within that 
sector. Also, boundaries around energy consumption are imprecise; some products 
become components in other products, such as textiles in apparel, and some of the energy 
consumption in both the production and transportation stages of many specific products 
in the sectors represented occurs outside the U.S. borders and therefore outside of the 
data sets that are used as a basis for the table. A more complete life-cycle analysis would 
consider freight energy consumption for specific products as part of a whole-life view of 
the product from raw material to finished item, with a geographic scope not limited to 
energy consumption within the borders of the United States. 

Commodity

Combined Percent Share

PJ Production Transport

Fabricated metal products 405 80% 20%

Transport equipment 458 74% 26%

Pulp/paper 2831 93% 7%

Primary metal products 2775 94% 6%

Petroleum/coal products 2547 91% 9%

Lumber/wood products 784 61% 39%

Chemicals 2232 88% 12%

Food/kindred products 1618 62% 38%

Textile mill products 326 89% 11%

Apparel and textile products 78 59% 41%

Source: U.S. Department of Energy, for production energy consumption; own calculations, for freight 
energy consumption.

TABLE 14-4 Comparison of Production and Transportation Stage Energy Consumption Values for 
10 Representative U.S. Commodity Sectors, 1993
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In conclusion, the role of freight modes and commodities moved by freight vehicles 
are important elements for understanding what is driving the current status and growth 
trend in freight transportation. For passenger transportation as well, an understanding 
of the amount of passenger·km of travel demand and the vehicles chosen to meet this 
demand is useful for explaining energy consumption trend. Since the long-term trend 
in energy consumption is upward, there is a clear scope for strategies that will reduce 
energy consumption, CO2 emissions, and other types of pollution. In the next section, 
we explore some specific avenues for achieving this end for both freight and passenger 
transportation.

14-7 Applying a Systems Approach to Transportation Energy
In the previous section, we reviewed the ways in which total transportation energy con-
sumption, for both passenger and freight transportation, is an interaction between the 
vehicle technology and the way in which it is used. In this section we look at ways in 
which taking a systems approach to transportation energy can lead to possible solutions 
for curbing the growth in energy demand. The solutions covered include the following:

 1. Modal shifting: Meeting a given demand for transportation services while 
increasing the modal share of the most efficient modes to reduce energy 
consumption.

2. Rationalizing transportation services: Meeting a given demand for transportation 
services while reducing total vehicle·km, passenger·km, or tonne·km, using 
optimization or other planning tools to deliver the service more efficiently.

14-7-1 Modal Shifting to More Efficient Modes
The practice of shifting transportation demand to more efficient modes can lead to 
energy savings for both passenger and freight transportation. By taking a more holistic 
view of transportation systems, it is possible to use the most energy intensive modes 
such as cars and trucks less, and use more energy efficient modes such as buses or trains 
more. This practice assumes that the more efficient modes will have a high enough load 
factor (e.g., percent loading relative to maximum capacity) to achieve energy savings. 
As shown in Figs. 14-6 and 14-7 for the case of intercity rail in the United States, low 
load factors can reduce the energy efficiency of modes that are generally thought to be 
advantageous. In this section, the examples of (1) urban public transportation, (2) per-
sonal transportation choices, and (3) intermodal freight transportation are used to illus-
trate how modal shifting can be put into practice.

Modal Shifting to Public Transportation in Urban Regions
In recent times, many urban regions around the world have attempted to create a shift 
in modal choice by modernizing and expanding public transportation systems. His-
torically, as car ownership has grown over the past decades, public transportation sys-
tems have lost some share of passenger·km to the private automobile in many coun-
tries, so efforts are now being made to win back modal share for buses, subways, and 
other forms of public transportation.

The focus of many of these programs is not just on energy efficiency and protecting 
the environment, but also on improving livability of cities. Public transportation systems 
can move passengers rapidly from origin to destination, without the delays common to 
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travel by car in congested urban arteries. In an ideal situation, the mix of public trans-
portation and car travel is rebalanced to the point that congestion is eliminated. Residents 
then choose between public transportation and use of their own car, depending on the 
nature of their trip, but in either case, there is no congestion, and travel times are predict-
able. Since the public transportation system must be well utilized in order to achieve this 
rebalancing, overall energy consumption decreases, so that the system-wide energy per 
passenger·km is also reduced. As an additional benefit, some types of public transporta-
tion can use renewable energy, further reducing CO2 emissions. Some types of public 
transportation can also reduce the amount of space required for transportation infrastruc-
ture, thereby preserving more green space. For example, at maximum capacity, a subway 
system can carry more passengers per track in each direction than an urban expressway 
can carry per lane in each direction.

Public transportation comes in several forms, each with specific characteristics in 
terms of cost and maximum capacity, as follows:

• Heavy-rail transit: These systems include subway and commuter trains that have few 
or no at-grade crossings with streets, and run underground or on elevated passage-
ways. Subway systems in New York, London, Tokyo, and so on are examples.

• Light-rail transit (LRT): These systems comprise vehicles that run on rails but are 
typically smaller than those used in heavy-rail transit (see Fig.14-11). They also 
use a mixture of guideways separated from street traffic and mixed in traffic, as 
well as occasional use of tunnels or overpasses to improve flow at key points. 

FIGURE 14-11 Bombardier “Flexity” Light-rail transit (LRT) vehicle at a stop in Geneva, Switzerland. 

In recent years the LRT railcar industry has pushed the maximum length of LRT vehicles while 
still allowing them to navigate street traffi c where necessary. This development increases both 
maximum passenger capacity during peak periods and fi nancial productivity of the asset, since 
the driver’s wages are distributed among a larger passenger base, all other things equal. 
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They are less expensive to build per kilometer of track than heavy rail. There 
are numerous examples around the world, including Manila, Philippines; 
Manchester, England; and Portland, Oregon, United States.

• Bus rapid transit (BRT): These systems resemble light rail in their use of bus-only 
roadways separated from street traffic, but the use of buses instead of rail vehicles 
reduces cost and simplifies the extension of bus rapid transit routes from the 
busway to and from local streets (see Fig. 14-12). Examples include Curitiba, 
Brazil; Bogota, Colombia; and Pittsburgh, Pennsylvania, United States.

• Street transit: These systems include buses, tramways, and trolleys (i.e., electrically 
powered rail vehicles that operate using overhead catenary), and trolleybuses 
(also known as trackless trolleys), that operate entirely in the presence of street 
traffic. These systems are the least expensive to build and maintain, but they also 
provide the slowest service and are the most susceptible to congestion.

Of the four types mentioned, heavy-rail and street transit are the oldest, while LRT 
and BRT are developed more recently. The reason for their emergence can be illustrated 
using a cost versus level-of-service (also known as LOS) diagram, as shown in Fig. 14-13. At 
the midpoint of the twentieth century, public transportation primarily offered only heavy-
rail and street transit systems. Between these two lay a gap in terms of service offering, 
where, for many cities, heavy-rail systems were too expensive, and street transit was too 
slow, to compete with the private automobile for passengers. LRT and BRT reduce the 
total system cost compared to heavy-rail, but they also provide a measure of rapid transit, 
in which passengers travel faster than the stop-and-go speeds of street traffic. Since the 
1960s, many cities of 1 million or less population that could not afford heavy-rail systems 

FIGURE 14-12 Bus rapid transit, Miami, United States.

The busway for this BRT system resembles an LRT or subway system in that the roadway is 
exclusively for buses and street traffi c crosses the route of the busway on an overpass, rather 
than at grade level, as shown in this photograph. Photo by Jon Bell. Reprinted with permission. 
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built LRT or BRT instead, and today, the number of cities in the world that operate LRT 
and/or BRT has surpassed the number with heavy-rail systems. In the very large cities as 
well, LRT and BRT can serve certain niches, for example on the periphery of a city where 
demand is not high enough to justify a heavy-rail system.

Example 14-1 illustrates the potential effect of modal shifting to public transporta-
tion on energy consumption and efficiency.

Example 14-1 A metropolitan region generates 7.5 billion passenger ·km of transportation demand per 
year and is experiencing 2% per annum growth in total passenger ·km, and a 0.5% decline in energy 
intensity of passenger ·km. Current energy intensity of automobile travel and public transportation 
is 2200 kJ/passenger ·km and 1000 kJ/passenger ·km, respectively, and share of passenger ·km is 90% 
and 10%, respectively, for those two modes. For the purposes of this example, ignore all other types 
of transportation. Suppose the government institutes a comprehensive transportation program that 
increases the passenger ·km share for public transportation by 5 percentage points over 10 years. 
Calculate (a) the baseline energy consumption in the present year, (b) the baseline energy consumption 
after 10 years, and (c) the reduction in energy consumption in the 10th year relative to the baseline in 
that year due to the policy.

Solution

 (a) For the current year, the total energy consumption is the sum of the consumption for the two 
modes, as follows:

For car: ( pkm)( )
kJ

pkm
7 5 10 0 9 2200 19. .× ⎛

⎝⎜
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00 14 8512−⎛
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=PJ
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The sum of these two values is 15.6 PJ.
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FIGURE 14-13 Cost versus level-of-service tradeoff for public transportation systems. 
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 (b) For the 10th year, we account for the growth in passenger·km as follows:

7 5 10 1 0 02 9 14 109 10 9. . .×( ) +( ) = ×pkm pkm

  Modal energy intensities have also changed, and these are recalculated as

For car:
kJ

pkm
kJ

p
2200 1 0 005 209210⎛

⎝⎜
⎞
⎠⎟

− =( . )
kkm

For public trans.:
kJ

pkm
1000 1 0 0⎛

⎝⎜
⎞
⎠⎟

−( . 005 95110) = kJ
pkm

  Recalculating the energy consumption by repeating the calculation in part (a) with the 
increased number of passenger ·km and reduced energy intensity gives 17.22 PJ for car, 0.87 PJ 
for public transport, and a total value of 17.22 + 0.87 = 18.09 PJ for the entire system.

 (c) This alternative assumes that in the 10th year the modal split is 85% car / 15% public transport. 
We can therefore recalculate as in part (a) using the new values:

For car: pkm
kJ

pkm
( . )( . )9 14 10 0 85 20929× ⎛

⎝⎜
⎞
⎠⎟⎟

⎛
⎝⎜

⎞
⎠⎟

=−10 16 2612 PJ
kJ

PJ

For public trans.

.

:: pkm
kJ

pkm
P

( . )( . )9 14 10 0 15 951 109 12× ⎛
⎝⎜

⎞
⎠⎟

− JJ
kJ

PJ⎛
⎝⎜

⎞
⎠⎟

= 1 30.

  The combined total is 17.56 PJ. Therefore, the energy reduction is 18.09 − 17.56 = 0.52 PJ.

Discussion The results of this example show the challenge of curbing growth in transportation energy 
consumption in the face of continually expanding passenger ·km values. Despite a 50% increase in the 
amount of public transportation over 10 years, energy consumption is higher in year 10 than it is in 
the current year. Nevertheless, public transportation has made a measurable reduction in energy use 
of 0.52 PJ, which is equivalent to 21% of the 2.49 PJ growth in energy use that occurs with no increase 
in public transportation.

One limitation of this type of analysis is that it assumes each unit of passenger ·km shifted to public 
transportation will achieve energy savings based on the difference between the average energy 
intensity of the two transportation options. For a more accurate estimate, the analyst might build a 
computer model of the transportation network that includes the modeling of residents’ modal choices 
for different types of trips. The analyst would first verify that the model reproduces the baseline 
system in the real world within some degree of accuracy, and then impose the new expanded public 
transportation system on the model to evaluate the new modal split and total energy consumption. 
Such a modeling exercise gives more reliable results but requires a far greater amount of effort.

Modal Shifting of Personal Transportation Choices
In the previous section, the objective of modal shifting relied on a substantial commit-
ment by local and regional governments to provide public transportation service as an 
alternative to travel by car. Even without using public transportation, however, the 
individual traveler can take steps to shift modes in her/his personal choices.

One of the simplest ways of achieving this end is for travelers who drive to own 
different vehicles for different purposes, assuming they have the necessary financial 
means. For these travelers, especially those with higher incomes, it may be practical to 
own a smaller vehicle for single-occupant work or nonwork trips, and a larger vehicle 
such as a van, SUV, or truck for occasions where the motorist is either carrying a large 
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amount of goods or has several passengers on board. The situation of the driver travel-
ing by himself or herself alone is termed a single-occupant vehicle (SOV), while a vehicle 
with a large number of passengers is a high-occupancy vehicle (HOV), which in many 
urban areas have access to special HOV lanes that allow congestion-free travel on urban 
expressways. From an energy efficiency point of view, it is desirable to avoid larger 
vehicles, and especially light trucks, traveling as SOVs. For example, a SUV that deliv-
ers 15 MPG (6.34 km/L or 15.8 L/100 km) during urban travel with a single occupant 
has an intensity of approximately 5000 kJ/passenger·km, which is much higher than 
the average U.S. value given above. There is anecdotal evidence that, with the increase 
in gasoline costs in the U.S. market since 2005, drivers who own both a compact car and 
a light truck increasingly are choosing the compact car for single-occupant travel in 
order to reduce their fuel expenditures.

Outside of highway-capable light-duty vehicles (i.e., vehicles able to travel at the 
full range of speed limits, including expressway speeds), other options exist that can 
further allow the motorist to mode-shift toward the travel solution that meets the needs 
in the most efficient way possible: 

• Limited-use vehicles: Small battery-electric or gasoline vehicles with limited top 
speed and range that are useful for short trips in an urban setting (see Chap. 13). 
Some of these vehicles have necessary signaling and safety equipment to be road 
legal. In other situations, a non-road legal vehicle can be used on separate road-
ways, such as in golf communities where residents use golf carts within the com-
munity for golf, shopping, and other amenities.

• Motorcycles, scooters, and other motorized two- and three-wheel vehicles: Where the 
motorist is traveling alone and does not have many goods to carry, these vehicles 
provide a very energy-efficient option for local travel.

• Nonmotorized modes: Travel by bicycle or on foot by definition uses no energy, 
and additionally provide health benefits to the traveler through cardiovascular 
exercise, whenever the weather is suitable. In many instances, it is not the lack 
of a vehicle but rather the lack of bicycle- and pedestrian-friendly infrastructure 
that prevents their greater use. In response, many urban regions have been 
expanding and improving sidewalks, bike lanes and bike paths, road shoulders, 
multiuse trails, and bicycle rental facilities to provide a better nonmotorized 
alternative for work and nonwork travel (see Fig. 14-14). In some cases, national 
government funding is available, such as the Chester Creek Rail Trail project 
near Philadelphia, PA, which in 2007 received funding from the U.S. 
Environmental Protection Agency’s Congestion Mitigation and Air Quality (CMAQ) 
program.

While the appeal of having different options for different types of trips is clear, many 
travelers find it impossible to create these opportunities for themselves, both for reasons 
of the additional capital cost of owning different vehicles and the practical requirement 
for space to store all the various vehicles in and around one’s residence. The need to occa-
sionally carry a large amount of goods or a large number of passengers often dictates that 
the individual who can only afford one vehicle purchase a large one, and then travel at 
most times with “excess capacity” in terms of passenger seats or volume of cargo space. 
The excess capacity in turn translates into additional weight that must be moved around 
when the vehicle is in use, which increases energy consumption. 
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One practical solution that is expanding in many urban areas of Europe and North 
America is car-sharing, where individuals join an organization that rents vehicles for 
short periods of time and for short distances, and makes them available in distributed 
locations around the urban area so that they are easy to access from one’s home address. 
In this way, car-sharing is different from the rental car industry, which is geared more 
toward rental of cars for periods of 24 hours or longer, and for longer distances. Car-
sharing gives the member access to specific types of vehicles at the times when they 
need them (e.g., compact cars for solo trips and minivans or light trucks for moving 
large amounts of goods) without the need to own and maintain the vehicle on one’s 
own premises. Matching the size of the vehicle to the needs of the trip in this way helps 
to reduce energy consumption. Members of car-sharing organizations may join in addi-
tion to owning their own car, but for those who join as a substitute for car ownership, 
car-sharing encourages the individual to diversify choice of transportation modes, since 
they no longer have the “sunk cost” of owning a vehicle.

Modal Shifting of Freight Transportation 
The most important concept in expanding the use of energy efficient modes in freight 
transportation today is the concept of intermodalism, or the creation of a seamless 
freight transportation service that delivers the shipment from origin to destination with 
a high LOS while using different modes for different segments of the journey where each 
mode has a comparative advantage. The freight industry has come to recognize that, 
over long distances, modes such as rail (and in certain situations water) have attractive 
advantages, in terms not only of energy efficiency but also reduced cost and labor 

FIGURE 14-14 Bicycles at an automated public rental facility, Paris, France, 2007.

One way to expand the use of bicycles is to make them available for short-term rental at low 
cost. In this system implemented in Paris, rental facilities are located throughout the city to 
dispense and collect bicycles. Once users join as members, they may release a bicycle with 
a swipe card at any location, and then return it at the same location or another.
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requirement. At the same time, most shipments today must at some point move by 
truck, since trucks provide the most convenient access to origins and destinations. Some 
locations, such as large manufacturing plants or mining facilities, have direct access to 
the rail and/or water network. However, in today’s dynamic economy, locations change 
rapidly, and it is much more practical to link a new facility to the road network than to 
the rail or water network. Also, for small- and medium-sized facilities, it is often more 
financially attractive to both the business and the transportation operators to send ship-
ments via truck to the nearest transit point to the rail or water modes, rather than incur 
the high cost of building a dedicated rail/water facility on site.

A number of systems exist to transfer shipments from the road to other modes at the 
intermodal transit point, as follows:

• Roll-on roll-off: The single-body truck or tractor-trailer enters and leaves the 
railcar or marine vessel as a complete unit.

• Loading of truck trailers: The trailer is separated from the truck tractor and loaded 
onto the railcar (also known as “piggyback” rail service). Separate loading of 
trailers onto marine vessels is less common, though possible. 

• Loading of shipping containers: When arriving by road to a rail or marine 
intermodal facility, the chassis (wheeled underbody that allows a shipping 
container to move over the road) is removed and then the container is loaded 
onto the railcar or marine vessel. Direct loading/unloading between rail and 
marine is also possible. Modern intermodal railcars allow double-stacking of 
containers on railcars to maximize the productivity of each train.

On the basis of these different systems, a wide variety of applications are possible. 
For example, between Salerno, Italy and Valencia, Spain, the European Union has been 
supporting the development of a roll-on roll-off service aimed at trucks that would 
allow them to avoid driving along the perimeter of the Mediterranean Sea via France 
between the two countries. Although a motorway exists along the land route, it is circu-
itous and passes through a number of highly populated areas, so it is desirable to trans-
fer some truck traffic to the seas. In a different European location, the Swiss government 
has developed a network of roll-on roll-off trains for trucks to allow them to transit the 
Alpine region without driving. The main driver of this program is the reduction of air 
pollution in an environmentally sensitive region, but there are also CO2-reduction ben-
efits, since the Swiss railways are almost entirely electrified and Swiss electricity comes 
from hydro and nuclear power.

One of the largest intermodal freight shipping operations in the world today is the 
shipping of containers and truck trailers in continental North America, along the rail 
networks of Canada, the United States, and Mexico (see Fig. 14-15). In this market, some 
freight shipments move very long distances (2000 to 3000 km or more) to and from pop-
ulation centers in the interior to shipping ports along the Atlantic and Pacific. Over these 
long distances, it makes financial sense to bundle a large number of shipments onto a 
single train so as to save energy and labor costs, as a single double-stack train with crew 
of three in the locomotive consist can replace 300 or more trucks each carrying one con-
tainer.5 Through the 1990s, this industry saw double-digit percent annual growth in the 
number of containers moved as the railroads improved service quality and an increasing 
number of shippers took advantage of the cost savings available from this service.

5Consist is a string of multiple locomotives coupled together.



S y s t e m s  P e r s p e c t i v e  o n  T r a n s p o r t a t i o n  E n e r g y  447

Energy savings from intermodalism come from moving a given shipment via rail or 
water instead of over the road, reducing energy consumption on each tonne·km of 
movement. Intermodal shipments sometimes require truck movements between the 
origin/destination and the intermodal terminal that are not necessary when the ship-
ment moves by truck directly from origin to destination using the intercity highway 
network. Nevertheless, for most long distance movements where intermodal trans-
portation is financially competitive with direct shipment by truck, the energy savings 
can be substantial. Taking the case of the U.S. intermodal network during the 1990s 
and 2000s, these movements may have had an energy intensity on the order of 880 
to 1690 kJ/tonne ·km (1200 to 2320 BTU/ton·mi), compared to an average value of 
2100 kJ/tonne·km (2900 BTU/ton·mi) for trucking. Based on the growth in use of inter-
modal services over the period 1980 to 2005, energy savings attributed to moving ship-
ments by intermodal transportation compared to moving the same shipments by truck 
under a midrange efficiency scenario (1285 kJ/tonne·km, or 1752 BTU/ton·mi) rose 
from 14 PJ to 80 PJ, as shown in Fig. 14-16. The latter quantity of energy is equivalent to 
approximately 15% of all rail energy use in the United States in 2005.

The expansion of intermodalism requires financial investment in the necessary 
equipment, including not only vehicles and rights-of-way (rail lines or waterways), but 
also intermodal transfer facilities that make possible the smooth transition from one 
mode to another. If either transfer points or long-distance corridors do not function cor-
rectly, then the entire system becomes unattractive to shippers, and the potential to save 
energy is lost. On the other hand, intermodal freight is a win-win situation for govern-
ments, shippers, rail and marine operators, and even for trucking firms, who can profit 
from transferring segments of truck freight movements to the rail or water modes: for 
all of these entities, it brings the benefits of taking pressure off the overburdened and 
overcongested road network. From an energy perspective, it also brings the benefit of 
moving freight at lower energy intensity. At the present time, there is every indication 
that governments and the private sector will continue to invest in these systems and at 
the same time advance the underlying technology to make it even more competitive.

FIGURE 14-15 Double-stack intermodal train carrying shipping containers. (Photo: BNSF Railroad. 
Reprinted with permission.)
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14-7-2 Rationalizing Transportation Systems to Improve Energy Efficiency
The discussion of modal shifting in the previous section takes the demand for moving 
freight or passengers as measured in passenger·km or tonne·km as fixed, and seeks 
modal alternatives that will deliver the required transportation service with reduced 
energy consumption. In this section, we consider the “other half of the equation,” 
namely, the reduction of vehicle·km, passenger·km, or tonne·km through strategies 
that streamline or “rationalize” transportation movements while still meeting the needs 
of the customer. As a simple illustration, bus transit system operators often rationalize 
their service on weekends by reducing the number of buses per hour on a bus route, 
since otherwise the number of bus vehicle·km required would be excessive compared 
to the number of customers using the bus.

Since the emergence of the railroads in the nineteenth century, it has been the goal 
of transportation planning at many levels of society to use assets (vehicles, railcars, and 
the like) in an optimal way so as to maximize the movement of passengers and freight, 
minimize travel time, minimize costs, and so on. In recent years, the development of 
information technology (IT) systems has greatly expanded this capability. IT sys-
tems can help transportation planners route freight trains over rail networks, assign 
empty taxi cabs to new customers or to key waiting points, match mobility impaired 
passengers to paratransit service, route delivery vehicles bringing parcels to addressees 
in a metropolitan area, and so on. While shipping clerks and other human operators 
developed pencil-and-paper solutions to these problems in the era prior to the digital 
age, IT systems can solve complex problems more quickly and with superior results, 
often by using some type of optimization (see Chap. 2). Rationalizing systems in this 
way translates into energy savings, since the required passenger·km or tonne·km of 
demand are met with fewer vehicle·km of movement. With very few exceptions, the 
solution to the optimal vehicle planning problem that minimizes energy consumption 
is also the one that minimizes financial cost by reducing capital, labor, and maintenance 
costs, and is therefore the most attractive to both public and private enterprises.

In some cases, IT systems and optimization may also be used to reduce underlying 
demand for passenger·km and tonne·km. Although it was stated earlier that the latter 
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measures are the underlying service that transportation service delivers, they are in 
turn derived from the public’s need for access to goods and services. If this need can be 
met while reducing total passenger·km/tonne·km through locational choices, both 
cost and energy consumption can be further reduced. For example, a large retail firm 
that sells their products through a chain of outlet stores in a region with growing 
demand may be able to reduce total shipping cost by developing a source for certain 
products that is closer to the market. Assuming the new source does not cost more or 
consume more energy on the production side than the original one, the total cost of the 
product is reduced due to lower shipping costs, and energy is saved thanks to fewer 
tonne·km of movement required.

System-Wide Rationalization of Transportation Demand: 
A Case Study of U.S. Freight Transportation Patterns
Advances in vehicle technology and IT systems have acted as a two-edged sword in 
regard to their effect on energy consumption. The same technologies that allow trans-
portation professionals to plan operations in an optimal way also enable passengers 
and goods to travel reliably over longer distances and at a lower cost. Even at the lon-
gest distances, journey times can be planned with greater precision than ever before. It 
is little wonder that not just the total number of trips being made or amount of goods 
being shipped has increased but the average length of trip or shipment has increased as 
well, driving up energy consumption.

Transportation statistics consistently point in this direction. To take the example of 
freight transportation in the United States, from 1993 to 2002 the average shipment 
distance grew from 230 to 318 km. Along with estimates of total tonne·km of activity, 
U.S. government agencies also track total tonnes of freight originated in the system, 
which grew from 10.9 to 12.8 billion tonnes over the same period, or 18%. At the same 
time, tonne·km grew from 3.5 to 4.6 trillion, or 30%. Thus the average number of 
tonne·km for every tonne originated is also growing, from 323 in 1993 to 355 in 2002. A 
similar phenomenon has been observed in the United Kingdom and other European 
countries, and the term spatial spreading has been coined to describe it.

A possible way to counteract this trend and curb the related growth in energy con-
sumption is to take the scale of the optimization technique up to the next level, and 
consider not just optimizing the activities of individual firms internally, but optimizing 
the transportation choices of multiple firms that make up a product sector, so as to 
achieve larger gains. Analysis of government-gathered commodity flow data, or volume 
of freight of different types along major corridors between regions, can be used to 
develop a graphical representation of the spatial patterns of freight flows. The resulting 
database can in turn be used to identify opportunities to rationalize the system.

To illustrate the concept, we have created a demonstration network using 1993 data 
on paper product movements from the U.S. Bureau of Transportation Statistics between 
four major producing regions and five major markets, as shown in Table 14-5. In large 
part, the data suggest a pattern where geographic distance already influences the 
amount of flow, and thus the volumes of flow are fairly rational: for example, the largest 
source of paper products for California is Oregon, and for Illinois is Wisconsin, which 
in both cases are adjacent states. However, there are also smaller volumes of flows mov-
ing very long distances, including from Maine to California or Oregon to New York. 

The pattern in Table 14-5 suggests that, by producing the right mix of paper products 
closer to the market for which they are destined, total tonne·km of freight could be 
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reduced while still delivering enough product to meet consumer demand. As a prelimi-
nary indication of the potential to reduce, Table 14-6 shows an alternative pattern where 
the flows have been rearranged using optimization such that the same tonnes of product 
are produced in each origin, and the same number delivered to the destinations, but the 
amount of generated tonne·km is minimized. Many of the very longest flows are elimi-
nated in this alternative solution, leading to reduced tonne·km requirements. Based on 
typical modal share among road, rail, and water movements, and average energy intensi-
ties, the estimated energy requirements for moving the 7.4 million tonnes of paper prod-
ucts in the base case is 13.4 PJ. The resulting change in transportation pattern would, if it 
were instituted entirely, eliminate 2.3 billion tonne·km of paper products movement, 
which is equivalent to 3.1 PJ, or approximately 200,000 tonnes of CO2 saved per annum.

As with any optimization modeling exercise, the above results must be interpreted 
carefully. In many instances, there may be commercial reasons why it is important to 
source a specific product in a given location, regardless of distance. Therefore, one would 
not expect the improved pattern to be reproduced exactly. Also, from an energy life cycle 
perspective, there may be efficiency advantages to large-scale, centralized production 
that offset the extra energy requirements for shipping long distances. However, a process 
of studying spatial patterns, and then governments and private firms working together to 

Destinations

Origins

OR WI GA ME

CA 1904 243 122 55

NY 67 257 424 435

FL 0 79 1258 55

IL 40 1230 335 404

NJ 0 85 293 114

Note: Abbreviations are as follows: Oregon = OR, Georgia = GA, ME = Maine, and Wisconsin = WI), 
along with five major destination states for paper products (California = CA, New York = NY, 
Florida = FL, Illinois = IL , and New Jersey = NJ).

TABLE 14-5 Flows of Paper Products between Selected U.S. Origins and Destinations in 1000 
tonnes, 1993

From

To OR WI GA ME

CA 2011 0 313 0

NY 0 0 120 1064

FL 0 0 1393 0

IL 0 1894 115 0

NJ 0 0 491 0

TABLE 14-6 Flows of Paper Products after Optimizing to Reduce tonne ⋅km
Requirement
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transform the information contained therein into adjustments to rationalize the system 
can make a contribution to reducing energy consumption. Such changes could be ben-
eficial, because the amount of energy consumption involved, even in a selection of 
product movements used in this example, is quite large. The figure of 13.4 PJ quoted is 
small relative to the total freight energy figure of 8.2 EJ for the year 2000 from Fig. 14-2, 
but it is equivalent to the entire energy budget of a small developing country. (Total 
energy consumption across all end uses for Sierra Leone in 2004 was 14 PJ.) Therefore, 
reducing energy consumption by 5 or 10% through a more geographically compact 
freight flow pattern could lead to worthwhile reductions in energy consumption.

Lastly, the examples presented in Tables 14-5 and 14-6 held the amount of paper 
products produced in each origin fixed, and reduced transportation energy consump-
tion by rationalizing the destinations for those products. Additional gains could be 
reaped from expanding local and regional production, so that more demand can be met 
without going outside of a region for the supply. For example, in the Table 14-5, 18% of 
the 2.3 million tonnes arriving in California in the base case come from other distant 
parts of the United States. With expansion of paper products manufacturing along the 
west coast, including states such as California, Oregon, and Washington, more of the 
demand for products could be met within the region, and the shipment of products 
from the East Coast to California might be reduced.

14-8 Understanding Transition Pathways for New Technology
Many analyses of potential energy savings from changes to the transportation system, 
including the preceding analysis of paper product movements, are carried out on a 
comparative static basis, meaning that a comparison is made between two static solu-
tions, one before some change is made and one after. While this approach is useful for 
quickly obtaining a preliminary estimate of potential benefits of changes, and may be 
the only option where data of adequate quality do not exist to support a more sophisti-
cated model, it also ignores the transition effects of going from one state to another. 

Some of the limitations of “static analyses” that ignore transition effects include

• Changes to baseline conditions during transition period are overlooked: Transitions 
involving energy technology for transportation systems inevitably require long 
time horizons. During these time spans, all the underlying factors in a static 
analysis are subject to change, including total demand for energy, the efficiency 
of the incumbent technology, amount of greenhouse gas(GHG) emissions, and 
so on. Furthermore, in addressing situations such as climate change or potential 
petroleum shortages, the timing of when the energy savings and CO2 reduc-
tions are achieved is important. A comparative static analysis does not shed 
light on these issues.

• The nature of the transition itself can shape the eventual outcome: Certain factors that 
act on the system during the transition may act as an obstacle to its completion 
in the way that is expected in the static analysis. Projections that do not consider 
the transition as a possible barrier may overstate the benefits of the change.

• Where transitions depend on government policy for support, the transition may fail to 
take root permanently: While superior technological performance drives some 
transition (e.g., from paper-and-pencil to IT systems in transportation operations 
planning and management), others require the intervention of government 
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through tax policy, subsidies, or regulations. Some transitions may require the 
permanent intervention of government in order for the technology to attract 
customers, which may or may not be financially or politically sustainable. Others 
may require an intervention long enough for the transition to “take root,” and 
will fail if it is too short. Where transitions fail for these reasons, the effect on 
energy consumption will not be the one that the static analysis predicts.

Fortunately, the research community has enough historical experience with techno-
logical transitions (e.g., the influx of a new, superior technology into a market, displacing 
an incumbent technology, or the government-led phasing out of an undesirable product) 
that we understand to some degree the shape that these transitions take, the forces at 
work during the transition, and even the future shape that a transition will take based on 
its early path. Where analysts can obtain the necessary data, and have the time and 
resources to carry out a more careful, dynamic study of the transition, more accurate 
results are possible. Tools such as the logistics function or triangle curve are applied to 
mapping the transition pathway of new products and systems over time, leading to a 
more realistic understanding of when and to what extent energy savings will occur. 
Example 14-2 illustrates this process.

Example 14-2 Using the growth in hybrid sales in the United States shown in Fig. 13-7 as a starting 
point, consider the transition pathway to hybrid penetration into the fleet, in the following way. 
Suppose that the number of hybrid electric vehicles (HEVs) in the fleet, which starts in the year 2000 
with 9350 vehicles added, eventually tapers off to 13,000,000 units, and that each hybrid averages 15 
km/L fuel efficiency, versus 8.5 km/L for the internal combustion engine vehicle (ICEV) alternative. 
Consider the year 2000 to be the year t = 0. Sales through the year 2006, in order, number 20,287, 35,000, 
47,500, 88,000, 207,000, and 253,000. Assume that for each new sale another car is scrapped, so that 
the overall size of this segment of the fleet does not change, and that each car drives 16,000 km/year. 
(a) Use the logistics function to calculate in which year (call it year N) the number of hybrids in the 
fleet surpasses 99% of the 13M target. (b) Calculate the cumulative fuel savings in liters for the shift to 
HEVs from years 0 to N, if the new cars are assumed to all be available on day 1 of each new year. For 
the years 2000 to 2006, use the sales estimated from the logistics curve model, rather than the actual 
sales, to calculate the number of vehicles in the fleet. (c) Compare the savings to the situation where 
a fleet of 13 million ICEVs is instantaneously transformed into HEVs at the beginning of year 0, and 
then driven to the end of year N.

Solution

 (a) We begin by converting sales numbers into cumulative numbers in the fleet. The following 
table provides this information through year 2006:

Year 

No. of Vehicles 

Sales Cumulative

2000 9,350 9,350

2001 20,287 29,637

2002 35,000 64,637

2003 47,500 112,137

2004 88,000 200,137

2005 207,000 407,137

2006 253,000 660,137
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We obtain all necessary parameters for the logistics function as follows. Based on full penetration of the 
13 million market, a = b = 1. The presence of 9350 in year 0 leads to a value of p0 = (9350)/(1.3 × 107) = 
0.00072. The value of x is solved in a spreadsheet by calculating the error between observed and model 
values for years 2000 to 2006, and then minimizing the square of the error terms, resulting in x = 1.29. 
For example, for year t = 2, 
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FIGURE 14-17 Actual versus modeled number of HEVs in fl eet, 2000 to 2006.
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The savings in each year is then the baseline minus the actual consumption, based on the mix of HEVs 
and ICEVs in the fleet. Taking year 2 as an example again, the HEV and ICEV fuel consumption values 
are, respectively:
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The total fuel consumption is therefore little changed from the baseline, at 2.444 × 1010 L.

Repeating the calculation of annual savings for each year and summing to quantify cumulative savings 
gives the following graph of fuel saved from 2000 through 2017, as shown in Fig. 14-18.

Based on these calculations, at the end of year 17, the savings has reached 8.01 × 1010 L.

 (c) An instantaneous transition to 13 million HEVs gives the following energy consumption per 
annum:
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1
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On this basis, the annual savings is (2.45 × 1010) − (1.39 × 1010) = 1.06 × 1010 L/year. Including the 
savings in year 0, the project has an 18-year time span. Therefore the cumulative savings is 
(1.06 × 1010)(18 years) = 1.91 × 1011 L of fuel.

Discussion Comparing the results of parts (b) and (c) in the example shows that during the time 
of the project, considering the transition period results in a 58% reduction in the projected savings. 
Thus the benefits of reducing the consumption of petroleum or emissions of CO2 would accrue much 
more slowly when one takes into account a realistic amount of time for the new vehicle technology 
to penetrate the market.
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More realism could be added to this example by taking into account other real-world factors. Both 
HEV and ICEV fuel economy are likely to change over time. Also, stratifying the fleet by vehicle type, 
and then tracking sales and fuel economy of each vehicle type would make the projections of fuel 
savings more realistic. Furthermore, by the end of year 17, vehicles purchased in year 1 would likely 
be at the end of their useful lifetime, so an accounting of the turnover of both types of vehicles as part 
of the model would add accuracy. 

Over very long time spans, it may not be possible to predict a single “correct” pathway for the 
unfolding of a technological transition, in which case a “scenario approach” is useful for considering 
alternative combinations of factors to bracket the range of possible pathways for indicators of interest 
such as total energy required or total CO2 emitted. For example, a complete transition to a propulsion 
technology for transportation that emits no net emission of CO2 to the atmosphere but meets all of 
the demand on the planet could last until sometime between 2050 and 2100, or beyond. Figure 14-19 
shows a transition scenario for the introduction of fuel cell vehicles (FCVs), followed by nonfossil 
resources to power the FCVs, for the worldwide fleet of passenger cars from 1960 to 2090, based on 
assumptions about the relative fuel efficiency of internal combustion engine vehicles (ICEV). Thus 
there are three stages, each color coded in the figure:

• FF (fossil fuel) for ICEV: Energy required for fossil fuels to power ICEV, which is the current 
technology.

• FF for FCV: During the first phase of ramping up the presence of FCVs in the world vehicle 
market, the hydrogen required is derived from fossil fuels.

• RE(renewable energy) for FCV: The hydrogen for the FCVs is derived from renewable energy, or 
some other source that does not emit net CO2 to the atmosphere.

The pathway shows that if FCVs only enter the market in 2030 and it takes this technology 60 years 
until 2090 to completely replace ICEV, then energy required from fossil fuels will continue to grow 
until 2050, reaching a value of approximately 41 EJ, compared to 27 EJ in the year 2000. Furthermore, 
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FIGURE 14-19 Scenario for the infl ux of hydrogen fuel cell vehicles and carbon-free 
transportation energy in the twenty-fi rst century, with estimate of world energy requirement.

Note: This fi gure is a result of collaboration with Julien Pestiaux and Audun Ingvarsson, M. 
Eng students, 2003–04, whose contribution is gratefully acknowledged.



456 C h a p t e r  F o u r t e e n

a transition to hydrogen from renewable energy starting in 2050 and lasting 60 years (off the right 
side of the figure) would still require 10 EJ from fossil fuels for making hydrogen in the year 2090. The 
overall lesson from this scenario is that if the transition to alternative-fuel vehicles (AFVs) without CO2 
emissions starts many decades from now, and present growth in worldwide vehicle ·km continues, 
there is cause for concern that fossil fuel use and CO2 emissions from transportation may grow 
substantially before they begin to decline.

The FCV is chosen for the scenario analysis in Fig. 14-19 for illustrative purposes 
only; other AFV technologies could be analyzed in the same way. Another good candi-
date is the plug-in HEV, which might use a mixture of fossil and nonfossil electricity in 
a “bridge period” through the middle of the century until sufficient CO2-free electricity 
generating capacity could be developed to power the world’s fleet of plug-in HEVs.

14-9 Toward a Policy for Future Transportation Energy 
from a Systems Perspective

In Chaps. 13 and 14, we have discussed a range of energy technologies for propulsion 
in transportation, and also various systems effects that influence the implementation of 
these technologies in a transportation system. In this concluding section we combine 
technology and systems perspective into a discussion of policies for transportation 
energy in the future, focusing on two topics: (1) a portfolio of options for a metropolitan 
region seeking more energy-efficient transportation, and (2) a plan for allocating emerg-
ing energy resources and technologies to different transportation functions, modes, and 
geographic domains.

14-9-1 Metropolitan Region Energy Efficiency Plan
In this section a preliminary concept is presented for incorporating all of the options 
that are discussed in the body of this chapter that are available in the near to medium 
term (on the order of 10 to 30 years) into a transportation energy plan for a metropolitan 
region. This plan applies to a typical metropolitan region (hereafter referred to as 
“the region”) in an industrialized country in Europe, North America, or Asia, which 
seeks to reduce total transportation energy consumption across the board. The term 
metropolitan region implies the urban core of the city and surrounding suburban and 
exurban developments out to the perimeter of the developed area. For many cities, this 
definition includes both the area within the politically-defined city limits, and the 
built-up areas surrounding the city limits. The plan focuses on cities in industrialized 
countries because of their high per capita transportation energy use. Many cities in the 
emerging countries could also benefit from some parts of the plan. Notwithstanding the 
limitations on static analyses discussed in Sec. 14-8, the plan is static in nature, suggesting 
end targets for reducing energy consumption from each option in percentage terms, but 
not considering how long implementation might take or what might happen to baseline 
energy consumption in the mean time.

The plan incorporates measures for both passenger and freight transportation. On 
the passenger side, options including the transformation of the light-duty vehicle fleet 
to more efficient models of vehicles, expansion of the use of public transportation, 
development of the use of limited-use vehicles and nonmotorized modes, and changes 
to land use patterns that can be implemented in the short to medium term. On the 
freight side, the region works with firms that provide movement of goods to, from, and 
within the region to use more energy-efficient modes, and also works with businesses 
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within and outside of the region to replace some of the distant sources of goods with 
others that are closer. The plan does not include technologies such as fuel cell vehicles 
that may not be available for some time.

The summary of the plan is shown in Table 14-7. In the table, the percentage values 
given are compared to the future baseline value of total transportation energy con-
sumption. The range of values shown are the author’s assessment of a plausible range 
of savings values, since no previous study was identified that considered all alterna-
tives available to a metropolitan region; individual statistics are provided to support 
components of the plan, where possible. Several points can be made about the table:

• The plan in the table does not address the potential increase in baseline 
passenger·km and tonne·km that might occur during the 10 to 30 year imple-
mentation period. As in Example 14-1, it is possible for an efficiency option to 
reduce energy consumption relative to the future baseline, and still have the 
resulting future value be higher than the current value. In a region experiencing 
rapid population growth, increases in population and growing demand per cap-
ita might wash out all the improvements achieved by the plan. If this happened, 
the region would be better off than if no steps had been taken, but no closer to 
reducing the absolute value of its transportation energy consumption footprint.

• The implementation of not just one of the options, but most or all of them, 
however, makes it more likely that the absolute amount of energy consumption 
will decrease.

• The upper bounds of the percentage range for each option are intentionally 
made to be ambitious. It is likely that the twin challenges of reducing CO2 
emissions and preserving petroleum resources will motivate cities to move 
toward unprecedented levels of reductions.

• Although the projected percent savings are higher for some options than others, 
none of them are mutually exclusive of one another, so all are worthy of pursuit.

• No attempt is made to calculate a total energy savings value on the basis of the 
percent values provided. Such an analysis would require a careful treatment of 
the interaction between different options (e.g., once the fleet has been 
transformed into a more efficient one, the total energy savings available from 
modal shifting away from light-duty vehicles is less than the baseline), and is 
beyond the scope of this text.

In conclusion, the table does not result in a calculation of how much energy could be 
saved overall by the region. However, as an initial impression, the values in the table sup-
port a potential overall reduction ranging from 20 to 40%. These savings would lead to 
substantial reductions in CO2 emissions, even if most of the remaining demand for motor-
ized transportation was powered by fossil fuels. Over the longer term, the region might 
shift the remaining transportation energy consumption over to a source that did not 
increase CO2 in the atmosphere (using the types of technologies discussed in Chap. 13).

14-9-2 Allocating Emerging Energy Sources and Technologies 
to Transportation Sectors
In the future, and especially over the longer term beyond 20 or 30 years, alternative fuels 
such as biofuels, electricity, and/or hydrogen are expected to expand into the marketplace 



Function Efficiency Option
Potential
Savings Rationale

Passenger Improved efficiency of light-
duty fleet: more efficient 
ICEVs, hybrids, plug-in hybrids, 
and the like

10–25% Current and proposed 
improvements in fuel efficiency 
standards in all major auto 
markets of the world; efficiency 
improvement and rate of market 
penetration by HEVs during the 
period 2000–2007.

Expanded (quasi-)public 
transportation: new rapid 
transit systems, expanded bus 
service, support for carpooling 
and vanpooling∗

5–15% Up to 50% reduction in energy 
use possible for U.S. public 
transportation compared to car/ 
passenger·km. 5–15% figure 
assumes limits ability to add transit 
and/or carpools to all areas of region. 
Ability to reduce energy consumptions 
assumes sufficient load factors in 
alternatives to cars.

Motorcycles, LUVs and 
nonmotorized modes: 
motorcycles, mopeds, 
scooters, limited-use EVs, 
expanded use of bicycling 
and walking through improved 
infrastructure

2–10% 30–40% of all trips in Amsterdam, 
Netherlands, by bicycle. Rate 
of bicycle trips in Melbourne, 
Australia, increases fourfold in 20 
years. Untapped market for electric 
LUVs in industrialized cities.

Short- and medium-term 
land use changes: locally 
available shops and facilities, 
telecommuting centers, 
revitalizing traditional shopping 
districts

2–15% California “smart growth” plan 
could achieve 3–10% reduction 
in vehicle·km and energy use 
compared to baseline by 2020.6

Smart growth concept is widely 
applicable in United States and 
other countries.

Freight Encouraging modal shifting: 
greater use of intermodalism, 
supporting the development of 
intermodal terminals 
within the region

2–10% Projection based on savings per 
tonne·km moved by intermodal vs. 
truck, and maximum applicability 
of intermodal (not all sources of 
goods are served by intermodal 
service).

Rationalizing freight demand: 
substituting near for far 
sources, developing local 
resources, e.g., local food 
production

2–10% Types of products most easily 
substituted (foods, farm products, 
certain building products, etc.) 
and their relative contribution to 
freight energy consumption—see 
Figs. 14-10(a) and (b).

Percentage reduction figures are for total urban transportation energy consumption relative to future value for 
baseline (“do-nothing”) scenario; see explanation in text. 
∗Note that carpools and vanpools rely on collaboration between private individuals to share vehicles, but can 
be supported by local and regional governments, and are therefore labeled quasi-public in this option.

TABLE 14-7 Range of Possible Percent Reduction Values for Energy Consumption from Efficiency 
Options Available to a Metropolitan Region

6Estimated savings published by California Energy Commission (2001).

458



S y s t e m s  P e r s p e c t i v e  o n  T r a n s p o r t a t i o n  E n e r g y  459

to provide a carbon-free substitute for petroleum products. It makes sense to allocate each 
to its application of comparative advantage, especially taking into account the function, 
mode, and geographic scope of the transportation application in question.

Current technological characteristics suggest that electricity and/or hydrogen 
will hold an advantage in urban transportation, where the distances traveled between 
opportunities to recharge are not as great. Whether a HFCV bus or a plug-in HEV, 
either one is well suited for urban movements during the day followed by refueling 
or recharging at night. These applications also favor the new infrastructure needed to 
support the energy source, since there is a high concentration of vehicles in each urban 
region that can more easily support the infrastructure cost of each new recharging sta-
tion or hydrogen filling station. Assuming that a cost-effective means of generating 
carbon-free electricity or hydrogen can be developed, there will not be a space con-
straint on generating large quantities of these energy carriers for transportation. There-
fore, it should be possible to meet the large energy demand that urban transportation 
requires with these sources.

Electricity and hydrogen in the urban setting may have additional benefits for the 
electric grid. For example, plug-in hybrids might dock at workplace charging stations and 
discharge electricity stored the previous night into the grid during the middle of the day, 
helping to meet peak electric demand, especially on sunny summer days. Similarly, 
HFCVs might take a supply of hydrogen supplied to the workplace parking facility and 
convert it to electricity to be supplied to the grid rather than used for propulsion.

Biofuels, by contrast, have an advantage for long-distance use in that they can 
more easily match the long range per refueling of petroleum-derived gasoline or die-
sel, and are therefore well suited for intercity travel. In the United States, for example, 
there is a good match between the 5 to 6 EJ/year energy requirement for the surface 
freight transportation system and the maximum output from robustly developed bio-
fuel production facilities that may be possible in the future without harming the capa-
bility to grow enough food. A situation may emerge where the biofuel output is 
largely allocated to freight, and is able to meet most or all of the intercity demand. 
However, biofuels alone may not be able to meet both freight and intercity passenger 
energy demand. At the time of this writing, it is not clear how this gap might eventu-
ally be filled, but it is possible that the expanded use of electric catenary on the rail-
roads might help to ease some of the pressure, since the electricity could come from 
diverse sources, and the railroads might increase their volume of both freight and 
passenger transportation.

Turning to air transportation, the aviation industry has made little progress so far in 
developing an alternative fuel for jet-powered aviation. This is in part due to the diffi-
cult conditions under which jets operate at cruising altitude, where it is more difficult 
for alternative fuels to function well because of cold temperatures. Also, the higher cost 
of alternative fuel would have a large economic effect on the industry, since energy 
costs are especially a large part of the overall operating cost of commercial jetliners. 
Nevertheless, the industry is interested in developing alternatives over the long term to 
assure its survival. An early milestone was the use for the first time in 2006 of a mixture 
of traditional jet fuel and Fischer-Tropsch synthetic fuel derived from natural gas in a 
U.S. Air Force jet during a routine training flight. Given the difficulty of providing an 
alternative to petroleum-derived jet fuel, one strategy is to give aviation priority access 
to petroleum resources and emphasize the development of alternative fuels for other 
transportation modes so as to extend the lifetime of the petroleum supply.



460 C h a p t e r  F o u r t e e n

Lastly, barring unanticipated technological developments, we can expect that 
progress will be slow in making large reduction in the absolute amount of CO2 emitted 
by worldwide transportation up to the middle of the twenty-first century. More effi-
cient technologies that use petroleum may curb or reverse the growth in emissions, 
and systems-wide changes such as modal shifting may contribute as well. However, 
carbon-free transportation energy systems that can meet the majority or most of the 
world’s demand are still some time away. One possible interim strategy is to focus 
extra effort on nontransportation CO2 emissions reduction, using options discussed in 
Chaps. 6 to 12, to offset emissions from the transportation sector.

14-10 Summary
Reducing energy consumption and GHG emissions from transportation has both a 
technological and a systems component, and the systems effects strongly influence 
the total energy required. Transportation systems can be understood from many 
perspectives, including function, mode, geographic scope, and ownership. Energy 
efficiency can in turn be evaluated using measures such as kJ/vehicle ·km, kJ/
passenger ·km, and kJ/tonne·km, depending on the circumstances. Although world 
energy use has been growing steadily in recent decades, both passenger and freight 
transportation energy consumption have been on an even more rapidly increasing 
trend, as modern land use patterns encourage the use of the automobile, and the 
global economy allows goods to move all around the world at increasing speeds. 
Much effort is currently being made to reverse this trend through government 
actions, for example, to encourage use of more environment-friendly modes such as 
rail and water. As we look to introduce new technologies in the future to reduce 
energy consumption, we should take into account transition effects that influence 
the rate at which technologies can enter the market and the rate at which energy can 
be conserved. 
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Exercises
1. A retail firm operates a decentralized distribution system (factory to warehouse to shop) in 
which the system uses six smaller warehouses distributed around a region to receive a product 
from manufacturer (called primary distribution) and then send product to retail outlets (called 
secondary distribution). The firm is offered the opportunity to shift to a centralized system in which 
each unit of product will still undergo primary and secondary distribution, but now there will only 
be one warehouse in the middle of the region. The transportation of the product incurs financial 
cost and energy consumption per vehicle ·km (v ·km) of movement. In the case of the warehouse 
costs, inventory costs are incurred by virtue of needing to keep stock on hand in the warehouse 
between the time that the stock is purchased and the time it is sold, and energy is consumed to 
operate the warehouse. Assume that all other costs and rates of energy consumption are the same 
for either option. 
 a.  Based on the data given, determine whether the decentralized or centralized system is 

preferred.
 b. What is the environmental dilemma underlying this decision? Discuss.

www.earth-policy.org/Indicators/indicator11.htm
www.earth-policy.org/Indicators/indicator11.htm
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Data:

Warehouse Costs & Energy Use Per Warehouse

Inventory Cost 
($1000/year)

Energy 
(GJ/year)

Decentralized 190 155

Centralized 710 730

2. The standard unit equivalent of the data given in Table 14-2 is given below. Carry out a Divisia 
analysis and produce a figure showing the influence of efficiency and structure, with years from 
1970 to 2000 on the x-axis and billion gallons of fuel on the y-axis.

Passenger Cars Light Trucks

  109 mi 109 gal fuel 109 mi 109 gal fuel

1970 917 68 123 12.3

1975 1034 74 201 19.8

1980 1112 70 291 23.8

1985 1247 71.5 391 27.4

1990 1408 69.6 575 35.6

1995 1438 68.1 790 45.6

2000 1600 73.1 923 52.9

3. Show that the data in Table 14-2 result in the Divisia analysis graph shown in Fig. 14-7.

4. Below are the data showing the trends for U.S. trucks and railroads for the period 1980 to 
2000, showing volume in billion tonne ·km and energy in EJ. Use Divisia decomposition to create 
a table and a graph for the period 1980 to 2000, showing four curves: (1) actual fuel consumption, 
(2) trended fuel consumption, and the contribution of (3) energy intensity, and (4) structural 
changes to the difference between actual and trended fuel consumption. 

Transportation Cost and Energy Use

Cost ($/1000 v·km) Energy MJ/1000 v·km

All shipments 1500 19,000

Transportation Volume Generated Per Year Per 
Warehouse(1000 vehicle·km/year)

Primary Secondary

Decentralized 35 82

Centralized 181 645
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5. A food products company ships foods from three production plants to four markets as 
follows. The capacity of plants at Boise, Dubuque, and Charleston is 2200 tonnes, 3000 tonnes, 
and 2000 tonnes, respectively. The demand at San Francisco, New York, Miami, and St. Louis 
is 2002 tonnes, 1784 tonnes, 1355 tonnes, and 1972 tonnes, respectively. The mode of shipment 
is by truck, and the energy intensity is 2200 kJ/tonne · km. A table of distances between cities is 
given below. 

a.  What is the allocation of shipments from plants to markets that meets all demands, does 
not exceed supplies available at any plant, and minimizes energy consumption? What is 
the value of energy consumption in this case?

 b.  Suppose that for all routes with distance of 1500 km or more, an intermodal rail service 
is made available with energy intensity of 1400 kJ/tonne ·km. Recalculate problem 14-5a. 
What is the new value of energy consumption? Does the shipment pattern from part 14-5a 
change?

Distances in Km:

Year

T·km Energy

Truck billion Rail billion Truck EJ Rail EJ

1980 836 1342 1.89 0.583

1985 925 1342 1.96 0.485

1990 1045 1565 2.17 0.478

1995 1194 1733 2.40 0.469

2000 1524 2168 3.24 0.555

 Boise Dubuque Charleston

San Fran. 1427 3763 4299

New York 5038 1685 1782

Miami 5458 2262 548

St Louis 3855 390 1431

6. Park rangers in a region live in communities of the region and commute 5 days/week to four 
regional parks. In a day, each ranger must make one round trip from her/his home to one of the 
forests and back again. Due to the need for flexibility on the job, the rangers must drive in their 
own cars and cannot carpool. The number of rangers in Bayside, Mountainview, Springfield, and 
City Heights is 24, 28, 22, and 42, respectively. The number of rangers required in the parks of 
Sandy Beach, Lookout Mountain, Lone Tree, and Endless Forest is 23, 41, 19, and 33, respectively. 
The rangers’ cars average 9.3 km/L fuel economy, and the one-way distances are given in the 
table below.
 a.  In one allocation of rangers to parks, the rangers rotate through the four parks over a 4-week 

period such that the amount of time spent in each park is proportional to the percent of slots 
represented by that park. For example, if a park requires 20% of the rangers on any given 
day, then each ranger will spend 20% of their trips going to that park, to the nearest whole 
number. Calculate the liters of fuel consumption per month for this allocation.

 b.  The regional park supervisor decides to reduce energy consumption by reallocating rangers 
to minimize monthly driving. What is the new value of fuel consumption per month for this 
allocation? How much fuel is saved compared to the solution in 14-6a?
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 c.  From a job satisfaction point of view, what is the limitation on the solution in 14-6b? 
How might it be addressed? Discuss.

 d.  The use of SOV driving in parts 14-6a and 14-6b, while allowing flexibility, could be criticized 
for excessive fuel consumption, especially given the environmental focus of the regional 
parks organization. Describe a program that might facilitate carpooling while still meeting 
the demand for rangers and allowing some level of flexibility in vehicle use.

(One-way Kilometers) Bayside Mountainview Springfield City Heights

Sandy Beach 41 33 50 62

Lookout Mountain 50 23 22 51

Lone Tree 80 65 49 76

Endless Forest 33 48 45 19

7. Revisit Example 14-2, using the same fuel economy values for ICEVs and HEVs, but this time 
considering the entire U.S. passenger car fleet. Suppose that HEVs achieve 50% penetration of 
the national fleet by 2040. The fleet in 2000 consisted of 134 million vehicles; assume this number 
is fixed for the duration of the transition. Compare this transition to a scenario where there is no 
influx of HEVs.
 a.  Calculate the cumulative fuel savings for the period of 2000 to 2040 using a triangle function 

with peak rate of change in 2020.
 b.  Calculate the cumulative fuel savings for the period of 2000 to 2040 using a logistics function. 

Fit the logistics function to the data in years 2000, 2006, and 2040 only, with the assumed 
value in 2040 of 50% of the fleet, that is, 67 million vehicles.

 c.  Compare the results from calculations in 7a and 7b. Discuss the differences.

8. Repeat Exercise 7, but this time with changing overall fleet size and fuel efficiency. Assume 
that both the fleet size and average fuel economy grow linearly at the average annual rate from 
1980 to 2000. Also, assume that HEV fuel economy improves by the same percent each year as the 
ICEV fleet for the period of 2000 to 2040. Obtain the necessary data to extrapolate rates of change 
from the internet or other source.



CHAPTER 15
Conclusion: Creating 

the Twenty-First Century 
Energy System

15-1 Overview
This chapter first reviews and compares the motivations, tools, and technologies con-
sidered in this book. It also describes some emerging energy technologies that were not 
given extensive treatment in earlier chapters, but that show potential for the future. 
Next, scenarios for future growth of energy production are developed that illustrate 
how the world’s energy systems might be transformed as a response to the challenges 
we face in the twenty-first century. Lastly, the chapter describes ways that the energy 
professional can support the development of a more sustainable energy future, both in 
the professional arena and through extracurricular activities.

15-2 Introduction: A Parable about Development
Once there was an island where a group of people lived, so far away from any other 
people that they never had any contact with anyone else. Life on the island was pleas-
ant in many ways, but the people had one problem: food shortages. The people grew 
food in the warm season and saved it up for the cold season. In a good year, the food 
supply lasted through the cold season until the harvest the following year, but in a bad 
year, there was not enough food during the cold season, and the people suffered.

One day, while plowing the fields, a small group of islanders broke open a hole in 
the ground. Where solid earth had appeared a moment before, there was now a small 
opening, so the islanders dug with their simple tools around the hole, enlarging it. Soon 
it became large enough for them to enter into the hole, and they went down under the 
ground to see what was there.

To their amazement, they found a well-lit chamber with refrigerators, freezers, and 
shelves all stocked with a huge variety of foods that they had never seen before. After 
sampling one or two things, they ran back to their village in great excitement to tell the 
whole community. 

Soon a larger delegation of villagers returned, and entered the chamber together. 
Hardly believing their eyes, they filled their baskets with a great assortment of delicacies, 

465
Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use. 



466 C h a p t e r  F i f t e e n

and returned to the village to share the bounty with the whole community. That night 
there was a great feast on the island, in which all the residents of the island gathered to 
celebrate their new find. Although everyone had their fill, they had hardly scratched the 
surface of what was now available to them from under the earth. For the chamber was 
vast, and at the end of it was a door that led to another vast chamber, and another one 
after that, all lit up and overflowing with food. Not only was there food, but other 
chambers were filled with modern amenities such as computers, appliances, and self-
propelled vehicles, so that the quality of their lives changed in many miraculous ways.

Thereafter, life on the island changed. For many years, the people benefited from 
the underground wealth, never going hungry and enjoying the use of conveniences 
they had not known before. Not everything went smoothly. Sometimes the people 
squabbled over who received which goods from inside the cavern. They also discov-
ered that although it was possible to eat nothing but desserts and to never travel any-
where except in self-propelled vehicles, this was not good for health. And so they strove 
to create a balance between eating healthy foods and rich treats, and they sometimes 
walked from one place to another instead of riding. Although some islanders were 
more successful than others in this pursuit, the health campaign was reasonably effec-
tive. The islanders also developed systems for equitably sharing what was in the cavern, 
and by and large they were content.

In time, however, a more serious problem was discovered. Using their array of new 
devices, the islanders began to map the extent of their new resources under the earth. 
Though this project took several years because of the enormous size of the cavern, they 
one day realized that they had completed the map of what was there, and concluded 
that the cavern, which had seemed infinite, did have a limit. No matter which passage-
ways one took, one sooner or later came to the end of the last chamber, in any direction. 
The islanders now had an inventory of all they possessed, and they realized that based 
on how fast they were consuming the resources, and what was there, the wealth of the 
cavern would last for a long time, but it would not last forever.

This realization shocked the whole island. The leaders called for a gathering to 
discuss what to do next, and all of the islanders came together to share their thoughts. 
At the meeting, many different members of the community took turns speaking. Most 
of those who spoke bemoaned the fact that the wealth would one day cease to exist, 
and that they would return to their former life of depending on the harvest from the 
warm season to survive the cold season.

Then a group of young islanders, who realized that they were the most at risk from 
the end of the supplies in the cavern, spoke up. “Listen”, they said, “There is time yet. 
Let us take this wealth that we have been given and use our talent and hard work to 
create whatever we need to reproduce those things that come from under the ground, 
but do it above the ground, with whatever resources we have at our disposal.”

A smile spread over the faces of all who were gathered, for everyone could see the 
wisdom of these words. Soon the meeting ended with an agreement that this plan 
should be pursued. And so it came to pass, many years later, that on the day when the 
last refrigerator had been emptied, and the last gadget pulled from the cavern, the 
islanders were prepared. From that day forward, the cavern was used as a museum to 
remember a former time, but the islanders depended for their quality of life on the 
product of their own ingenuity which was all around them above ground on the island. 
The new system depended only on what came to them through the wind, the rain, the 
sun, the water, and the soil, and on the care that they took to maintain their island.
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15-2-1 Summary of Issues Facing Energy Systems
The above parable is a metaphor for the discovery of fossil fuel and subsequent evolu-
tion of technologies that has occurred in recent human history. This includes the range of 
energy technologies examined in this book which are used for generating electricity, for 
providing heat, and for powering transportation. At a number of points, we have illus-
trated the historical evolution of these technologies by comparing their earliest (some-
times rudimentary) applications to their current status in the present day. This history is 
intended to provide a sense that energy systems have historical momentum, and that if 
we wish to engineer them successfully in the future, we need to understand not only 
their current function and utilization but also their history and the direction in which 
they are evolving. Although the outcome of our own story is unknown (unlike that of the 
parable), its “plot line” up to the present can be summarized in the following points.

Our current long-term rise in energy consumption started with the industrial revo-
lution and the use of coal. The burning of coal and advances in the ability to make steam 
engines and steam locomotives were mutually supportive. The more advanced the 
machines became, the more quickly we could extract, distribute, and combust coal, 
leading to even more advances in the machines. Negative environmental effects from 
these new technologies were local and regional in nature, and thus began the struggle 
to use modern technology while trying to geographically contain ecological damage.

Eventually, new fossil fuels emerged: gas, which permitted cleaner burning power 
plants, and cleaner heating of homes; and crude oil, which made possible new trans-
portation options. New transportation modes emerged: first, the road vehicle powered 
by the internal combustion engine, and later the propeller- and jet-powered aircraft. 
Compared to coal, these new resources benefited air quality, but they also accelerated 
the extraction of fossil fuels, setting up the eventual rise of CO2 concentration in the 
atmosphere.

In time, our ability to fabricate and manipulate machinery became advanced enough 
to unleash the enormous potential energy contained in the nuclear bonds within the 
nucleus of an atom. A new resource was discovered, namely, nuclear power, which 
promised both to ease us from our dependence on fossil fuel resources, and also to pro-
vide electricity without any emissions of harmful air pollutants.

In the waning decades of the twentieth century, renewable energy sources, some of 
whose applications predated the start of the industrial revolution, attracted greater 
interest. Amid rising concerns about negative by-products from both fossil and nuclear 
technology, renewable energy technologies became more advanced and the range of 
their applications became broader.

During all of this time, the world’s population grew as never before in human his-
tory. New innovations led to new demands by the public to share in the benefits that 
the innovations had to offer. The technologies of the industrial revolution spread to all 
parts of the world, albeit unevenly, and citizens of the emerging countries aspired to 
benefit from them. Both the flourishing of technology and the burgeoning numbers of 
people using the technology drove up demand for energy. 

This is where we are today: an unprecedented size of human population, an unprec-
edented world per capita energy consumption value—and both growing steadily and 
inexorably from year to year. Before us lie three critical challenges: how to spread the 
benefits of access to energy more evenly, how to contend with the eventual exhaustion 
of nonrenewable energy resources, and how to prevent climate change, in large part 
caused by increasing concentration of CO2 in the atmosphere.
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15-2-2 Energy Issues and the Contents of This Book: 
Motivations, Techniques, and Applications
The three challenges just mentioned are the three “motivations and drivers” for the 
contents of this book, as shown in the flowchart that represents the contents of the book 
in Fig. 15-1. The first is “sustainable development” (Chaps. 1 and 2), meaning continued 
development that meets human needs, especially in the emerging countries so that they 
may rise out of poverty, without irreversibly damaging the natural environment. Chief 
among the environmental concerns is climate change (Chap. 4), which requires that 
society stabilize (and possibly someday reduce) the amount of CO2 in the atmosphere, 
through decisions about energy systems, among other things. Lastly, as the world con-
tinues to consume its supply of nonrenewable fossil fuels, oil and gas production will 
peak sometime in the next several decades, requiring the development of alternative 
energy sources, such as nonconventional fossil fuels with no CO2 emissions to the atmo-
sphere, or nonfossil fuels (Chap. 5).

At the lower left in the figure are “techniques and tools.” First among these are the 
“hard” engineering tools, shown with a dashed line to indicate that they are the 
assumed background that the energy engineer brings to the study of energy systems—
thermodynamics, heat transfer, fluid mechanics, electricity and magnetism, chemistry, 
and statistics. Secondly, systems tools (Chap. 2) are presented to help with the modeling 
of energy use as taking place in a system with interacting parts. These systems have a “life 
cycle” with distinct stages (planning, implementation, end use or operational lifetime, 
and dismantling/disposal), where each stage contributes to the overall success or failure 
of the system. Lastly, economic tools (Chap. 3) make the connection between energy sys-
tems as technologies and as financial investments, which include both upfront capital 
costs and ongoing maintenance and operating costs that must be repaid over time through 
revenues (energy sales, financial benefit of energy savings, and so on).

The motivations/drivers and tools/techniques feed directly into the engineering of 
energy systems, that is, the applications covered in the remainder of the book. These are 
divided between stationary applications, represented by the generation of electricity 
and space or process heat; and transportation applications, covering all types of move-
ment of vehicles by land, sea, or air. Linkages of “interaction and influence” connect the 
two application areas in several ways; for instance, the primary energy resources which 
they consume overlap in some areas, and there are synergies whereby demand in both 
areas can sometimes be met simultaneously. These two areas do not cover 100% of all 
energy end uses, so applications outside of the scope of the book—representing no more 
than 10 to 15% of all end-use energy consumption—are shown with a dashed line.1

The stationary applications’ side is represented by the major conversion techno-
logies covered in the book, with the assumption that the electricity and/or heat gener-
ated is then used for whatever purpose the end-user desires: indoor climate control, 
lighting, operations of appliances, and so on (the end users themselves are largely out-
side the scope of the book). The stationary applications are divided among fossil fuel 
systems (Chaps. 6 and 7), nuclear energy systems (Chap. 8), and renewable energy sys-
tems (Chaps. 9 through 12). Transportation applications are divided between the indi-
vidual vehicle propulsion technologies (Chap. 13), and the systems issues that arise 

1For example, some fraction of the total fossil fuels extracted annually is used as feedstocks for the 
petrochemical industries or agricultural fertilizers, a use which is not considered in this book.
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when the propulsion systems are manifested, in the form of a great number of vehicles, 
vessels, and aircraft, in the world’s multimodal transportation network (roads, rail-
roads, waterways, air networks, and pipelines, as discussed in Chap. 14).

Comparison of Three Energy System Endpoints: Toward a Portfolio Approach
For the purposes of this book, alternatives for energy systems are reduced to three fun-
damental energy system endpoints, namely, fossil, nuclear, and renewable, each of 
which is marked by fundamental differences from the other two. The three endpoints 
are compared in Table 15-1 in terms of longevity, economic cost, and environmental 
cost. Note that transportation energy is not considered to be a fourth endpoint, since 
ultimately all the energy that is used to propel vehicles must come from one of the three 
chosen endpoints. Instead, suitability for transportation energy is treated as an addi-
tional point of comparison in the table.

Several conclusions can be drawn from the table. First, all three pathways can pro-
vide energy over very long periods of time into the future, assuming the underlying 
technologies evolve to the full extent that is anticipated. In the case of renewable, or 
nuclear energy, this time period is almost indefinite. For fossil fuels, it is on the order of 
centuries, but still long enough to be worthy of consideration as a long-term alternative, 
since many human generations might benefit from these resources if they can be used 
in an environmentally sustainable way.

Secondly, there are environmental impacts other than climate change associated with 
any of the three pathways that are not well quantified at present, but that are likely to be 
substantial. Often these impacts revolve around the effect of extracting raw materials or 
disposing of by-products, whether from the extraction of coal or uranium resources or of 
materials needed to manufacture renewable energy systems. For example, an extraction 
operation such as a mine or quarry disrupts the surrounding ecosystem and may poison 
water resources during its operational lifetime, even if it is restored to its natural state once 
the mining operation is complete. Related to these impacts are the risks associated with 
possible negative effects from radioactive by-products from the nuclear energy industry.

Lastly, there are advantages to a portfolio approach, in which energy is generated 
from a portfolio of different options. In the same way that a financial investment port-
folio protects the investor from the failure of any one investment, diversity of energy 
sources protects us from the risk that a fundamental weakness in a single energy source 
might disrupt the meeting of energy requirements. This is especially relevant in the case 
of energy systems because of the uncertainties that surround each of the pathways. 
Many of the key technologies, such as carbon sequestration, breeder reactors and 
nuclear fusion, or energy storage techniques to be used with intermittent renewable 
energy supplies, are still at a very early stage.

Another argument in favor of a portfolio approach is that none of the three path-
ways is well-suited to meet all our energy needs as a sole provider, whereas each can 
benefit from the presence of one or more of the others, as follows:

• Fossil fuels: Fossil fuels are not evenly distributed throughout the world, so it 
does not make financial sense for countries that do not possess these resources 
but do possess other resources and rely on them exclusively. Countries such as 
Spain or Denmark, for example, do not possess major fossil fuel reserves but do 
have a number of regions with good wind resources. Exploiting domestically 
available renewable energy sources for some fraction of energy demand allows 
these countries to avoid importing fossil fuels.
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Fossil Fuels with 
Sequestration

Renewables
(including biofuels) Nuclear

Description Fossil fuels (principally 
coal) are extracted, 
converted to electricity 
and/or hydrogen, 
resulting CO2 by-
product is captured 
and sequestered. 

Renewable energy 
sources are converted 
to electricity and/or 
hydrogen. Biofuels 
may also be converted 
directly to mechanical 
power in vehicles.

Energy released from 
fissile materials or 
from nuclear fusion.∗

Long-term 
availability

200–300 years 
worldwide, assuming 
aggressive efforts 
to improve end-use 
efficiency.

Indefinite. Climate 
change may lead to 
changes in output 
(positive or negative) 
in specific locations.

In the case of 
deuterium-based
fusion, almost 
indefinite, nearly as 
long as expected 
lifetime of planet 
earth. 

Economic cost 
Considerations

Combustion side is 
mature technology, 
inexpensive and 
reliable. Large-scale 
sequestration is not 
yet developed, cost 
unknown but likely to 
add significantly to 
life-cycle cost.

High cost per unit 
of energy, due to 
low capacity factors, 
low concentration 
of energy. Need for 
storage system due 
to intermittency 
increases cost 
(except for biofuels 
and geothermal). New 
technologies may 
reduce cost in future.

Capital costs higher 
relative to fossil fuel 
combustion; variable 
cost for fuel may be 
lower at present. 
Long-term disposal 
cost and cost of 
fusion technology, 
breeder reactor 
technology for U-238 
are unknown.

Environmental 
cost
considerations†

Negative effect of 
extraction of coal 
on land and water 
resources, natural 
habitat, and so on.

Land requirements, 
solid waste issues 
with large-scale 
construction of 
infrastructure.

Effect of extraction 
of uranium; disposal 
of radioactive waste 
and decommissioned 
infrastructure.

Suitability as an 
energy source 
for transportation

Requires conversion to 
electricity or hydrogen, 
unless means can be 
found to extract large 
amount of CO2 from 
atmosphere.

Requires conversion to 
electricity or hydrogen, 
except for biofuels.

Requires conversion to 
electricity or hydrogen.

∗In order to replace current once-through U-235 cycle, must develop use of U-238, fusion from deuterium 
or tritium, or nonconventional U-235, for example, from oceans, must be developed. 
†By implication, all pathways in this table have eliminated significant net emissions of CO2 to the atmosphere. 

TABLE 15-1 Comparison of Fossil, Renewable, and Nuclear Endpoints 
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• Nuclear energy: Nuclear reactors change their rate of output of electricity very 
slowly, and are not well adapted to varying output in real time with changing 
demand for electricity. They are therefore well served by having a separate 
network of fossil-fuel-fired “load-following” and “peaking” plants that are 
more easily able to adjust output with changing demand. It would be awkward 
to meet all energy needs (electricity and otherwise) solely from nuclear power.

• Renewable energy: Most renewable energy sources are intermittent, and also 
“non-dispatchable”—at times when the underlying resource (sun, wind, and 
the like) is not available, they cannot be turned on, or “dispatched,” at will 
by the utility operator. Like nuclear energy, they are therefore well-served by 
having as backup a network of dispatchable generating plants, which can easily 
be fired by a mixture of biofuel and fossil fuel. In the long run, when fossil fuel 
resources are exhausted and if long-term nuclear technologies do not succeed, 
meeting all energy needs from renewable resources will become a practical 
necessity. In this case, we would need to find a solution to the challenge of 
intermittency with renewables. However, as long as fossil and nuclear energy 
options are available and their environmental impact can be managed, using 
renewable energy in conjunction with one or both of the other options eliminates 
or postpones the complexity of managing intermittency.

In this way, it is more practical to have a mixture of two or three of these major 
sources so that each can contribute to the grid in a way that exploits its advantage.

15-2-3 Other Emerging Technologies Not Previously Considered
In choosing topics for this book, it has not been possible to include all types of fossil, 
nuclear, and renewable energy technologies within the body of the book, so we have 
loosely applied a “systems approach” in choosing technologies on which to focus, as 
explained in Chap. 2. In terms of setting the scope or boundary around the project 
(step 3 of the systems approach), we have applied the following criteria to the choice 
of technologies:

 1. Technologically proven

 2. Widely distributed throughout the planet

 3. Capable of significant expansion in the future

On this basis, we have included advanced fossil-fuel combustion systems, carbon 
sequestration (the Sleipner project in Chap. 7 provides a working example of the tech-
nology currently in use), several emerging nuclear energy technologies, solar energy, 
and wind energy. Solar and wind qualify on the basis that, even though PV panels or 
wind turbines are not major producers of electricity at present in terms of percent of 
world demand, their technical reliability is accepted, and the underlying physical 
resource is widely distributed around the world. For transportation, we have selected 
electric, biofuel, and hydrogen fuel cell vehicles, as well as hybrid platforms, as emerg-
ing alternative technologies that are either already in commercial use or in a prototype 
form such that they might be commercialized in the future. All of these transportation 
technologies have the potential for widespread use around the world.

In the area of renewable energy in particular, a number of technologies have not yet 
been mentioned. Options such as large-scale hydropower systems that rely on dams are 
not mentioned because there appears to be little room for expansion beyond the network 
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of large dams existing in the world today, although a limited number of large hydroelec-
tric projects may be built in China, Latin America, and Central Asia in the next few 
decades. In many areas where potential exist to create a dam that could generate signifi-
cant amounts of power, the amount of displacement of human population centers, loss 
of agricultural output, or loss of unique natural habitats would be unacceptable, so gov-
ernments are unwilling to support future projects of this type. 

Other renewable energy options that are in an embryonic state today show promise 
for the future and may someday prove just as significant as solar or wind energy. Here 
are some examples:

Tidal energy: Movement of water associated with changing tides along coastlines 
provides a widespread source of renewable energy. One possible device for capturing 
this energy is a “tidal turbine”, that is, a device resembling a wind turbine but under 
water. Other designs that resemble water power turbines from hydroelectric stations 
are also under development for use with tidal energy. Locations for these turbines are 
chosen so that the underwater terrain combined with large tides provides a sufficient 
flow of water with each ebb and flow tide to produce significant amounts of energy.

As an example of tidal energy development, Marine Current Turbines Ltd. of the 
United Kingdom, has operated an experimental 300 kW turbine (called “Seaflow”) off the 
southwest coast of England since 2003, and will be installing the next generation “SeaGen” 
turbine in the spring of 2008 (see Fig. 15-2). This will be the basis for the first commercial 

FIGURE 15-2 Illustration of tidal turbine of the type currently installed along the coast of England. 

Swept area of tidal turbines currently under development is 15 to 20 meters in diameter. 
(Source: Copyright Marine Current Turbines TM Ltd. [2007] Reprinted with permission.)
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application of this technology (rated size of 1.2 MW) along the coast of Northern Ireland. 
Because of the higher density of water compared to air, their tidal turbine can produce a 
larger amount of electricity per unit of swept area than a wind turbine. According to their 
estimates, the United Kingdom may have the potential for 10 GW of electricity generating 
capacity based on tidal resources all around the coast. Other countries with long coastlines 
and strong tides can benefit from this resource as well.

Wave energy: Another form of energy available along coastlines is the energy in 
waves. One design for a wave energy station consists of a structure that channels 
the incoming wave into a chamber with an entry on one end for the waves, and an 
orifice for air to pass on the other end. As the air pressure in the chamber changes due 
to the entry and exit of the waves, air flows in and out of the chamber through the 
orifice, driving a turbine mounted on the other end of the orifice, thereby generating 
electricity. An experimental, grid-connected 500-kW station based on this principle 
has been operating on the island of Islay in Scotland since 2000.

Run-of-river and small-scale hydropower: With available sites for large-scale hydro-
electric dams largely exploited, future expansion of hydropower may come from smaller 
run-of-the-river hydroelectric plants, which divert a portion of a river’s flow in order to 
turn a hydroelectric turbine, generating electricity. These projects are attractive because 
they do not require impounding (i.e., creating a reservoir to hold) large amounts of 
water behind a dam, inundating land, or relocating human settlements. On the other 
hand, they are susceptible to seasonal changes in water flow and cannot regulate out-
put by storing up water to be released through the turbine during periods of peak 
demand. Other sites may use water impoundment on a small scale to generate electric-
ity with a rated capacity of as little as 1 kW, thus avoiding the negative consequences of 
large-scale impoundment.

Total small-scale hydroelectric capacity stood at approximately 70 GW worldwide 
in 2005, with some 38 GW installed in China, where it is allocated among thousands 
of village and rural systems. As an example of a run-of-the-river system in an indus-
trialized country, Cornell University operates a 1.9-MW plant adjacent to its campus, 
which produces approximately 5 million kWh/year (see Fig. 15-3).

Geothermal energy: Geothermal energy systems can be generally divided among 
three types: (1) systems which use shallow thermal resources and heat pumps for low-
temperature heat applications, (2) systems that use sources of geologically produced 
steam near the earth’s surface to produce electricity or for other utility-scale applica-
tions, and (3) systems that tap into thermal resources that are located deeper below the 
earth’s surface in order to generate useful quantities of energy, known as enhanced 
geothermal systems (EGS). 

In the first type of system, heating of a building is accomplished by pumping fluid 
through a horizontal trench or vertical well and then transferring it inside the building, 
where it heats either water or air. The heated water or air is then distributed to the 
rooms of the building in the same manner as a conventional heating system. These sys-
tems can also be designed to run in reverse during the hot season, in which case heat 
from inside the building is expelled into the trench or well. For many homeowners, 
relatively long payback periods similar to those of other small-scale renewable systems 
(solar or wind) limit access to these systems. However, this situation could change in 
the future if other types of space heating become more expensive. Shallow geothermal 
systems also require a space adjacent to the building for drilling or excavating the trench 
or well, which may not be possible in all locations.
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In the second type of geothermal system, steam that reaches the surface at a geo-
logic fault is piped into a power plant and expanded in a turbine to generate electricity. 
This resource is attractive because of its low cost, ability to regulate output, and lack of 
emissions other than excess steam. The first such plant was opened at Lardarello, Italy, 
in 1904. Today the Unite States is the leading producer of geothermal electricity in the 
world, with 16 TWh produced in 2005. One of the largest geothermal systems in the 
world is the 750 MW facility at The Geysers in California, which was first developed in 
the 1920s.

The development of near-surface steam power generation requires access to sites 
that have the resource available, and unexploited sites are in limited supply in countries 
such as the United States. Therefore, interest is growing in an alternative that has more 
widespread potential, namely, EGS. In one approach to the design of an EGS site, a 
power plant is situated on the earth’s surface above the resource, and the two are con-
nected by an injection well and a production well, which go down in the range of 5000 
to 20,000 ft below the surface in order to reach the underground high-temperature 
resource. Water is injected into the injection well and then permeates the region of hot 
rock at the bottom of the well. As the water boils, the pressure forces the steam up the 
production well to the top, where it is expanded in a steam turbine.

FIGURE 15-3 A 1.9-MW run-of-river hydroelectric plant adjacent to the campus of Cornell University.

Water enters the plant after traveling 520 m (17 ft) and dropping 42 m (140 ft) along the penstock 
pipe that connects to the upstream intake.
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Unlike the surface steam resource, hot rock strata that are suitable for EGS are 
widely distributed beneath the U.S. land mass, and likely under other countries as 
well. EGS plants are also dispatchable, so that they are not subject to the intermit-
tency of some other renewable energy sources. So long as the thermal resource is not 
extracted too quickly, heat from the earth’s crust replenishes heat removed by the 
working fluid, and the process can continue. One large challenge with EGS is the 
cost of drilling, which must often take place in rock strata that are harder and deeper 
than those encountered by the oil and gas industry. Another challenge is that output 
from an EGS plant depends upon the characteristics of the rock formation on which 
it is based. Since it is not possible to know with certainty the nature of the rock without 
actually drilling into the site and installing the system, there is a risk that a plant may 
underperform economically if the formation proves to be not as productive as 
desired. Therefore, in order to lower the cost and reduce the financial risk of EGS, 
efforts are under way to develop advanced techniques for deep drilling, such as 
replacing conventional mechanical drilling with “spallation drilling” that uses a 
high-temperature flame to chip or “spall” pieces of rock material from the borehole 
of the well.

15-3 Pathways to a Sustainable Energy Future: A Case Study
Following from the advantages of the portfolio approach, as discussed above, most 
projections of primary energy production for the twenty-first century recognize that the 
three endpoint technologies of Table 15-1 will all play a role in meeting demand, 
although the relative contribution of each resource varies from projection to projection. 
In this section we consider a possible scenario for transformation of energy production 
during the course of the century, along with some variations on the scenario to illustrate 
the range of possible outcomes. 

In analyzing the scenario, we focus on nuclear and renewable energy resources as 
options that are relatively small now (each one less than 10% of total primary energy 
generation) but that might play a much larger role in the future. Of particular interest is 
the year-by-year addition of energy generating capacity required to reach total nuclear 
and renewable output goals for the end of the century dictated by the scenario, and the 
maximum annual increment observed over the entire pathway. In principle, we could 
also quantify the changes that might occur in the fossil fuel sector, including changes to 
consumption of resources or the development of carbon sequestration capacity. How-
ever, since any energy demand not met by nuclear or renewables is by default met by 
fossil, the pathway of the fossil fuel sector can be inferred from the growth of the other 
two, and we do not track it explicitly.

We take as a starting point a published projection2 of energy production in an 
“environmentally driven” scenario in which total primary energy production in the 
year 2050 has reached 20 TW·year, compared to approximately 13 TW·year in 1990, 
and compared to 35 TW·year in 2050 in a high economic growth scenario from the 
same study. Hereafter we call the scenario with the goal of 20 TW·year in 2050 the 
“baseline scenario.” In this environmentally driven scenario, emphasis is placed on 

2Source: Nakicenovic and Jefferson (1995), as quoted in Beck (1999). Conversion: 1 TW·year = 1 terawatt 
for 1 year = 8.76 × 1012 kWh = 31.5 EJ.
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protecting the global environment. Therefore, growth of energy output is low relative to 
other projections for 2050 (though large in absolute terms, i.e., 7 TW· year over 60 years), 
and non-carbon sources such as nuclear and renewable play a prominent role. We assume 
that, because of the heightened concern about climate change and protecting the envi-
ronment, other projections (that is, with total output in 2050 between 20 and 35 TW-year) 
are no longer likely and the baseline scenario is the appropriate choice for our case study. 
The possibility of an endpoint value lower than 20 TW· year is considered in the discus-
sion at the end.

We make the following assumptions:

• The 2050 target is in fact a midpoint target toward reaching a final goal for the 
year 2110, so that there are 60 years from the beginning in 1990 to 2050, and 
another 60 years to 2110. In 2050, the transition to new energy supplies is 
assumed to be proceeding at its maximum rate so as to achieve the 2110 target. 
Furthermore, the original study on which the baseline scenario is based does 
not provide any prediction of energy production beyond 2050, so we assume a 
value of 25 TW·year in 2110, which implies that demand will grow more slowly 
over the period 2050 to 2110 compared to 1990 to 2050.

• For nuclear energy, the resource is added in units of 1000 MW plants that 
operate with a capacity factor of 90%, that is, producing about 8 billion kWh/
year. We do not specify what type of technology is used; in the future the 
technologies might include breeder reactors or fusion.

• For renewable energy, the resource is added in units of “wind turbine 
equivalents,” with each turbine rated at 1.5 MW and operating at 25% capacity 
factor, thus producing a little more than 3 million kWh/year. In reality the 
various enterprises large and small in the energy field will certainly install a 
range of different renewable energy types during the course of the twenty-first 
century, rather than exclusively wind. However, for brevity we make no 
distinction between the different sources. Wind turbine equivalents based on 
other renewable sources might be installed as centralized systems or also as 
distributed systems; for example, the installation of grid-tied PV systems on all 
the roofs of the houses in a medium-sized town might constitute one wind 
turbine equivalent.

• There are sufficient resources to build infrastructure or supply fuel, and that the 
new capacity is located in such a way that the energy production can be 
distributed to end users, wherever they might be located, so as to meet world 
demand.

• Once made available from these new resources, primary energy can be converted 
to the appropriate form needed for the desired end use application, in the 
correct proportions. For example, output from nuclear and renewables could be 
distributed on the grid for stationary end uses, or converted to hydrogen and 
electricity to be used in vehicles.

• Practical solutions can be found to deal with the intermittency of renewables 
and the lack of real-time response of nuclear energy, through energy storage or 
allocation of excess production to applications that are not time sensitive (e.g., 
recharging vehicles at night).
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15-3-1 Baseline Scenario Results
Quantitative values along the pathway are calculated using a triangle function, with 
parameters a = 1990 and b = 2110. Using the values of 12% nuclear and 26% renewable 
in 2050 in the baseline scenario, and the total output specified for that year, the produc-
tion from these two sources is 2.4 and 5.2 TW·year in that year, and reaches 4.2 and 
10.1 TW·year in 2110, respectively, assuming a symmetric triangle function where the 
amounts added in the periods 1990 to 2050 and 2050 to 2110 are equal.

For both nuclear and renewable energy systems, the rate of adding infrastructure 
required to meet the 2050 and 2110 targets is very large. Based on the triangle curve, 
the nuclear power sector must add a peak amount of 58 GW· year (or 0.058 TW· year) 
at the midpoint in 2050. This amount is equivalent to 64 plants of the type described, 
coming on line each year, during this peak period. For the period 2020 to 2080, the nuclear 
sector must average 44 GW·year added per year, or 48 plants per year for 60 years. Alter-
natively, the nuclear sector might ramp up to 43 plants per year by 2020, then bring 
plants online at this rate for 60 years, then ramp down to 0 plants per year in 2110, to 
arrive at approximately the same outcome.

For the renewable sector, the amount of capacity added in the peak period at the 
year 2050 is extremely large, amounting to 163 GW·year per year, or on the order of 
440,000 wind turbine equivalents per year. Since the worldwide renewable energy 
industry could avoid capacity problems by smoothing out this peak and adding capac-
ity at a constant rate over a long period, we have created a modified pathway based on 
the triangle curve that ramps up more quickly in the period 1990 to 2027 and then adds 
a constant 114 GW·year per year until 2077, equivalent to 300,000 wind turbine equiva-
lents per year. (This number is still very large, and we will revisit its implications in the 
discussion in Sec. 15-3-3.) The results of the two transitions are shown in Fig. 15-4. As 
shown, the output in the years 2050 and 2110 are consistent with the requirements of the 
baseline scenario for the year 2050. 

FIGURE 15-4 Pathway for the addition of nuclear and renewable energy 1990 to 2110 that meets 
the baseline scenario requirements. 

Note: Annual output means the total output available from the resource based on the capacity 
that has been added to that point. For example, in 2030 the nuclear output is 1.43 TW·year and 
in 2050 it is 2.4 TW·year, so during that 20 year span, 0.97 TW·year of total capacity is added. 
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It is possible to adjust the pathway curves for either nuclear or renewable so that 
they ramp up faster and thereby decrease the maximum annual installation rate. How-
ever, even in the bounding case where capacity grows linearly for the entire 120 year 
period, the annual requirement is substantial, as shown:
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This lower bound is in fact unattainable because any industry requires a ramp-up 
period to expand output in the way envisioned. However, even if it could be done, it 
would still require a very large annual installation rate. 

Another way to reduce the rate of installing new infrastructure is to stretch the tar-
get date for total installations out into the future, for example, to the year 2150 or 2200. 
Slowing the rate of investment in new infrastructure implies falling short on goals for 
reducing CO2 emissions, however, unless the difference could be absorbed by increas-
ing the amount of carbon sequestration.

15-3-2 Other Possible Scenarios
Two variations on the baseline scenario are considered, with a particular focus on the 
path of renewables development. Underlying cost and capacity values are kept the 
same, but the rate of installation is different from the baseline scenario in each case:

Intensive renewable scenario: For renewable energy to become the dominant pro-
vider of primary energy by the beginning of the twenty-second century in the way that 
fossil fuels are today, an even greater annual increment of growth would be required. 
If the rate of renewable energy installation were doubled from the baseline scenario, 
renewable energy sources could by 2110 provide 80% of the total world production of 
25 TW·year. This percent share is similar to the 85% share provided by fossil fuels 
today. In order to achieve this level of output, the rates of adding capacity per annum 
in the baseline scenario would need to be doubled, so that the renewable path would 
reach 9.8 TW·year in the year 2050 and 19.9 TW·year in the year 2110. In this scenario, 
the role of nuclear energy is not specified; instead, it is assumed to be part of some 
mixture of nuclear and fossil fuel energy production that provides the remaining 20% 
of energy demand at the end of this period, especially to serve as a backup to inter-
mittent renewable energy supplies. As shown in Fig. 15-5, the maximum rate of adding 
renewable energy per year has now doubled to 228 GW·year, or 600,000 wind turbine 
equivalents per year.

Modest wind growth scenario: In a more modest growth scenario focused solely on 
electricity generation from large-scale wind turbines, the wind industry might double 
the rate of wind turbine installation from the current 7500 per year to 15000 starting in 
the year 2010. If this rate were kept up until 2050, a total of 600,000 new turbines would 
be installed, with a total capacity of 2 trillion kWh/year, equivalent to half of the cur-
rent U.S. electricity production from all sources. This amount would be added to the 
approximately 250 billion kWh generated from wind each year by 2010 if current rates 
of installation continue. The total value of 2.25 trillion kWh/year by 2050 might make 
up part of a larger portfolio of renewable sources contributing to transportation, space 
heating, and process heat, as well as electricity from renewables. 
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15-3-3 Discussion
The previous examples of pathways are preliminary projections of what the future 
might look like, and therefore the projections of new infrastructure required should be 
seen in terms of their orders of magnitude, and not their exact values. Even so, if nuclear 
or renewable energy sources are to become major contributors by the end of the twenty-
first century, the path of energy system transformation will at least roughly resemble 
the paths shown, which raises challenging issues for discussion.

First, in the case of renewable energy, there is sufficient physical resource available 
in nature for the global wind, solar, water, and geothermal energy industries to supply 
10 TW·year required by the baseline scenario or 20 TW·year required by the intensive 
renewable scenario in the year 2110, assuming the necessary infrastructure can be built. 
However, the location of generation relative to the location of demand may pose a seri-
ous challenge. New distribution grids would be required between centers of renewable 
energy production (e.g., deserts for solar energy, or areas with large wind resources 
such as the Great Plains in United States and Canada) and population centers in order 
for the transition to succeed. 

Secondly, a comparison between the pathways shown in Fig. 15-4 and the actual 
pathways of nuclear and renewables between 1990 and 2007 shows that we are not add-
ing capacity as fast as the rates shown. In order to have stayed on the pathway, the world 
would have needed to add an annual output of 4.2 EJ and 14.4 EJ from nuclear and 
renewable sources, respectively, over this 17-year time span; neither of these rates of 
growth have been achieved. It is possible that, in reality, we might make up for this 
shortfall by adding capacity more rapidly than shown in the pathway during the rest of 
the period up to 2050. We might instead follow a different pathway that pushes the mile-
stones back by one or two decades, consistent with the actual path through 2007 or 2010, 
so that the end results would be achieved in 2020 or 2030 rather than 2010. The latter shift 
would delay the benefits of shifting away from CO2-emitting sources accordingly.

Lastly, the most important point of discussion is the rate of increase of energy infra-
structure required to meet the targets proposed. This is a concern for both sources, but 
especially for renewable energy.

Taking nuclear energy first, the rate shown is much faster than any in previous history, 
with 64 reactors completed per year compared to approximately 500 total built to date. 
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FIGURE 15-5 Pathway for the addition of renewable energy 1990 to 2110 in the “robust renewable” 
scenario.
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At $1000 to $2000 per installed kW in constant 2000 dollars, the rate of investment 
amounts to $65 to $130 billion/year at the peak, or less than 1% of the world GDP 
of approximately $40 trillion in 2000. Other concerns about rapidly adding large 
amounts of nuclear generating capacity as raised in Chap. 8 notwithstanding, this level 
of investment seems challenging, but not impossible, given the importance of preventing 
climate change. Some sort of coordinated intervention in the world economy might 
be necessary to generate this level of investment, but if done skillfully it could succeed. 
Note that this investment by itself does not lead to CO2 stabilization, implying that 
additional investments in other carbon-free energy sources are necessary.

In the case of renewable energy, the necessary rate of increase in infrastructure 
is very challenging both in terms of cost and of organizational logistics. As noted 
above, we would need to add the equivalent of 300,000 wind turbines annually in 
the peak period of the baseline scenario, or 600,000 per year in the intensive renew-
able scenario. 

Looking first at finances, the cost per kW of wind turbines is difficult to pre-
dict. With mass production, devices might return to the late 1990s value of around 
$1000/kW installed, but they might also increase to $2000/kW due to higher material 
costs or additional cost of installing devices in difficult locations. Other types of renew-
able energy systems are subject to similar variability. At a cost of $1.5 to $3 million 
per wind turbine equivalent, the maximum annual investment amounts to $450 to 
$900 billion per annum sustained over many years in the baseline scenario, with costs 
doubled in the intensive renewable scenario. Thus the cost is higher than projected in 
the case of nuclear energy, at up to 2% the world’s overall GDP; as with the nuclear 
power case, the investment requirement is extremely large, but not orders of magnitude 
more than the world’s GDP.

Cost aside, spreading the investment out among different types of renewable energy 
systems would simplify the organizational challenges of adding so much renewable 
energy to our overall resource each year, but adding so much renewable energy genera-
tion into the world’s capacity mix remains logistically complex. For comparison, as 
discussed in Chap. 12, the world added approximately 6000 MW of wind capacity per 
year for the period 2002 to 2005. This amount is equivalent to 4000 wind turbines of the 
size used in our case study, or two orders of magnitude less than the proposed rate of 
adding capacity in either of the scenarios. 

In conclusion, the findings of the scenario analysis might be interpreted in different 
ways. The following three statements represent some of the possibilities:

 1. “The renewable pathway 1990 to 2110 is itself a compelling reason for nuclear and coal 
with sequestration during the twenty-first century.” Based on the rate of expansion 
required, targets of 25% or more of all primary energy from renewables by the 
end of the twenty-first century are not feasible. Realistically, renewable energy 
systems will develop at a slower rate, perhaps no more than 100,000 wind 
turbine equivalents per year (~1 order of magnitude faster than presently) at 
the peak in even the most robust scenario. This assessment argues in favor of 
nuclear and fossil fuel with sequestration to carry us through the next 100 to 
200 years while we more gradually add renewable capacity. It also assumes that 
we would be successful in managing a larger stream of high-level nuclear 
waste, in containing the threat of nuclear proliferation, and in exploiting fossil 
fuels with sequestration in an environmentally sustainable way, none of which 
are trivial tasks.
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 2. “40 to 80% of 25 TW·year from renewables in 2110 is the wrong problem to solve.” The 
flaw lies not with renewable energy expansion but with the magnitude of the 
targets for 2050 or 2110 for total energy production. Rather than seeking to add 
so much renewable energy capacity, we need to completely overhaul the way 
we use energy so that we deliver a good quality of life to those who already 
have one, and achieve a much higher quality of life in the emerging countries, 
while also lowering the total amount of energy required, perhaps to a level of 
15 to 18 TW·year in 2110. This overhaul of energy use would reduce energy 
demand by (1) directing R&D toward developing much more efficient end-use 
technologies (appliances, electronics, vehicles, and so on) and (2) changing 
the way people use the technologies. If the 15 to 18 TW·year target in 2110 were 
achieved, a 40 to 80% share for renewable energy systems would be more 
realistic. This assessment implies that we would turn over old inefficient energy 
end-use technologies into new efficient ones at a sufficiently high rate, since at 
present we already have a population of several billion consumers who 
purchase and use energy-consuming devices at a certain rate, and who can only 
improve their personal efficiency as fast as technological improvement and 
education about efficient use of energy allows. 

 3. “Let no person say it cannot be done.” We should not be deterred by the size of the 
target relative to our experience to date, but rather forge ahead and find a way 
to add these large quantities of renewable energy. Our energy technology is 
evolving very rapidly and 100 years is a long time; our generation should not 
make presumptions about what can or cannot be achieved in the future. An 
analogy can be made between the scope of investment in renewable energy 
systems envisioned, and the output of the U.S. war effort during World War II.3 
During a period from 1942 to 1945, the U.S. manufactured 230,000 aircraft of all 
descriptions for use in fighting the war, a level of industrial output that was 
also unprecedented up to that time. By comparison, the target for renewables in 
the scenarios presented is larger than the output of aircraft during the war in 
terms of raw materials required or economic value, but our technology is also 
more advanced, and it will be a global effort, rather than that of just one 
country.

At this time, it appears that any of the three outcomes could emerge during the 
course of the twenty-first century. It is possible that, if sequestration or nuclear tech-
nologies develop favorably, much of the energy production during this time period 
could come from these sources, with a lesser role for renewable energy, as in point 1. 
Alternatively, renewable energy technologies may develop favorably, and gain a 
much larger share of the total energy production value than they currently possess, as 
in point 3. One expectation regarding the future of energy is that regardless of the 
eventual level of energy consumed or the mix of endpoint technologies used to deliver 
it, the improvement in efficiency of delivering desired services per unit of energy 
consumed envisioned in point 2 would help with any of the outcomes, since it takes 
financial and environmental pressure off the need to build new infrastructure. In the 

3As presented in Brown (2006, p. 254). The quotation is based on “let no man say it cannot be done,” 
a reference to targets for wartime production from President Roosevelt’s State of the Union address, 
January, 1942.
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remainder of this section, we take a closer look at the role of renewable energy 
options, and the allocation of energy production between industrial and emerging 
countries.

The Case for Robust Development of New Renewable Energy Options
Earlier in this chapter it was stated that a portfolio approach to developing energy 
sources, built around (1) fossil with sequestration, (2) nuclear, and (3) renewable 
energy was desirable, so as to minimize risk and maximize the chance of success. In 
this section we make the case for strong development of the renewable energy option 
in the portfolio.

The first reason for emphasizing renewable energy is that all three options in the 
portfolio must be strong in order for the portfolio approach to work. At its present size, 
the renewable energy industry is growing quickly relative to previous levels (see data 
in Chap. 10 on PV and in Chap. 12 on wind), but is nevertheless small relative to other 
sources, if we exclude large-scale hydropower as having limited scope for growth in the 
future. Furthermore, at current rates of growth, the renewable sector would not take up 
a large percent of total energy demand at any time before 2050 or even 2100. Therefore, 
support is needed to accelerate the research essential to improving the performance of 
renewable energy systems. Support is also needed to expand the infrastructure needed 
to build and deliver the equipment, since it is capital-intensive and requires that the 
necessary devices be installed at the beginning of a project in order to convert a given 
amount of renewable energy to human uses. 

A second reason to develop renewable energy is the risk associated with either the 
carbon with sequestration or nuclear options. As mentioned above, carbon with seques-
tration is already in use in the world today with enough success that it can be expanded 
and adapted in the future so that more carbon is sequestered. However, we do not yet 
have experience with sequestration on the massive scale that would be required to seques-
ter most of the current ~7 Gt of carbon in CO2 per year from fossil fuels in order to stabi-
lize concentration in the atmosphere, and there is a risk that the technique may not work 
on such a large scale and therefore we would need to phase it out. In turn, expansion of 
nuclear energy carries with it the risk that eventually the world community will want to 
limit its growth to limit the risk of proliferation or the total size of the nuclear waste 
stream. Also, the amount of uranium that will eventually be recovered, or whether breeder 
reactors or fusion will ever work successfully on a large scale, is an unknown, and there 
is a risk that one or both of these requirements for long-term use of nuclear energy on a 
large scale will not materialize. At the present time, renewable energy options are often 
relatively expensive in terms of levelized cost per kWh (with some exceptions, e.g., large-
scale wind in locations with an excellent wind resource), but the underlying technologies 
themselves have been proven to work reliably. Furthermore, there are technologies such 
as large-scale solar thermal (see Chap. 11) or pumped storage to accommodate the inter-
mittency of renewable energy, which are not in general use at present but could be put 
into service in the future if needed. Therefore, because the underlying technological com-
ponents for renewable energy are relatively more proven, there is less risk associated with 
this option than with the other two. On this basis, it makes sense to develop renewable in 
a robust way so that it will be ready for the future. Some of the underlying technologies 
for coordinating large-scale use of renewable energy are not yet in place, but these are 
smaller technological challenges than the fundamental challenges that accompany the 
other two options, for example, successful development of nuclear fusion.



484 C h a p t e r  F i f t e e n

Already, a number of state governments in the United States as well as national gov-
ernments of other countries are accelerating the growth of renewable energy through the 
use of renewable portfolio standards (RPSs). In these programs, the government body sets a 
target for percent of energy from renewable sources, and then provides financial incen-
tives to help achieve the goals of the RPS. For example, New York State has a target of 25% 
of all energy from renewable sources by 2013, of which 19% is to come from existing 
renewable energy facilities (mainly large-scale hydroelectric) and the rest is to come from 
new renewable energy sources. Funds for the RPS come from a surcharge paid by cus-
tomers on energy expenditures, with the revenues distributed among eligible projects. 

Allocation of Energy to Industrial and Emerging Countries in Future Scenarios
Up to this point, we have considered the total energy production in the middle or end 
of the twenty-first century without allocating it among different regions of the world. 
If we were to divide the production among industrial and emerging countries, it is 
sensible that most or all of the growth in per-capita energy consumption would occur 
in the emerging countries, who need the benefits of increased access to energy the 
most. The industrial countries would either hold constant their per capita energy con-
sumption, or decrease it, so as to shift a larger share of total world energy production 
toward the emerging countries. The industrial countries may be forced in this direc-
tion in any case, due to increasingly stringent requirements about maximum CO2 emis-
sions coming from the UNFCCC.4

Table 15-2 gives the current allocation of population, total energy consumption, and 
energy per capita in 2004 and also for two alternative scenarios for 2050. The calcula-
tions assume that the world’s population will reach a total of 8.9 billion in that year, as 
projected by the United Nations. Of these, some 7.7 billion, or 87%, will live in the 
emerging countries. Note also that the population of the industrial countries is pre-
dicted to decline, driven mainly by a substantial decline in population in Europe. The 
total energy production of 631 EJ (equivalent of 20 TW·year) is allocated in two ways. 
In alternative 1, per capita energy consumption in the industrial countries remains con-
stant (breaking a trend of historically growing values through the twentieth century) so 
that an increased amount of energy is available in the emerging countries. In alternative 2, 
industrial per capita energy consumption is reduced to 100 GJ/person, so that an even 
greater amount of energy is available for use in the emerging countries.5 The amount of 
energy remaining after allocating energy to the industrial countries then dictates the 
emerging-country per capita energy consumption.

The overall results of the projection show that the addition of 2.5 billion people in the 
emerging countries coupled with an overall energy consumption value of 631 EJ limit 
the amount by which the per capita energy consumption can increase, compared to the 
2004 value of 39 GJ/person. Even in alternative 2, the new value of 66 GJ/person is only 
27 GJ/person more than the current value, and much less than the 194 GJ/person cur-
rently in the industrial countries. If the industrial countries were to drop their per capita 
value to the point that they were equal with the emerging countries, the value in the 
emerging countries would rise only to 71 GJ/capita. There are two caveats with this 
assessment. First, either a lower total population or total energy production value higher 
than 631 EJ would increase the opportunities for expanded energy per capita in the 

4United Nations Framework Convention on Climate Change. See Chap. 4.
5This reduction in energy intensity is approximately consistent with the goals of the “factor four” concept 
of halving resource use while doubling wealth envisioned by von Weiszacker, et al. (1997).
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emerging countries, although increased production would likely put increasing stress on 
the natural environment. Secondly, the growth in energy consumption will probably not 
be spread evenly among the emerging countries. While countries such as Bangladesh or 
some sub-Saharan African nations might see only zero to modest growth in per capita 
energy consumption, other countries with continued economic expansion such as India 
or China might see higher growth in per capita energy consumption. Thus at least some 
fraction of the populations of the emerging countries might experience the benefits of 
greater access to energy, even if the overall average value grew only modestly. 

15-4 The Role of the Energy Professional in Creating 
the Energy Systems of the Future

We now transit from the question of “What needs to be done in the twenty-first century?” 
to the question of “Who is going to do this work?” It is clear that the readers of this book, 
namely, the energy professionals who design, operate, or manage energy systems, will 

 Industrial Emerging

Population, 2004 (billions) 1.3 5.1

Energy use, 2004 (EJ) 248 198

Energy/cap, 2004 (GJ/pers) 194 39 

Population, 2050 (billions) 1.2 7.7

Alternative 1 assumptions Per capita energy 
consumption in industrial 
countries remains constant 
to allow increased growth in 
emerging countries 

Per capita energy 
consumption in emerging 
countries is based on total 
remaining energy available 
divided by population

Energy/cap, 2050 (GJ/pers) 194 52 

Energy use, 2050 (EJ)  231 400 

Change in energy/capita +/− 0% +34%

Alternative 2 assumptions Per capita energy 
consumption in industrial 
countries is decreased 
through improvements in 
efficiency to allow allocation 
to emerging countries 
greater than in Alternative 1

Energy per capita value is 
an upper bound on increase 
that can be achieved, 
assuming baseline scenario 
total (20 TW·year) and UN 
forecast on total population 
are approximately correct

Energy/cap, 2050 (GJ/pers) 100 66

Energy use, 2050 (EJ) 119 512

Change in energy/capita −48% +71%

Notes: Values are based on baseline scenario total of 20 TW·year presented above, and projected population 
values in 2050 for different regions of the world for the year 2050. See accompanying text. 

TABLE 15-2 Allocation of Total Energy and Per Capita Energy Consumption in Alternatives 1 and 2 for 
2004 and 2050
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serve at the center of shaping our energy future. They can serve in this role in both a 
professional and extracurricular context.

Turning first to the professional role, evaluation of the various technologies in the 
book shows us where technological developments will take place over the next several 
decades as we adapt our energy systems to make them more sustainable. Broadly 
speaking, these challenges can be categorized in the following areas:

• Research and Development: Challenges include, among others, (1) the redesign 
of combustion systems to separate CO2 and sequester it in reservoirs; (2) the 
development of nuclear fusion into a mature technology; (3) the development 
of lower cost solar photovoltaics or other systems for converting sunlight to 
electricity; (4) the use of structural engineering to reduce the cost of large-
scale renewable energy systems, such as large off-shore wind turbines or cen-
tralized solar power plants; (5) the development of more cost-effective and 
less land-intensive biofuels, (6) the development of long-lived and cost-effec-
tive fuel cells.

• Prospecting for resources: Finding attractive locations for wind turbines, for 
tapping geothermal resources, for sequestration reservoirs for CO2, or for other 
resources.

• Streamlining the installation process: Especially for renewable energy systems, 
developing and standardizing this process so that it is cheaper, faster, and more 
predictable. At the same time, making renewable energy systems more adaptable 
so that they are applicable in a greater range of locations.

It is clear from this list that almost any discipline of engineering as well as related 
disciplines can play a role in this process. For these efforts to succeed, decision 
makers in business and government must be well-informed. Therefore, energy profes-
sionals with the relevant experience will be needed in executive positions in energy 
businesses large and small, in policy decision making positions in government, and as 
leaders in energy- and environment-related nongovernmental organizations.

15-4-1 Roles for Energy Professionals Outside of Formal Work
There are also many extracurricular roles for energy professionals to play outside of 
their formal work in engineering, management, policy, or advocacy. For example, in 
many spheres of daily life the energy professional can help to bridge the gap between 
efforts by government and professionals to provide sustainable energy and the public’s 
participation in these efforts. While there are numerous examples of new, energy-
efficient technologies being used in homes and workplaces, there are also many instances 
of energy used poorly: obsolete appliances, buildings that leak energy, poor indoor 
lighting that uses too much energy but still provides inadequate illumination, badly 
maintained motor vehicles, and so on. The level of “energy literacy” can continually be 
improved among energy consumers—whose numbers, in the industrial countries, 
include almost the entire population—and this will be an important part of the project 
to achieve global energy sustainability.

There are many ways in which an energy professional can help those outside the 
profession to understand energy better and make better decisions about it. One way is 
to lead by example, by upgrading home, workplace, and transportation choices to make 
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them more efficient. Another way is to use alternative energy sources, such as solar, 
wind, or geothermal energy. Explaining to friends and acquaintances what the changes 
are, and the benefits that are expected, expands these efforts into an opportunity to 
encourage others to do the same. 

In the case of one’s workplace, there may be scope for serving in an extracurricular 
capacity as an energy efficiency champion that encourages efforts to use energy more effi-
ciently. For example, a medium or large employer may be required to reduce travel to 
work in single-occupant vehicles by carpooling or public transportation. Taking leader-
ship in these efforts can help to ensure their success.

Another way is to become involved in local government in an advisory capacity, to 
help public servants who do not have an energy background to better understand tech-
nology, policy, and how local laws, codes, and zoning ordinances affect energy effi-
ciency. Many communities are interested in becoming more energy efficient, both to 
reduce costs and to help protect the environment. In some cases, local governments 
may be able to bid out contracts to professional energy service companies, but in other 
cases they may need to make decisions about energy and sustainability without paid 
professional help. As an example, new technologies such as small-scale wind or solar 
PV panels may require that new building or zoning ordinances be drawn up to give 
guidance to both property owners and building inspectors about site design issues. 
Often, when an energy professional gives a clear explanation of technical aspects of a 
project or decision, it takes relatively little of her/his time, but goes a long way toward 
assisting public servants to make better decisions. As another example, a community 
may be considering some new technology that on the surface appears to be able to 
deliver savings in energy cost, reduced pollution, or other benefits. However, the tech-
nical and/or economic strengths and weaknesses of the technology may be difficult to 
discern by those without a technical background. The energy professional can provide 
a valuable service by gathering and passing along this information.

Another critical area affecting communities is the media coverage of energy issues. 
The energy professional can contribute by monitoring this coverage for accuracy and 
clarity. Members of the media are no different from other parts of society: some have a 
solid grasp of energy issues and are able to present ideas accurately, but others may, even 
with the best of intentions, give incorrect information about energy, leaving the reader-
ship or listeners with misconceptions. Energy professionals can, when appropriate, 
respond to media reports and commentaries with letters to the editor or op-ed pieces. 
Not surprisingly, other community members often express their gratitude for these 
efforts to shed light on the vital yet confusing world of energy and energy systems.

Along with working individually in this way in one’s community, it is also possible 
to join with others to support organizations that promote new energy solutions, energy 
efficiency, and the like. Along with financial contributions, one can also contribute to 
the outreach activities of these organizations, for example, by assisting with program-
ming or joining a speakers’ bureau. Also, community organizations such as Rotary, 
Soroptimist, or League of Women Voters, as well as religious organizations or retire-
ment communities, may have regular meetings where the schedule occasionally 
includes a guest speaker on topics of interest. Given the awareness of energy issues at 
this time, such organizations may be very interested in a talk about energy.

Lastly, and perhaps most importantly, the energy professional can lend assistance 
by supporting young people’s interest in the energy field. They can find opportunities 
to talk to children and young adults about personal experience such as the types of 
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projects on which energy professionals work, or one’s career path into the field. For 
example, it may be possible to spend a part of a day once a year in a local elementary 
school as a guest speaker on energy, and include a hands-on project related to energy 
that the children can experience. Many high schools and colleges have student teams 
that work on design projects that are related to energy, and the services of an energy 
professional who can act as an advisor are highly valued. Not only does their input help 
the students with the project at hand, but the entire interaction provides an opportunity 
for young people to understand the connection between the individual project and the 
larger world context in which it is set.

At the beginning of this book, it was stated that modern energy systems reach 
almost every human being on the planet: residents of the industrial countries all the 
time, poor residents of less developed countries on a less frequent basis, but even the 
most isolated residents from time to time. Energy professionals share the benefits of 
this system with a huge range of people all around the world. They can be seen as both 
leaders of society and partners with other users in creating the energy system of the 
future. They are leaders in the sense that they have the technical skills to create and 
deploy the systems, as well as educate about and advocate for them. They are partners 
in the sense that they interact with the rest of the public to learn how changes in the 
systems are received and what adaptations are needed to make the systems function 
better. At this time we cannot say exactly what mixture of systems will eventually 
emerge. But whichever specific system the energy professional works upon, this type 
of engagement with society is essential for the sustainability of the energy systems of 
the future. The sustainability of these systems is, in turn, essential for the well-being of 
humanity and of all life on our planet.

15-5 Summary
As discussed in the body of this book, the world faces a number of pressing energy 
problems revolving around (1) more equitable distribution of energy resources, 
(2) finding alternatives to nonrenewable resources that are dwindling in quantity, 
and (3) preventing climate change stemming from CO2 emissions to the atmosphere. 
A portfolio approach combining renewable, fossil, and nuclear resources is attractive 
because it allows society to exploit the advantages of each of the three sources. In 
order for the portfolio approach to succeed, special emphasis should be given to 
developing renewable resources, so that they can play a larger role in the future. 
Engineers and other energy professionals can play a role in bringing about the trans-
formation of the world’s energy systems both in their professional work and through 
extracurricular activities.
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Exercise
1. Using the future scenario presented in this chapter as a starting point, create your own scenario 
for transition to more sustainable energy during the course of the twenty-first century. Include 
the following: (a) total energy production for the years 2050 and 2100, (b) source of production 
divided between fossil, nuclear, and renewable, (c) order of magnitude cost of new infrastructure, 
in constant 2000 dollars, (d) order of magnitude total CO2 emissions, and (e) allocation of energy 
production between industrial and emerging countries. Discuss your choice of numbers for each 
calculation (a) to (e).

http://www.ren21.net/globalstatusreport/download/RE_GSR_2006_Update.pdf
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Day Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

  1   1 32 60   91 121 152 182 213 244 274 305 335

  2   2 33 61   92 122 153 183 214 245 275 306 336

  3   3 34 62   93 123 154 184 215 246 276 307 337

  4   4 35 63   94 124 155 185 216 247 277 308 338

  5   5 36 64   95 125 156 186 217 248 278 309 339

  6   6 37 65   96 126 157 187 218 249 279 310 340

  7   7 38 66   97 127 158 188 219 250 280 311 341

  8   8 39 67   98 128 159 189 220 251 281 312 342

  9   9 40 68   99 129 160 190 221 252 282 313 343

10 10 41 69 100 130 161 191 222 253 283 314 344

11 11 42 70 101 131 162 192 223 254 284 315 345

12 12 43 71 102 132 163 193 224 255 285 316 346

13 13 44 72 103 133 164 194 225 256 286 317 347

14 14 45 73 104 134 165 195 226 257 287 318 348

15 15 46 74 105 135 166 196 227 258 288 319 349

16 16 47 75 106 136 167 197 228 259 289 320 350

17 17 48 76 107 137 168 198 229 260 290 321 351

18 18 49 77 108 138 169 199 230 261 291 322 352

19 19 50 78 109 139 170 200 231 262 292 323 353

20 20 51 79 110 140 171 201 232 263 293 324 354

21 21 52 80 111 141 172 202 233 264 294 325 355

22 22 53 81 112 142 173 203 234 265 295 326 356

23 23 54 82 113 143 174 204 235 266 296 327 357

24 24 55 83 114 144 175 205 236 267 297 328 358

25 25 56 84 115 145 176 206 237 268 298 329 359

26 26 57 85 116 146 177 207 238 269 299 330 360

27 27 58 86 117 147 178 208 239 270 300 331 361

28 28 59 87 118 148 179 209 240 271 301 332 362

29 29 88 119 149 180 210 241 272 302 333 363

30 30 89 120 150 181 211 242 273 303 334 364

31 31 90 151 212 243 304 365

Note: Add 1 to Julian date after February 28 during leap years.
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Saturated Water—Temperature Table

Specific volume,
m3/kg

Internal energy,
kJ/kg

Enthalpy,
kJ/kg

Entropy,
kJ/kg · K

Sat.
press.,
Psat kPa

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Temp.,
T °C

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg

0.01 0.6117 0.001000 206.00 0.000 2374.9 2374.9 0.001 2500.9 2500.9 0.0000 9.1556 9.1556
5 0.8725 0.001000 147.03 21.019 2360.8 2381.8 21.020 2489.1 2510.1 0.0763 8.9487 9.0249

10 1.2281 0.001000 106.32 42.020 2346.6 2388.7 42.022 2477.2 2519.2 0.1511 8.7488 8.8999
15 1.7057 0.001001 77.885 62.980 2332.5 2395.5 62.982 2465.4 2528.3 0.2245 8.5559 8.7803
20 2.3392 0.001002 57.762 83.913 2318.4 2402.3 83.915 2453.5 2537.4 0.2965 8.3696 8.6661

25 3.1698 0.001003 43.340 104.83 2304.3 2409.1 104.83 2441.7 2546.5 0.3672 8.1895 8.5567
30 4.2469 0.001004 32.879 125.73 2290.2 2415.9 125.74 2429.8 2555.6 0.4368 8.0152 8.4520
35 5.6291 0.001006 25.205 146.63 2276.0 2422.7 146.64 2417.9 2564.6 0.5051 7.8466 8.3517
40 7.3851 0.001008 19.515 167.53 2261.9 2429.4 167.53 2406.0 2573.5 0.5724 7.6832 8.2556
45 9.5953 0.001010 15.251 188.43 2247.7 2436.1 188.44 2394.0 2582.4 0.6386 7.5247 8.1633

50 12.352 0.001012 12.026 209.33 2233.4 2442.7 209.34 2382.0 2591.3 0.7038 7.3710 8.0748
55 15.763 0.001015 9.5639 230.24 2219.1 2449.3 230.26 2369.8 2600.1 0.7680 7.2218 7.9898
60 19.947 0.001017 7.6670 251.16 2204.7 2455.9 251.18 2357.7 2608.8 0.8313 7.0769 7.9082
65 25.043 0.001020 6.1935 272.09 2190.3 2462.4 272.12 2345.4 2617.5 0.8937 6.9360 7.8296
70 31.202 0.001023 5.0396 293.04 2175.8 2468.9 293.07 2333.0 2626.1 0.9551 6.7989 7.7540

75 38.597 0.001026 4.1291 313.99 2161.3 2475.3 314.03 2320.6 2634.6 1.0158 6.6655 7.6812
80 47.416 0.001029 3.4053 334.97 2146.6 2481.6 335.02 2308.0 2643.0 1.0756 6.5355 7.6111
85 57.868 0.001032 2.8261 355.96 2131.9 2487.8 356.02 2295.3 2651.4 1.1346 6.4089 7.5435
90 70.183 0.001036 2.3593 376.97 2117.0 2494.0 377.04 2282.5 2659.6 1.1929 6.2853 7.4782
95 84.609 0.001040 1.9808 398.00 2102.0 2500.1 398.09 2269.6 2667.6 1.2504 6.1647 7.4151

100 101.42 0.001043 1.6720 419.06 2087.0 2506.0 419.17 2256.4 2675.6 1.3072 6.0470 7.3542
105 120.90 0.001047 1.4186 440.15 2071.8 2511.9 440.28 2243.1 2683.4 1.3634 5.9319 7.2952
110 143.38 0.001052 1.2094 461.27 2056.4 2517.7 461.42 2229.7 2691.1 1.4188 5.8193 7.2382
115 169.18 0.001056 1.0360 482.42 2040.9 2523.3 482.59 2216.0 2698.6 1.4737 5.7092 7.1829
120 198.67 0.001060 0.89133 503.60 2025.3 2528.9 503.81 2202.1 2706.0 1.5279 5.6013 7.1292

125 232.23 0.001065 0.77012 524.83 2009.5 2534.3 525.07 2188.1 2713.1 1.5816 5.4956 7.0771
130 270.28 0.001070 0.66808 546.10 1993.4 2539.5 546.38 2173.7 2720.1 1.6346 5.3919 7.0265
135 313.22 0.001075 0.58179 567.41 1977.3 2544.7 567.75 2159.1 2726.9 1.6872 5.2901 6.9773
140 361.53 0.001080 0.50850 588.77 1960.9 2549.6 589.16 2144.3 2733.5 1.7392 5.1901 6.9294
145 415.68 0.001085 0.44600 610.19 1944.2 2554.4 610.64 2129.2 2739.8 1.7908 5.0919 6.8827

150 476.16 0.001091 0.39248 631.66 1927.4 2559.1 632.18 2113.8 2745.9 1.8418 4.9953 6.8371
155 543.49 0.001096 0.34648 653.19 1910.3 2563.5 653.79 2098.0 2751.8 1.8924 4.9002 6.7927
160 618.23 0.001102 0.30680 674.79 1893.0 2567.8 675.47 2082.0 2757.5 1.9426 4.8066 6.7492
165 700.93 0.001108 0.27244 696.46 1875.4 2571.9 697.24 2065.6 2762.8 1.9923 4.7143 6.7067
170 792.18 0.001114 0.24260 718.20 1857.5 2575.7 719.08 2048.8 2767.9 2.0417 4.6233 6.6650

175 892.60 0.001121 0.21659 740.02 1839.4 2579.4 741.02 2031.7 2772.7 2.0906 4.5335 6.6242
180 1002.8 0.001127 0.19384 761.92 1820.9 2582.8 763.05 2014.2 2777.2 2.1392 4.4448 6.5841
185 1123.5 0.001134 0.17390 783.91 1802.1 2586.0 785.19 1996.2 2781.4 2.1875 4.3572 6.5447
190 1255.2 0.001141 0.15636 806.00 1783.0 2589.0 807.43 1977.9 2785.3 2.2355 4.2705 6.5059
195 1398.8 0.001149 0.14089 828.18 1763.6 2591.7 829.78 1959.0 2788.8 2.2831 4.1847 6.4678
200 1554.9 0.001157 0.12721 850.46 1743.7 2594.2 852.26 1939.8 2792.0 2.3305 4.0997 6.4302

205 1724.3 0.001164 0.11508 872.86 1723.5 2596.4 874.87 1920.0 2794.8 2.3776 4.0154 6.3930
210 1907.7 0.001173 0.10429 895.38 1702.9 2598.3 897.61 1899.7 2797.3 2.4245 3.9318 6.3563
215 2105.9 0.001181 0.094680 918.02 1681.9 2599.9 920.50 1878.8 2799.3 2.4712 3.8489 6.3200
220 2319.6 0.001190 0.086094 940.79 1660.5 2601.3 943.55 1857.4 2801.0 2.5176 3.7664 6.2840
225 2549.7 0.001199 0.078405 963.70 1638.6 2602.3 966.76 1835.4 2802.2 2.5639 3.6844 6.2483
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230 2797.1 0.001209 0.071505 986.76 1616.1 2602.9 990.14 1812.8 2802.9 2.6100 3.6028 6.2128
235 3062.6 0.001219 0.065300 1010.0 1593.2 2603.2 1013.7 1789.5 2803.2 2.6560 3.5216 6.1775
240 3347.0 0.001229 0.059707 1033.4 1569.8 2603.1 1037.5 1765.5 2803.0 2.7018 3.4405 6.1424
245 3651.2 0.001240 0.054656 1056.9 1545.7 2602.7 1061.5 1740.8 2802.2 2.7476 3.3596 6.1072
250 3976.2 0.001252 0.050085 1080.7 1521.1 2601.8 1085.7 1715.3 2801.0 2.7933 3.2788 6.0721

255 4322.9 0.001263 0.045941 1104.7 1495.8 2600.5 1110.1 1689.0 2799.1 2.8390 3.1979 6.0369
260 4692.3 0.001276 0.042175 1128.8 1469.9 2598.7 1134.8 1661.8 2796.6 2.8847 3.1169 6.0017
265 5085.3 0.001289 0.038748 1153.3 1443.2 2596.5 1159.8 1633.7 2793.5 2.9304 3.0358 5.9662
270 5503.0 0.001303 0.035622 1177.9 1415.7 2593.7 1185.1 1604.6 2789.7 2.9762 2.9542 5.9305
275 5946.4 0.001317 0.032767 1202.9 1387.4 2590.3 1210.7 1574.5 2785.2 3.0221 2.8723 5.8944

280 6416.6 0.001333 0.030153 1228.2 1358.2 2586.4 1236.7 1543.2 2779.9 3.0681 2.7898 5.8579
285 6914.6 0.001349 0.027756 1253.7 1328.1 2581.8 1263.1 1510.7 2773.7 3.1144 2.7066 5.8210
290 7441.8 0.001366 0.025554 1279.7 1296.9 2576.5 1289.8 1476.9 2766.7 3.1608 2.6225 5.7834
295 7999.0 0.001384 0.023528 1306.0 1264.5 2570.5 1317.1 1441.6 2758.7 3.2076 2.5374 5.7450
300 8587.9 0.001404 0.021659 1332.7 1230.9 2563.6 1344.8 1404.8 2749.6 3.2548 2.4511 5.7059

305 9209.4 0.001425 0.019932 1360.0 1195.9 2555.8 1373.1 1366.3 2739.4 3.3024 2.3633 5.6657
310 9865.0 0.001447 0.018333 1387.7 1159.3 2547.1 1402.0 1325.9 2727.9 3.3506 2.2737 5.6243
315 10,556 0.001472 0.016849 1416.1 1121.1 2537.2 1431.6 1283.4 2715.0 3.3994 2.1821 5.5816
320 11,284 0.001499 0.015470 1445.1 1080.9 2526.0 1462.0 1238.5 2700.6 3.4491 2.0881 5.5372
325 12,051 0.001528 0.014183 1475.0 1038.5 2513.4 1493.4 1191.0 2684.3 3.4998 1.9911 5.4908

330 12,858 0.001560 0.012979 1505.7 993.5 2499.2 1525.8 1140.3 2666.0 3.5516 1.8906 5.4422
335 13,707 0.001597 0.011848 1537.5 945.5 2483.0 1559.4 1086.0 2645.4 3.6050 1.7857 5.3907
340 14,601 0.001638 0.010783 1570.7 893.8 2464.5 1594.6 1027.4 2622.0 3.6602 1.6756 5.3358
345 15,541 0.001685 0.009772 1605.5 837.7 2443.2 1631.7 963.4 2595.1 3.7179 1.5585 5.2765
350 16,529 0.001741 0.008806 1642.4 775.9 2418.3 1671.2 892.7 2563.9 3.7788 1.4326 5.2114

355 17,570 0.001808 0.007872 1682.2 706.4 2388.6 1714.0 812.9 2526.9 3.8442 1.2942 5.1384
360 18,666 0.001895 0.006950 1726.2 625.7 2351.9 1761.5 720.1 2481.6 3.9165 1.1373 5.0537
365 19,822 0.002015 0.006009 1777.2 526.4 2303.6 1817.2 605.5 2422.7 4.0004 0.9489 4.9493
370 21,044 0.002217 0.004953 1844.5 385.6 2230.1 1891.2 443.1 2334.3 4.1119 0.6890 4.8009
373.95 22,064 0.003106 0.003106 2015.7 0 2015.7 2084.3 0 2084.3 4.4070 0 4.4070

Saturated Water—Temperature Table (Continued)

Specific volume,
m3/kg

Internal energy,
kJ/kg

Enthalpy,
kJ/kg

Entropy,
kJ/kg · K

Sat.
press.,
Psat kPa

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Temp.,
T °C

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg

Source: Tables A–4 through A–8 are generated using the Engineering Equation Solver (EES) software developed by S. A. Klein and F. L. Alvarado. The 
routine used in calculations is the highly accurate Steam_IAPWS, which incorporates the 1995 Formulation for the Thermodynamic Properties of 
Ordinary Water Substance for General and Scientific Use, issued by The International Association for the Properties of Water and Steam (IAPWS). This 
formulation replaces the 1984 formulation of Haar, Gallagher, and Kell (NBS/NRC Steam Tables, Hemisphere Publishing Co., 1984), which is also
available in EES as the routine STEAM. The new formulation is based on the correlations of Saul and Wagner (J. Phys. Chem. Ref. Data, 16, 893, 1987) 
with modifications to adjust to the International Temperature Scale of 1990. The modifications are described by Wagner and Pruss (J. Phys. Chem. 
Ref. Data, 22, 783, 1993). The properties of ice are based on Hyland and Wexler, “Formulations for the Thermodynamic Properties of the Saturated 
Phases of H2O from 173.15 K to 473.15 K,” ASHRAE Trans., Part 2A, Paper 2793, 1983. 
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1.0 6.97 0.001000 129.19 29.302 2355.2 2384.5 29.303 2484.4 2513.7 0.1059 8.8690 8.9749
1.5 13.02 0.001001 87.964 54.686 2338.1 2392.8 54.688 2470.1 2524.7 0.1956 8.6314 8.8270
2.0 17.50 0.001001 66.990 73.431 2325.5 2398.9 73.433 2459.5 2532.9 0.2606 8.4621 8.7227
2.5 21.08 0.001002 54.242 88.422 2315.4 2403.8 88.424 2451.0 2539.4 0.3118 8.3302 8.6421
3.0 24.08 0.001003 45.654 100.98 2306.9 2407.9 100.98 2443.9 2544.8 0.3543 8.2222 8.5765

4.0 28.96 0.001004 34.791 121.39 2293.1 2414.5 121.39 2432.3 2553.7 0.4224 8.0510 8.4734
5.0 32.87 0.001005 28.185 137.75 2282.1 2419.8 137.75 2423.0 2560.7 0.4762 7.9176 8.3938
7.5 40.29 0.001008 19.233 168.74 2261.1 2429.8 168.75 2405.3 2574.0 0.5763 7.6738 8.2501

10 45.81 0.001010 14.670 191.79 2245.4 2437.2 191.81 2392.1 2583.9 0.6492 7.4996 8.1488
15 53.97 0.001014 10.020 225.93 2222.1 2448.0 225.94 2372.3 2598.3 0.7549 7.2522 8.0071

20 60.06 0.001017 7.6481 251.40 2204.6 2456.0 251.42 2357.5 2608.9 0.8320 7.0752 7.9073
25 64.96 0.001020 6.2034 271.93 2190.4 2462.4 271.96 2345.5 2617.5 0.8932 6.9370 7.8302
30 69.09 0.001022 5.2287 289.24 2178.5 2467.7 289.27 2335.3 2624.6 0.9441 6.8234 7.7675
40 75.86 0.001026 3.9933 317.58 2158.8 2476.3 317.62 2318.4 2636.1 1.0261 6.6430 7.6691
50 81.32 0.001030 3.2403 340.49 2142.7 2483.2 340.54 2304.7 2645.2 1.0912 6.5019 7.5931

75 91.76 0.001037 2.2172 384.36 2111.8 2496.1 384.44 2278.0 2662.4 1.2132 6.2426 7.4558
100 99.61 0.001043 1.6941 417.40 2088.2 2505.6 417.51 2257.5 2675.0 1.3028 6.0562 7.3589
101.325 99.97 0.001043 1.6734 418.95 2087.0 2506.0 419.06 2256.5 2675.6 1.3069 6.0476 7.3545
125 105.97 0.001048 1.3750 444.23 2068.8 2513.0 444.36 2240.6 2684.9 1.3741 5.9100 7.2841
150 111.35 0.001053 1.1594 466.97 2052.3 2519.2 467.13 2226.0 2693.1 1.4337 5.7894 7.2231

175 116.04 0.001057 1.0037 486.82 2037.7 2524.5 487.01 2213.1 2700.2 1.4850 5.6865 7.1716
200 120.21 0.001061 0.88578 504.50 2024.6 2529.1 504.71 2201.6 2706.3 1.5302 5.5968 7.1270
225 123.97 0.001064 0.79329 520.47 2012.7 2533.2 520.71 2191.0 2711.7 1.5706 5.5171 7.0877
250 127.41 0.001067 0.71873 535.08 2001.8 2536.8 535.35 2181.2 2716.5 1.6072 5.4453 7.0525
275 130.58 0.001070 0.65732 548.57 1991.6 2540.1 548.86 2172.0 2720.9 1.6408 5.3800 7.0207

300 133.52 0.001073 0.60582 561.11 1982.1 2543.2 561.43 2163.5 2724.9 1.6717 5.3200 6.9917
325 136.27 0.001076 0.56199 572.84 1973.1 2545.9 573.19 2155.4 2728.6 1.7005 5.2645 6.9650
350 138.86 0.001079 0.52422 583.89 1964.6 2548.5 584.26 2147.7 2732.0 1.7274 5.2128 6.9402
375 141.30 0.001081 0.49133 594.32 1956.6 2550.9 594.73 2140.4 2735.1 1.7526 5.1645 6.9171
400 143.61 0.001084 0.46242 604.22 1948.9 2553.1 604.66 2133.4 2738.1 1.7765 5.1191 6.8955

450 147.90 0.001088 0.41392 622.65 1934.5 2557.1 623.14 2120.3 2743.4 1.8205 5.0356 6.8561
500 151.83 0.001093 0.37483 639.54 1921.2 2560.7 640.09 2108.0 2748.1 1.8604 4.9603 6.8207
550 155.46 0.001097 0.34261 655.16 1908.8 2563.9 655.77 2096.6 2752.4 1.8970 4.8916 6.7886
600 158.83 0.001101 0.31560 669.72 1897.1 2566.8 670.38 2085.8 2756.2 1.9308 4.8285 6.7593
650 161.98 0.001104 0.29260 683.37 1886.1 2569.4 684.08 2075.5 2759.6 1.9623 4.7699 6.7322

700 164.95 0.001108 0.27278 696.23 1875.6 2571.8 697.00 2065.8 2762.8 1.9918 4.7153 6.7071
750 167.75 0.001111 0.25552 708.40 1865.6 2574.0 709.24 2056.4 2765.7 2.0195 4.6642 6.6837

Saturated Water—Pressure Table

Specific volume,
m3/kg

Internal energy,
kJ/kg

Enthalpy,
kJ/kg

Entropy,
kJ/kg · K

Sat.
temp.,
Tsat °C

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Press.,
P kPa

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg

800 170.41 0.001115 0.24035 719.97 1856.1 2576.0 720.87 2047.5 2768.3 2.0457 4.6160 6.6616
850 172.94 0.001118 0.22690 731.00 1846.9 2577.9 731.95 2038.8 2770.8 2.0705 4.5705 6.6409
900 175.35 0.001121 0.21489 741.55 1838.1 2579.6 742.56 2030.5 2773.0 2.0941 4.5273 6.6213
950 177.66 0.001124 0.20411 751.67 1829.6 2581.3 752.74 2022.4 2775.2 2.1166 4.4862 6.6027

1000 179.88 0.001127 0.19436 761.39 1821.4 2582.8 762.51 2014.6 2777.1 2.1381 4.4470 6.5850

1100 184.06 0.001133 0.17745 779.78 1805.7 2585.5 781.03 1999.6 2780.7 2.1785 4.3735 6.5520
1200 187.96 0.001138 0.16326 796.96 1790.9 2587.8 798.33 1985.4 2783.8 2.2159 4.3058 6.5217
1300 191.60 0.001144 0.15119 813.10 1776.8 2589.9 814.59 1971.9 2786.5 2.2508 4.2428 6.4936
1400 195.04 0.001149 0.14078 828.35 1763.4 2591.8 829.96 1958.9 2788.9 2.2835 4.1840 6.4675
1500 198.29 0.001154 0.13171 842.82 1750.6 2593.4 844.55 1946.4 2791.0 2.3143 4.1287 6.4430
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1750 205.72 0.001166 0.11344 876.12 1720.6 2596.7 878.16 1917.1 2795.2 2.3844 4.0033 6.3877
2000 212.38 0.001177 0.099587 906.12 1693.0 2599.1 908.47 1889.8 2798.3 2.4467 3.8923 6.3390
2250 218.41 0.001187 0.088717 933.54 1667.3 2600.9 936.21 1864.3 2800.5 2.5029 3.7926 6.2954
2500 223.95 0.001197 0.079952 958.87 1643.2 2602.1 961.87 1840.1 2801.9 2.5542 3.7016 6.2558
3000 233.85 0.001217 0.066667 1004.6 1598.5 2603.2 1008.3 1794.9 2803.2 2.6454 3.5402 6.1856

3500 242.56 0.001235 0.057061 1045.4 1557.6 2603.0 1049.7 1753.0 2802.7 2.7253 3.3991 6.1244
4000 250.35 0.001252 0.049779 1082.4 1519.3 2601.7 1087.4 1713.5 2800.8 2.7966 3.2731 6.0696
5000 263.94 0.001286 0.039448 1148.1 1448.9 2597.0 1154.5 1639.7 2794.2 2.9207 3.0530 5.9737
6000 275.59 0.001319 0.032449 1205.8 1384.1 2589.9 1213.8 1570.9 2784.6 3.0275 2.8627 5.8902
7000 285.83 0.001352 0.027378 1258.0 1323.0 2581.0 1267.5 1505.2 2772.6 3.1220 2.6927 5.8148

8000 295.01 0.001384 0.023525 1306.0 1264.5 2570.5 1317.1 1441.6 2758.7 3.2077 2.5373 5.7450
9000 303.35 0.001418 0.020489 1350.9 1207.6 2558.5 1363.7 1379.3 2742.9 3.2866 2.3925 5.6791

10,000 311.00 0.001452 0.018028 1393.3 1151.8 2545.2 1407.8 1317.6 2725.5 3.3603 2.2556 5.6159
11,000 318.08 0.001488 0.015988 1433.9 1096.6 2530.4 1450.2 1256.1 2706.3 3.4299 2.1245 5.5544
12,000 324.68 0.001526 0.014264 1473.0 1041.3 2514.3 1491.3 1194.1 2685.4 3.4964 1.9975 5.4939

13,000 330.85 0.001566 0.012781 1511.0 985.5 2496.6 1531.4 1131.3 2662.7 3.5606 1.8730 5.4336
14,000 336.67 0.001610 0.011487 1548.4 928.7 2477.1 1571.0 1067.0 2637.9 3.6232 1.7497 5.3728
15,000 342.16 0.001657 0.010341 1585.5 870.3 2455.7 1610.3 1000.5 2610.8 3.6848 1.6261 5.3108
16,000 347.36 0.001710 0.009312 1622.6 809.4 2432.0 1649.9 931.1 2581.0 3.7461 1.5005 5.2466
17,000 352.29 0.001770 0.008374 1660.2 745.1 2405.4 1690.3 857.4 2547.7 3.8082 1.3709 5.1791

18,000 356.99 0.001840 0.007504 1699.1 675.9 2375.0 1732.2 777.8 2510.0 3.8720 1.2343 5.1064
19,000 361.47 0.001926 0.006677 1740.3 598.9 2339.2 1776.8 689.2 2466.0 3.9396 1.0860 5.0256
20,000 365.75 0.002038 0.005862 1785.8 509.0 2294.8 1826.6 585.5 2412.1 4.0146 0.9164 4.9310
21,000 369.83 0.002207 0.004994 1841.6 391.9 2233.5 1888.0 450.4 2338.4 4.1071 0.7005 4.8076
22,000 373.71 0.002703 0.003644 1951.7 140.8 2092.4 2011.1 161.5 2172.6 4.2942 0.2496 4.5439
22,064 373.95 0.003106 0.003106 2015.7 0 2015.7 2084.3 0 2084.3 4.4070 0 4.4070

Saturated Water—Pressure Table (Continued)

Specific volume,
m3/kg

Internal energy,
kJ/kg

Enthalpy,
kJ/kg

Entropy,
kJ/kg · K

Sat.
temp.,
Tsat °C

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Press.,
P kPa

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg
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Superheated Water

T
°C

v
m3/kg

u
kJ/kg

s
kJ/kg · K

h
kJ/kg

v
m3/kg

u
kJ/kg

s
kJ/kg · K

h
kJ/kg

v
m3/kg

u
kJ/kg

s
kJ/kg · K

h
kJ/kg

P = 0.01 MPa (45.81°C)* P = 0.05 MPa (81.32°C) P = 0.10 MPa (99.61°C)

Sat.† 14.670 2437.2 2583.9 8.1488 3.2403 2483.2 2645.2 7.5931 1.6941 2505.6 2675.0 7.3589
50 14.867 2443.3 2592.0 8.1741

100 17.196 2515.5 2687.5 8.4489 3.4187 2511.5 2682.4 7.6953 1.6959 2506.2 2675.8 7.3611
150 19.513 2587.9 2783.0 8.6893 3.8897 2585.7 2780.2 7.9413 1.9367 2582.9 2776.6 7.6148
200 21.826 2661.4 2879.6 8.9049 4.3562 2660.0 2877.8 8.1592 2.1724 2658.2 2875.5 7.8356
250 24.136 2736.1 2977.5 9.1015 4.8206 2735.1 2976.2 8.3568 2.4062 2733.9 2974.5 8.0346
300 26.446 2812.3 3076.7 9.2827 5.2841 2811.6 3075.8 8.5387 2.6389 2810.7 3074.5 8.2172
400 31.063 2969.3 3280.0 9.6094 6.2094 2968.9 3279.3 8.8659 3.1027 2968.3 3278.6 8.5452
500 35.680 3132.9 3489.7 9.8998 7.1338 3132.6 3489.3 9.1566 3.5655 3132.2 3488.7 8.8362
600 40.296 3303.3 3706.3 10.1631 8.0577 3303.1 3706.0 9.4201 4.0279 3302.8 3705.6 9.0999
700 44.911 3480.8 3929.9 10.4056 8.9813 3480.6 3929.7 9.6626 4.4900 3480.4 3929.4 9.3424
800 49.527 3665.4 4160.6 10.6312 9.9047 3665.2 4160.4 9.8883 4.9519 3665.0 4160.2 9.5682
900 54.143 3856.9 4398.3 10.8429 10.8280 3856.8 4398.2 10.1000 5.4137 3856.7 4398.0 9.7800

1000 58.758 4055.3 4642.8 11.0429 11.7513 4055.2 4642.7 10.3000 5.8755 4055.0 4642.6 9.9800
1100 63.373 4260.0 4893.8 11.2326 12.6745 4259.9 4893.7 10.4897 6.3372 4259.8 4893.6 10.1698
1200 67.989 4470.9 5150.8 11.4132 13.5977 4470.8 5150.7 10.6704 6.7988 4470.7 5150.6 10.3504
1300 72.604 4687.4 5413.4 11.5857 14.5209 4687.3 5413.3 10.8429 7.2605 4687.2 5413.3 10.5229

P = 0.20 MPa (120.21°C) P = 0.30 MPa (133.52°C) P = 0.40 MPa (143.61°C)

Sat. 0.88578 2529.1 2706.3 7.1270 0.60582 2543.2 2724.9 6.9917 0.46242 2553.1 2738.1 6.8955
150 0.95986 2577.1 2769.1 7.2810 0.63402 2571.0 2761.2 7.0792 0.47088 2564.4 2752.8 6.9306
200 1.08049 2654.6 2870.7 7.5081 0.71643 2651.0 2865.9 7.3132 0.53434 2647.2 2860.9 7.1723
250 1.19890 2731.4 2971.2 7.7100 0.79645 2728.9 2967.9 7.5180 0.59520 2726.4 2964.5 7.3804
300 1.31623 2808.8 3072.1 7.8941 0.87535 2807.0 3069.6 7.7037 0.65489 2805.1 3067.1 7.5677
400 1.54934 2967.2 3277.0 8.2236 1.03155 2966.0 3275.5 8.0347 0.77265 2964.9 3273.9 7.9003
500 1.78142 3131.4 3487.7 8.5153 1.18672 3130.6 3486.6 8.3271 0.88936 3129.8 3485.5 8.1933
600 2.01302 3302.2 3704.8 8.7793 1.34139 3301.6 3704.0 8.5915 1.00558 3301.0 3703.3 8.4580
700 2.24434 3479.9 3928.8 9.0221 1.49580 3479.5 3928.2 8.8345 1.12152 3479.0 3927.6 8.7012
800 2.47550 3664.7 4159.8 9.2479 1.65004 3664.3 4159.3 9.0605 1.23730 3663.9 4158.9 8.9274
900 2.70656 3856.3 4397.7 9.4598 1.80417 3856.0 4397.3 9.2725 1.35298 3855.7 4396.9 9.1394

1000 2.93755 4054.8 4642.3 9.6599 1.95824 4054.5 4642.0 9.4726 1.46859 4054.3 4641.7 9.3396
1100 3.16848 4259.6 4893.3 9.8497 2.11226 4259.4 4893.1 9.6624 1.58414 4259.2 4892.9 9.5295
1200 3.39938 4470.5 5150.4 10.0304 2.26624 4470.3 5150.2 9.8431 1.69966 4470.2 5150.0 9.7102
1300 3.63026 4687.1 5413.1 10.2029 2.42019 4686.9 5413.0 10.0157 1.81516 4686.7 5412.8 9.8828

P = 0.50 MPa (151.83°C) P = 0.60 MPa (158.83°C) P = 0.80 MPa (170.41°C)

Sat. 0.37483 2560.7 2748.1 6.8207 0.31560 2566.8 2756.2 6.7593 0.24035 2576.0 2768.3 6.6616
200 0.42503 2643.3 2855.8 7.0610 0.35212 2639.4 2850.6 6.9683 0.26088 2631.1 2839.8 6.8177
250 0.47443 2723.8 2961.0 7.2725 0.39390 2721.2 2957.6 7.1833 0.29321 2715.9 2950.4 7.0402
300 0.52261 2803.3 3064.6 7.4614 0.43442 2801.4 3062.0 7.3740 0.32416 2797.5 3056.9 7.2345
350 0.57015 2883.0 3168.1 7.6346 0.47428 2881.6 3166.1 7.5481 0.35442 2878.6 3162.2 7.4107
400 0.61731 2963.7 3272.4 7.7956 0.51374 2962.5 3270.8 7.7097 0.38429 2960.2 3267.7 7.5735
500 0.71095 3129.0 3484.5 8.0893 0.59200 3128.2 3483.4 8.0041 0.44332 3126.6 3481.3 7.8692
600 0.80409 3300.4 3702.5 8.3544 0.66976 3299.8 3701.7 8.2695 0.50186 3298.7 3700.1 8.1354
700 0.89696 3478.6 3927.0 8.5978 0.74725 3478.1 3926.4 8.5132 0.56011 3477.2 3925.3 8.3794
800 0.98966 3663.6 4158.4 8.8240 0.82457 3663.2 4157.9 8.7395 0.61820 3662.5 4157.0 8.6061
900 1.08227 3855.4 4396.6 9.0362 0.90179 3855.1 4396.2 8.9518 0.67619 3854.5 4395.5 8.8185

1000 1.17480 4054.0 4641.4 9.2364 0.97893 4053.8 4641.1 9.1521 0.73411 4053.3 4640.5 9.0189
1100 1.26728 4259.0 4892.6 9.4263 1.05603 4258.8 4892.4 9.3420 0.79197 4258.3 4891.9 9.2090
1200 1.35972 4470.0 5149.8 9.6071 1.13309 4469.8 5149.6 9.5229 0.84980 4469.4 5149.3 9.3898
1300 1.45214 4686.6 5412.6 9.7797 1.21012 4686.4 5412.5 9.6955 0.90761 4686.1 5412.2 9.5625

*The temperature in parentheses is the saturation temperature at the specified pressure.
†Properties of saturated vapor at the specified pressure.
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P = 1.00 MPa (179.88°C) P = 1.20 MPa (187.96°C) P = 1.40 MPa (195.04°C)

Sat. 0.19437 2582.8 2777.1 6.5850 0.16326 2587.8 2788.9 6.4675
200 0.20602 2622.3 2828.3 6.6956 0.16934 2612.9 2803.0 6.4975
250 0.23275 2710.4 2943.1 6.9265 0.19241 2704.7 2927.9 6.7488
300 0.25799 2793.7 3051.6 7.1246 0.21386 2789.7 3040.9 6.9553
350 0.28250 2875.7 3158.2 7.3029 0.23455 2872.7 3150.1 7.1379
400 0.30661 2957.9 3264.5 7.4670 0.25482 2955.5 3258.1 7.3046
500 0.35411 3125.0 3479.1 7.7642 0.29464 3123.4 3474.8 7.6047
600 0.40111 3297.5 3698.6 8.0311 0.33395 3296.3 3695.5 7.8730
700 0.44783 3476.3 3924.1 8.2755 0.37297 3475.3 3921.7 8.1183
800 0.49438 3661.7 4156.1 8.5024 0.41184 3661.0 4154.3 8.3458
900 0.54083 3853.9 4394.8 8.7150 0.45059 3853.3 4393.3 8.5587

1000 0.58721 4052.7 4640.0 8.9155 0.48928 4052.2 4638.8 8.7595
1100 0.63354 4257.9 4891.4 9.1057 0.52792 4257.5 4890.5 8.9497
1200 0.67983 4469.0 5148.9 9.2866 0.56652 4468.7 5148.1 9.1308
1300 0.72610 4685.8 5411.9 9.4593 0.60509 4685.5

2783.8
2816.1
2935.6
3046.3
3154.2
3261.3
3477.0
3697.0
3922.9
4155.2
4394.0
4639.4
4891.0
5148.5
5411.6

6.5217
6.5909
6.8313
7.0335
7.2139
7.3793
7.6779
7.9456
8.1904
8.4176
8.6303
8.8310
9.0212
9.2022
9.3750

0.14078
0.14303
0.16356
0.18233
0.20029
0.21782
0.25216
0.28597
0.31951
0.35288
0.38614
0.41933
0.45247
0.48558
0.51866

2591.8
2602.7
2698.9
2785.7
2869.7
2953.1
3121.8
3295.1
3474.4
3660.3
3852.7
4051.7
4257.0
4468.3
4685.1 5411.3 9.3036

P = 1.60 MPa (201.37°C) P = 1.80 MPa (207.11°C) P = 2.00 MPa (212.38°C)

Sat. 0.12374 2594.8 2792.8 6.4200 0.11037 2597.3 2795.9 6.3775 0.09959 2599.1 2798.3 6.3390
225 0.13293 2645.1 2857.8 6.5537 0.11678 2637.0 2847.2 6.4825 0.10381 2628.5 2836.1 6.4160
250 0.14190 2692.9 2919.9 6.6753 0.12502 2686.7 2911.7 6.6088 0.11150 2680.3 2903.3 6.5475
300 0.15866 2781.6 3035.4 6.8864 0.14025 2777.4 3029.9 6.8246 0.12551 2773.2 3024.2 6.7684
350 0.17459 2866.6 3146.0 7.0713 0.15460 2863.6 3141.9 7.0120 0.13860 2860.5 3137.7 6.9583
400 0.19007 2950.8 3254.9 7.2394 0.16849 2948.3 3251.6 7.1814 0.15122 2945.9 3248.4 7.1292
500 0.22029 3120.1 3472.6 7.5410 0.19551 3118.5 3470.4 7.4845 0.17568 3116.9 3468.3 7.4337
600 0.24999 3293.9 3693.9 7.8101 0.22200 3292.7 3692.3 7.7543 0.19962 3291.5 3690.7 7.7043
700 0.27941 3473.5 3920.5 8.0558 0.24822 3472.6 3919.4 8.0005 0.22326 3471.7 3918.2 7.9509
800 0.30865 3659.5 4153.4 8.2834 0.27426 3658.8 4152.4 8.2284 0.24674 3658.0 4151.5 8.1791
900 0.33780 3852.1 4392.6 8.4965 0.30020 3851.5 4391.9 8.4417 0.27012 3850.9 4391.1 8.3925

1000 0.36687 4051.2 4638.2 8.6974 0.32606 4050.7 4637.6 8.6427 0.29342 4050.2 4637.1 8.5936
1100 0.39589 4256.6 4890.0 8.8878 0.35188 4256.2 4889.6 8.8331 0.31667 4255.7 4889.1 8.7842
1200 0.42488 4467.9 5147.7 9.0689 0.37766 4467.6 5147.3 9.0143 0.33989 4467.2 5147.0 8.9654
1300 0.45383 4684.8 5410.9 9.2418 0.40341 4684.5 5410.6 9.1872 0.36308 4684.2 5410.3 9.1384

P = 2.50 MPa (223.95°C) P = 3.00 MPa (233.85°C) P = 3.50 MPa (242.56°C)

Sat. 0.07995 2602.1 2801.9 6.2558 0.06667 2603.2 2803.2 6.1856 0.05706 2603.0 2802.7 6.1244
225 0.08026 2604.8 2805.5 6.2629
250 0.08705 2663.3 2880.9 6.4107 0.07063 2644.7 2856.5 6.2893 0.05876 2624.0 2829.7 6.1764
300 0.09894 2762.2 3009.6 6.6459 0.08118 2750.8 2994.3 6.5412 0.06845 2738.8 2978.4 6.4484
350 0.10979 2852.5 3127.0 6.8424 0.09056 2844.4 3116.1 6.7450 0.07680 2836.0 3104.9 6.6601
400 0.12012 2939.8 3240.1 7.0170 0.09938 2933.6 3231.7 6.9235 0.08456 2927.2 3223.2 6.8428
450 0.13015 3026.2 3351.6 7.1768 0.10789 3021.2 3344.9 7.0856 0.09198 3016.1 3338.1 7.0074
500 0.13999 3112.8 3462.8 7.3254 0.11620 3108.6 3457.2 7.2359 0.09919 3104.5 3451.7 7.1593
600 0.15931 3288.5 3686.8 7.5979 0.13245 3285.5 3682.8 7.5103 0.11325 3282.5 3678.9 7.4357
700 0.17835 3469.3 3915.2 7.8455 0.14841 3467.0 3912.2 7.7590 0.12702 3464.7 3909.3 7.6855
800 0.19722 3656.2 4149.2 8.0744 0.16420 3654.3 4146.9 7.9885 0.14061 3652.5 4144.6 7.9156
900 0.21597 3849.4 4389.3 8.2882 0.17988 3847.9 4387.5 8.2028 0.15410 3846.4 4385.7 8.1304

1000 0.23466 4049.0 4635.6 8.4897 0.19549 4047.7 4634.2 8.4045 0.16751 4046.4 4632.7 8.3324
1100 0.25330 4254.7 4887.9 8.6804 0.21105 4253.6 4886.7 8.5955 0.18087 4252.5 4885.6 8.5236
1200 0.27190 4466.3 5146.0 8.8618 0.22658 4465.3 5145.1 8.7771 0.19420 4464.4 5144.1 8.7053
1300 0.29048 4683.4 5409.5 9.0349 0.24207 4682.6 5408.8 8.9502 0.20750 4681.8 5408.0 8.8786
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500 A p p e n d i x  B

P = 4.0 MPa (250.35°C) P = 4.5 MPa (257.44°C) P = 5.0 MPa (263.94°C)

Sat. 0.04978 2601.7 2800.8 6.0696 0.04406 2599.7 2798.0 6.0198 0.03945 2597.0 2794.2 5.9737
275 0.05461 2668.9 2887.3 6.2312 0.04733 2651.4 2864.4 6.1429 0.04144 2632.3 2839.5 6.0571
300 0.05887 2726.2 2961.7 6.3639 0.05138 2713.0 2944.2 6.2854 0.04535 2699.0 2925.7 6.2111
350 0.06647 2827.4 3093.3 6.5843 0.05842 2818.6 3081.5 6.5153 0.05197 2809.5 3069.3 6.4516
400 0.07343 2920.8 3214.5 6.7714 0.06477 2914.2 3205.7 6.7071 0.05784 2907.5 3196.7 6.6483
450 0.08004 3011.0 3331.2 6.9386 0.07076 3005.8 3324.2 6.8770 0.06332 3000.6 3317.2 6.8210
500 0.08644 3100.3 3446.0 7.0922 0.07652 3096.0 3440.4 7.0323 0.06858 3091.8 3434.7 6.9781
600 0.09886 3279.4 3674.9 7.3706 0.08766 3276.4 3670.9 7.3127 0.07870 3273.3 3666.9 7.2605
700 0.11098 3462.4 3906.3 7.6214 0.09850 3460.0 3903.3 7.5647 0.08852 3457.7 3900.3 7.5136
800 0.12292 3650.6 4142.3 7.8523 0.10916 3648.8 4140.0 7.7962 0.09816 3646.9 4137.7 7.7458
900 0.13476 3844.8 4383.9 8.0675 0.11972 3843.3 4382.1 8.0118 0.10769 3841.8 4380.2 7.9619

1000 0.14653 4045.1 4631.2 8.2698 0.13020 4043.9 4629.8 8.2144 0.11715 4042.6 4628.3 8.1648
1100 0.15824 4251.4 4884.4 8.4612 0.14064 4250.4 4883.2 8.4060 0.12655 4249.3 4882.1 8.3566
1200 0.16992 4463.5 5143.2 8.6430 0.15103 4462.6 5142.2 8.5880 0.13592 4461.6 5141.3 8.5388
1300 0.18157 4680.9 5407.2 8.8164 0.16140 4680.1 5406.5 8.7616 0.14527 4679.3 5405.7 8.7124

P = 6.0 MPa (275.59°C) P = 7.0 MPa (285.83°C) P = 8.0 MPa (295.01°C)

Sat. 0.03245 2589.9 2784.6 5.8902 0.027378 2581.0 2772.6 5.8148 0.023525 2570.5 2758.7 5.7450
300 0.03619 2668.4 2885.6 6.0703 0.029492 2633.5 2839.9 5.9337 0.024279 2592.3 2786.5 5.7937
350 0.04225 2790.4 3043.9 6.3357 0.035262 2770.1 3016.9 6.2305 0.029975 2748.3 2988.1 6.1321
400 0.04742 2893.7 3178.3 6.5432 0.039958 2879.5 3159.2 6.4502 0.034344 2864.6 3139.4 6.3658
450 0.05217 2989.9 3302.9 6.7219 0.044187 2979.0 3288.3 6.6353 0.038194 2967.8 3273.3 6.5579
500 0.05667 3083.1 3423.1 6.8826 0.048157 3074.3 3411.4 6.8000 0.041767 3065.4 3399.5 6.7266
550 0.06102 3175.2 3541.3 7.0308 0.051966 3167.9 3531.6 6.9507 0.045172 3160.5 3521.8 6.8800
600 0.06527 3267.2 3658.8 7.1693 0.055665 3261.0 3650.6 7.0910 0.048463 3254.7 3642.4 7.0221
700 0.07355 3453.0 3894.3 7.4247 0.062850 3448.3 3888.3 7.3487 0.054829 3443.6 3882.2 7.2822
800 0.08165 3643.2 4133.1 7.6582 0.069856 3639.5 4128.5 7.5836 0.061011 3635.7 4123.8 7.5185
900 0.08964 3838.8 4376.6 7.8751 0.076750 3835.7 4373.0 7.8014 0.067082 3832.7 4369.3 7.7372

1000 0.09756 4040.1 4625.4 8.0786 0.083571 4037.5 4622.5 8.0055 0.073079 4035.0 4619.6 7.9419
1100 0.10543 4247.1 4879.7 8.2709 0.090341 4245.0 4877.4 8.1982 0.079025 4242.8 4875.0 8.1350
1200 0.11326 4459.8 5139.4 8.4534 0.097075 4457.9 5137.4 8.3810 0.084934 4456.1 5135.5 8.3181
1300 0.12107 4677.7 5404.1 8.6273 0.103781 4676.1 5402.6 8.5551 0.090817 4674.5 5401.0 8.4925

P = 9.0 MPa (303.35°C) P = 10.0 MPa (311.00°C) P = 12.5 MPa (327.81°C)

Sat. 0.020489 2558.5 2742.9 5.6791 0.018028 2545.2 2725.5 5.6159 0.013496 2505.6 2674.3 5.4638
325 0.023284 2647.6 2857.1 5.8738 0.019877 2611.6 2810.3 5.7596
350 0.025816 2725.0 2957.3 6.0380 0.022440 2699.6 2924.0 5.9460 0.016138 2624.9 2826.6 5.7130
400 0.029960 2849.2 3118.8 6.2876 0.026436 2833.1 3097.5 6.2141 0.020030 2789.6 3040.0 6.0433
450 0.033524 2956.3 3258.0 6.4872 0.029782 2944.5 3242.4 6.4219 0.023019 2913.7 3201.5 6.2749
500 0.036793 3056.3 3387.4 6.6603 0.032811 3047.0 3375.1 6.5995 0.025630 3023.2 3343.6 6.4651
550 0.039885 3153.0 3512.0 6.8164 0.035655 3145.4 3502.0 6.7585 0.028033 3126.1 3476.5 6.6317
600 0.042861 3248.4 3634.1 6.9605 0.038378 3242.0 3625.8 6.9045 0.030306 3225.8 3604.6 6.7828
650 0.045755 3343.4 3755.2 7.0954 0.041018 3338.0 3748.1 7.0408 0.032491 3324.1 3730.2 6.9227
700 0.048589 3438.8 3876.1 7.2229 0.043597 3434.0 3870.0 7.1693 0.034612 3422.0 3854.6 7.0540
800 0.054132 3632.0 4119.2 7.4606 0.048629 3628.2 4114.5 7.4085 0.038724 3618.8 4102.8 7.2967
900 0.059562 3829.6 4365.7 7.6802 0.053547 3826.5 4362.0 7.6290 0.042720 3818.9 4352.9 7.5195

1000 0.064919 4032.4 4616.7 7.8855 0.058391 4029.9 4613.8 7.8349 0.046641 4023.5 4606.5 7.7269
1100 0.070224 4240.7 4872.7 8.0791 0.063183 4238.5 4870.3 8.0289 0.050510 4233.1 4864.5 7.9220
1200 0.075492 4454.2 5133.6 8.2625 0.067938 4452.4 5131.7 8.2126 0.054342 4447.7 5127.0 8.1065
1300 0.080733 4672.9 5399.5 8.4371 0.072667 4671.3 5398.0 8.3874 0.058147 4667.3 5394.1 8.2819
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T h e r m o d y n a m i c  T a b l e s — M e t r i c  U n i t s  501

P = 15.0 MPa (342.16°C) P = 17.5 MPa (354.67°C) P = 20.0 MPa (365.75°C)

Sat. 0.010341 2455.7 2610.8 5.3108 0.007932 2390.7 2529.5 5.1435 0.005862 2294.8 2412.1 4.9310
350 0.011481 2520.9 2693.1 5.4438
400 0.015671 2740.6 2975.7 5.8819 0.012463 2684.3 2902.4 5.7211 0.009950 2617.9 2816.9 5.5526
450 0.018477 2880.8 3157.9 6.1434 0.015204 2845.4 3111.4 6.0212 0.012721 2807.3 3061.7 5.9043
500 0.020828 2998.4 3310.8 6.3480 0.017385 2972.4 3276.7 6.2424 0.014793 2945.3 3241.2 6.1446
550 0.022945 3106.2 3450.4 6.5230 0.019305 3085.8 3423.6 6.4266 0.016571 3064.7 3396.2 6.3390
600 0.024921 3209.3 3583.1 6.6796 0.021073 3192.5 3561.3 6.5890 0.018185 3175.3 3539.0 6.5075
650 0.026804 3310.1 3712.1 6.8233 0.022742 3295.8 3693.8 6.7366 0.019695 3281.4 3675.3 6.6593
700 0.028621 3409.8 3839.1 6.9573 0.024342 3397.5 3823.5 6.8735 0.021134 3385.1 3807.8 6.7991
800 0.032121 3609.3 4091.1 7.2037 0.027405 3599.7 4079.3 7.1237 0.023870 3590.1 4067.5 7.0531
900 0.035503 3811.2 4343.7 7.4288 0.030348 3803.5 4334.6 7.3511 0.026484 3795.7 4325.4 7.2829

1000 0.038808 4017.1 4599.2 7.6378 0.033215 4010.7 4592.0 7.5616 0.029020 4004.3 4584.7 7.4950
1100 0.042062 4227.7 4858.6 7.8339 0.036029 4222.3 4852.8 7.7588 0.031504 4216.9 4847.0 7.6933
1200 0.045279 4443.1 5122.3 8.0192 0.038806 4438.5 5117.6 7.9449 0.033952 4433.8 5112.9 7.8802
1300 0.048469 4663.3 5390.3 8.1952 0.041556 4659.2 5386.5 8.1215 0.036371 4655.2 5382.7 8.0574

P = 25.0 MPa P = 30.0 MPa P = 35.0 MPa 

375 0.001978 1799.9 1849.4 4.0345 0.001792 1738.1 1791.9 3.9313 0.001701 1702.8 1762.4 3.8724
400 0.006005 2428.5 2578.7 5.1400 0.002798 2068.9 2152.8 4.4758 0.002105 1914.9 1988.6 4.2144
425 0.007886 2607.8 2805.0 5.4708 0.005299 2452.9 2611.8 5.1473 0.003434 2253.3 2373.5 4.7751
450 0.009176 2721.2 2950.6 5.6759 0.006737 2618.9 2821.0 5.4422 0.004957 2497.5 2671.0 5.1946
500 0.011143 2887.3 3165.9 5.9643 0.008691 2824.0 3084.8 5.7956 0.006933 2755.3 2997.9 5.6331
550 0.012736 3020.8 3339.2 6.1816 0.010175 2974.5 3279.7 6.0403 0.008348 2925.8 3218.0 5.9093
600 0.014140 3140.0 3493.5 6.3637 0.011445 3103.4 3446.8 6.2373 0.009523 3065.6 3399.0 6.1229
650 0.015430 3251.9 3637.7 6.5243 0.012590 3221.7 3599.4 6.4074 0.010565 3190.9 3560.7 6.3030
700 0.016643 3359.9 3776.0 6.6702 0.013654 3334.3 3743.9 6.5599 0.011523 3308.3 3711.6 6.4623
800 0.018922 3570.7 4043.8 6.9322 0.015628 3551.2 4020.0 6.8301 0.013278 3531.6 3996.3 6.7409
900 0.021075 3780.2 4307.1 7.1668 0.017473 3764.6 4288.8 7.0695 0.014904 3749.0 4270.6 6.9853

1000 0.023150 3991.5 4570.2 7.3821 0.019240 3978.6 4555.8 7.2880 0.016450 3965.8 4541.5 7.2069
1100 0.025172 4206.1 4835.4 7.5825 0.020954 4195.2 4823.9 7.4906 0.017942 4184.4 4812.4 7.4118
1200 0.027157 4424.6 5103.5 7.7710 0.022630 4415.3 5094.2 7.6807 0.019398 4406.1 5085.0 7.6034
1300 0.029115 4647.2 5375.1 7.9494 0.024279 4639.2 5367.6 7.8602 0.020827 4631.2 5360.2 7.7841

P = 40.0 MPa P = 50.0 MPa P = 60.0 MPa 

375 0.001641 1677.0 1742.6 3.8290 0.001560 1638.6 1716.6 3.7642 0.001503 1609.7 1699.9 3.7149
400 0.001911 1855.0 1931.4 4.1145 0.001731 1787.8 1874.4 4.0029 0.001633 1745.2 1843.2 3.9317
425 0.002538 2097.5 2199.0 4.5044 0.002009 1960.3 2060.7 4.2746 0.001816 1892.9 2001.8 4.1630
450 0.003692 2364.2 2511.8 4.9449 0.002487 2160.3 2284.7 4.5896 0.002086 2055.1 2180.2 4.4140
500 0.005623 2681.6 2906.5 5.4744 0.003890 2528.1 2722.6 5.1762 0.002952 2393.2 2570.3 4.9356
550 0.006985 2875.1 3154.4 5.7857 0.005118 2769.5 3025.4 5.5563 0.003955 2664.6 2901.9 5.3517
600 0.008089 3026.8 3350.4 6.0170 0.006108 2947.1 3252.6 5.8245 0.004833 2866.8 3156.8 5.6527
650 0.009053 3159.5 3521.6 6.2078 0.006957 3095.6 3443.5 6.0373 0.005591 3031.3 3366.8 5.8867
700 0.009930 3282.0 3679.2 6.3740 0.007717 3228.7 3614.6 6.2179 0.006265 3175.4 3551.3 6.0814
800 0.011521 3511.8 3972.6 6.6613 0.009073 3472.2 3925.8 6.5225 0.007456 3432.6 3880.0 6.4033
900 0.012980 3733.3 4252.5 6.9107 0.010296 3702.0 4216.8 6.7819 0.008519 3670.9 4182.1 6.6725

1000 0.014360 3952.9 4527.3 7.1355 0.011441 3927.4 4499.4 7.0131 0.009504 3902.0 4472.2 6.9099
1100 0.015686 4173.7 4801.1 7.3425 0.012534 4152.2 4778.9 7.2244 0.010439 4130.9 4757.3 7.1255
1200 0.016976 4396.9 5075.9 7.5357 0.013590 4378.6 5058.1 7.4207 0.011339 4360.5 5040.8 7.3248
1300 0.018239 4623.3 5352.8 7.7175 0.014620 4607.5 5338.5 7.6048 0.012213 4591.8 5324.5 7.5111
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502 A p p e n d i x  B

Ideal-Gas Properties of Air
T
K

u
kJ/kg

s°
kJ/kg · K

h
kJ/kg Pr vr

200 199.97 0.3363 142.56 1707.0
210 209.97 0.3987 149.69 1512.0
220 219.97 0.4690 156.82 1346.0
230 230.02 0.5477 164.00 1205.0
240 240.02 0.6355 171.13 1084.0

250 250.05 0.7329 178.28 979.0
260 260.09 0.8405 185.45 887.8

580 14.38 419.55 115.7 2.37348

590 15.31 427.15 110.6 2.39140
600 16.28 434.78 105.8 2.40902
610 17.30 442.42 101.2 2.42644

586.04

596.52
607.02
617.53

620 18.36 450.09 96.92 2.44356628.07

270 270.11 0.9590 192.60 808.0
280 280.13 1.0889 199.75 738.0
285 285.14 1.1584 203.33 706.1

290 290.16 1.2311 206.91 676.1
295 295.17 1.3068 210.49 647.9
298 298.18 1.3543 212.64 631.9
300 300.19 1.3860 214.07 621.2
305 305.22 1.4686 217.67 596.0

310 310.24 1.5546 221.25 572.3
315 315.27 1.6442 224.85 549.8
320 320.29 1.7375 228.42 528.6
325 325.31 1.8345 232.02 508.4
330 330.34 1.9352 235.61 489.4

340 340.42 2.149 242.82 454.1
350 350.49 2.379 250.02 422.2
360 360.58 2.626 257.24 393.4
370 370.67 2.892 264.46 367.2
380 380.77 3.176 271.69 343.4

390 390.88 3.481 278.93 321.5
400 400.98 3.806 286.16 301.6
410 411.12 4.153 293.43 283.3
420 421.26 4.522 300.69 266.6
430 431.43 4.915 307.99 251.1

440 441.61 5.332 315.30 236.8
450 451.80 5.775 322.62 223.6
460 462.02 6.245 329.97 211.4
470 472.24 6.742 337.32 200.1
480 482.49 7.268 344.70 189.5

490 492.74 7.824 352.08 179.7
500 503.02 8.411 359.49 170.6
510 513.32 9.031 366.92 162.1
520 523.63 9.684 374.36 154.1
530 533.98 10.37 381.84 146.7

540 544.35 11.10 389.34 139.7
550 555.74 11.86 396.86 133.1
560 565.17 12.66 404.42 127.0

630 19.84 457.78 92.84 2.46048
640

638.63
649.22 20.64 465.50 88.99 2.47716

650 659.84 21.86 473.25 85.34 2.49364
660 670.47 23.13 481.01 81.89 2.50985
670 681.14 24.46 488.81 78.61 2.52589

680 691.82 25.85 496.62 75.50 2.54175
690 702.52 27.29 504.45 72.56 2.55731
700 713.27 28.80 512.33 69.76 2.57277
710 724.04 30.38 520.23 67.07 2.58810
720 734.82 32.02 528.14 64.53 2.60319

730 745.62 33.72 536.07 62.13 2.61803
740 756.44 35.50 544.02 59.82 2.63280
750 767.29 37.35 551.99 57.63 2.64737
760 778.18 39.27 560.01 55.54 2.66176
780 800.03 43.35 576.12 51.64 2.69013

800 821.95 47.75 592.30 48.08 2.71787
820 843.98 52.59 608.59 44.84 2.74504
840 866.08 57.60 624.95 41.85 2.77170
860 888.27 63.09 641.40 39.12 2.79783
880 910.56 68.98 657.95 36.61 2.82344

900 932.93 75.29 674.58 34.31 2.84856
920 955.38 82.05 691.28 32.18 2.87324
940 977.92 89.28 708.08 30.22 2.89748
960 1000.55 97.00 725.02 28.40 2.92128
980 1023.25 105.2 741.98 26.73 2.94468

1000 1046.04 114.0 758.94 25.17 2.96770
1020 1068.89 123.4 776.10 23.72 2.99034
1040 1091.85 133.3 793.36 23.29 3.01260
1060 1114.86 143.9 810.62 21.14 3.03449
1080 1137.89 155.2 827.88 19.98 3.05608

1100 1161.07 167.1 845.33 18.896 3.07732
1120 1184.28 179.7 862.79 17.886 3.09825
1140 1207.57 193.1 880.35 16.946 3.11883
1160 1230.92 207.2 897.91 16.064 3.13916
1180 1254.34 222.2 915.57 15.241 3.15916

570 575.59 13.50 411.97 121.2

1.29559
1.34444
1.39105
1.43557
1.47824

1.51917
1.55848
1.59634
1.63279
1.65055

1.66802
1.68515
1.69528
1.70203
1.71865

1.73498
1.75106
1.76690
1.78249
1.79783

1.82790
1.85708
1.88543
1.91313
1.94001

1.96633
1.99194
2.01699
2.04142
2.06533

2.08870
2.11161
2.13407
2.15604
2.17760

2.19876
2.21952
2.23993
2.25997
2.27967

2.29906
2.31809
2.33685
2.35531

T
K

u
kJ/kg

s°
kJ/kg · K

h
kJ/kg Pr vr

1200 1277.79 238.0 933.33 14.470 3.17888
1220 1301.31 254.7 951.09 13.747 3.19834
1240 1324.93 272.3 968.95 13.069 3.21751

12.435
11.835

1260
1280

1348.55
1372.24

290.8
310.4

986.90
1004.76

3.23638
3.25510

11.275
10.747
10.247
9.780

1300
1320
1340
1360
1380

1395.97
1419.76
1443.60
1467.49
1491.44

330.9
352.5
375.3
399.1
424.2

1022.82
1040.88
1058.94
1077.10
1095.26 9.337

3.27345
3.29160
3.30959
3.32724
3.34474

1400 1515.42 450.5 1113.52 8.919 3.36200
1420 1539.44 478.0 1131.77 8.526 3.37901
1440 1563.51 506.9 1150.13 8.153 3.39586
1460 1587.63 537.1 1168.49 7.801 3.41247
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1600 1757.57 791.2 1298.30 5.804 3.52364
1620 1782.00 834.1 1316.96 5.574 3.53879
1640 1806.46 878.9 1335.72 5.355 3.55381
1660 1830.96 925.6 1354.48 5.147 3.56867

1680 1373.24 4.949 3.58335
1700 1392.7 4.761 3.5979
1750

1855.50
1880.1
1941.6

974.2
1025
1161 1439.8 4.328 3.6336

1480 1611.79 568.8 1186.95 7.468 3.42892
1500 1635.97 601.9 1205.41 7.152 3.44516
1520 1660.23 636.5 1223.87 6.854 3.46120
1540 1684.51 672.8 1242.43 6.569 3.47712
1560 1708.82 710.5 1260.99 6.301 3.49276

1580 1733.17 750.0 1279.65 6.046 3.50829

1800 2003.3 1310 1487.2 3.994 3.6684
1850 2065.3 1475 1534.9 3.601 3.7023
1900 2127.4 1655 1582.6 3.295 3.7354
1950 2189.7 1852 1630.6 3.022 3.7677
2000 2252.1 2068 1678.7 2.776 3.7994

2050 2314.6 2303 1726.8 2.555 3.8303
2100 2377.7 2559 1775.3 2.356 3.8605
2150 2440.3 2837 1823.8 2.175 3.8901
2200 2503.2 3138 1872.4 2.012 3.9191
2250 2566.4 3464 1921.3 1.864 3.9474

Note: The properties Pr (relative pressure) and vr (relative specific volume) are dimensionless quantities used in the analysis of isentropic
processes, and should not be confused with the properties pressure and specific volume.
Source: Kenneth Wark, Thermodynamics, 4th ed. (New York: McGraw-Hill, 1983), pp. 785–786, Table A–5. Originally published in J. H. Keenan
and  J. Kaye, Gas Tables (New York: John Wiley & Sons, 1948).

T
K

u
kJ/kg

s°
kJ/kg · K

h
kJ/kg Pr vr

T
K

u
kJ/kg

s°
kJ/kg · K

h
kJ/kg Pr vr

Ideal-Gas Properties of Air (Continued)
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APPENDIX C
Thermodynamic Tables— 

U.S. Customary Units

Tables are reprinted by permission from Y. Cengel and M. Boles, Thermodynamics: An Engineering 
Approach, 5th ed. © 2006 by the McGraw-Hill Companies, Inc.
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Saturated Water—Temperature Table

Specific volume,
ft3/lbm

Internal energy,
Btu/lbm

Enthalpy,
Btu/lbm

Entropy,
Btu/lbm · R

Sat.
press.,
Psat psia

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Temp.,
T °F

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg

32.018 0.08871 0.01602 3299.9 0.000 1021.0 1021.0 0.000 1075.2 1075.2 0.00000 2.18672 2.1867
35 0.09998 0.01602 2945.7 3.004 1019.0 1022.0 3.004 1073.5 1076.5 0.00609 2.17011 2.1762
40 0.12173 0.01602 2443.6 8.032 1015.6 1023.7 8.032 1070.7 1078.7 0.01620 2.14271 2.1589
45 0.14756 0.01602 2035.8 13.05 1012.2 1025.3 13.05 1067.8 1080.9 0.02620 2.11587 2.1421
50 0.17812 0.01602 1703.1 18.07 1008.9 1026.9 18.07 1065.0 1083.1 0.03609 2.08956 2.1256

55 0.21413 0.01603 1430.4 23.07 1005.5 1028.6 23.07 1062.2 1085.3 0.04586 2.06377 2.1096
60 0.25638 0.01604 1206.1 28.08 1002.1 1030.2 28.08 1059.4 1087.4 0.05554 2.03847 2.0940
65 0.30578 0.01604 1020.8 33.08 998.76 1031.8 33.08 1056.5 1089.6 0.06511 2.01366 2.0788
70 0.36334 0.01605 867.18 38.08 995.39 1033.5 38.08 1053.7 1091.8 0.07459 1.98931 2.0639
75 0.43016 0.01606 739.27 43.07 992.02 1035.1 43.07 1050.9 1093.9 0.08398 1.96541 2.0494

80 0.50745 0.01607 632.41 48.06 988.65 1036.7 48.07 1048.0 1096.1 0.09328 1.94196 2.0352
85 0.59659 0.01609 542.80 53.06 985.28 1038.3 53.06 1045.2 1098.3 0.10248 1.91892 2.0214
90 0.69904 0.01610 467.40 58.05 981.90 1040.0 58.05 1042.4 1100.4 0.11161 1.89630 2.0079
95 0.81643 0.01612 403.74 63.04 978.52 1041.6 63.04 1039.5 1102.6 0.12065 1.87408 1.9947

100 0.95052 0.01613 349.83 68.03 975.14 1043.2 68.03 1036.7 1104.7 0.12961 1.85225 1.9819

110 1.2767 0.01617 264.96 78.01 968.36 1046.4 78.02 1031.0 1109.0 0.14728 1.80970 1.9570
120 1.6951 0.01620 202.94 88.00 961.56 1049.6 88.00 1025.2 1113.2 0.16466 1.76856 1.9332
130 2.2260 0.01625 157.09 97.99 954.73 1052.7 97.99 1019.4 1117.4 0.18174 1.72877 1.9105
140 2.8931 0.01629 122.81 107.98 947.87 1055.9 107.99 1013.6 1121.6 0.19855 1.69024 1.8888
150 3.7234 0.01634 96.929 117.98 940.98 1059.0 117.99 1007.8 1125.7 0.21508 1.65291 1.8680

160 4.7474 0.01639 77.185 127.98 934.05 1062.0 128.00 1001.8 1129.8 0.23136 1.61670 1.8481
170 5.9999 0.01645 61.982 138.00 927.08 1065.1 138.02 995.88 1133.9 0.24739 1.58155 1.8289
180 7.5197 0.01651 50.172 148.02 920.06 1068.1 148.04 989.85 1137.9 0.26318 1.54741 1.8106
190 9.3497 0.01657 40.920 158.05 912.99 1071.0 158.08 983.76 1141.8 0.27874 1.51421 1.7930
200 11.538 0.01663 33.613 168.10 905.87 1074.0 168.13 977.60 1145.7 0.29409 1.48191 1.7760

210 14.136 0.01670 27.798 178.15 898.68 1076.8 178.20 971.35 1149.5 0.30922 1.45046 1.7597
212 14.709 0.01671 26.782 180.16 897.24 1077.4 180.21 970.09 1150.3 0.31222 1.44427 1.7565
220 17.201 0.01677 23.136 188.22 891.43 1079.6 188.28 965.02 1153.3 0.32414 1.41980 1.7439
230 20.795 0.01684 19.374 198.31 884.10 1082.4 198.37 958.59 1157.0 0.33887 1.38989 1.7288
240 24.985 0.01692 16.316 208.41 876.70 1085.1 208.49 952.06 1160.5 0.35342 1.36069 1.7141

250 29.844 0.01700 13.816 218.54 869.21 1087.7 218.63 945.41 1164.0 0.36779 1.33216 1.6999
260 35.447 0.01708 11.760 228.68 861.62 1090.3 228.79 938.65 1167.4 0.38198 1.30425 1.6862
270 41.877 0.01717 10.059 238.85 853.94 1092.8 238.98 931.76 1170.7 0.39601 1.27694 1.6730
280 49.222 0.01726 8.6439 249.04 846.16 1095.2 249.20 924.74 1173.9 0.40989 1.25018 1.6601
290 57.573 0.01735 7.4607 259.26 838.27 1097.5 259.45 917.57 1177.0 0.42361 1.22393 1.6475

300 67.028 0.01745 6.4663 269.51 830.25 1099.8 269.73 910.24 1180.0 0.43720 1.19818 1.6354
310 77.691 0.01755 5.6266 279.79 822.11 1101.9 280.05 902.75 1182.8 0.45065 1.17289 1.6235
320 89.667 0.01765 4.9144 290.11 813.84 1104.0 290.40 895.09 1185.5 0.46396 1.14802 1.6120
330 103.07 0.01776 4.3076 300.46 805.43 1105.9 300.80 887.25 1188.1 0.47716 1.12355 1.6007
340 118.02 0.01787 3.7885 310.85 796.87 1107.7 311.24 879.22 1190.5 0.49024 1.09945 1.5897

350 134.63 0.01799 3.3425 321.29 788.16 1109.4 321.73 870.98 1192.7 0.50321 1.07570 1.5789
360 153.03 0.01811 2.9580 331.76 779.28 1111.0 332.28 862.53 1194.8 0.51607 1.05227 1.5683
370 173.36 0.01823 2.6252 342.29 770.23 1112.5 342.88 853.86 1196.7 0.52884 1.02914 1.5580
380 195.74 0.01836 2.3361 352.87 761.00 1113.9 353.53 844.96 1198.5 0.54152 1.00628 1.5478
390 220.33 0.01850 2.0842 363.50 751.58 1115.1 364.25 835.81 1200.1 0.55411 0.98366 1.5378
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400 247.26 0.01864 1.8639 374.19 741.97 1116.2 375.04 826.39 1201.4 0.56663 0.96127 1.5279
410 276.69 0.01878 1.6706 384.94 732.14 1117.1 385.90 816.71 1202.6 0.57907 0.93908 1.5182
420 308.76 0.01894 1.5006 395.76 722.08 1117.8 396.84 806.74 1203.6 0.59145 0.91707 1.5085
430 343.64 0.01910 1.3505 406.65 711.80 1118.4 407.86 796.46 1204.3 0.60377 0.89522 1.4990
440 381.49 0.01926 1.2178 417.61 701.26 1118.9 418.97 785.87 1204.8 0.61603 0.87349 1.4895

450 422.47 0.01944 1.0999 428.66 690.47 1119.1 430.18 774.94 1205.1 0.62826 0.85187 1.4801
460 466.75 0.01962 0.99510 439.79 679.39 1119.2 441.48 763.65 1205.1 0.64044 0.83033 1.4708
470 514.52 0.01981 0.90158 451.01 668.02 1119.0 452.90 751.98 1204.9 0.65260 0.80885 1.4615
480 565.96 0.02001 0.81794 462.34 656.34 1118.7 464.43 739.91 1204.3 0.66474 0.78739 1.4521
490 621.24 0.02022 0.74296 473.77 644.32 1118.1 476.09 727.40 1203.5 0.67686 0.76594 1.4428

500 680.56 0.02044 0.67558 485.32 631.94 1117.3 487.89 714.44 1202.3 0.68899 0.74445 1.4334
510 744.11 0.02067 0.61489 496.99 619.17 1116.2 499.84 700.99 1200.8 0.70112 0.72290 1.4240
520 812.11 0.02092 0.56009 508.80 605.99 1114.8 511.94 687.01 1199.0 0.71327 0.70126 1.4145
530 884.74 0.02118 0.51051 520.76 592.35 1113.1 524.23 672.47 1196.7 0.72546 0.67947 1.4049
540 962.24 0.02146 0.46553 532.88 578.23 1111.1 536.70 657.31 1194.0 0.73770 0.65751 1.3952

550 1044.8 0.02176 0.42465 545.18 563.58 1108.8 549.39 641.47 1190.9 0.75000 0.63532 1.3853
560 1132.7 0.02207 0.38740 557.68 548.33 1106.0 562.31 624.91 1187.2 0.76238 0.61284 1.3752
570 1226.2 0.02242 0.35339 570.40 532.45 1102.8 575.49 607.55 1183.0 0.77486 0.59003 1.3649
580 1325.5 0.02279 0.32225 583.37 515.84 1099.2 588.95 589.29 1178.2 0.78748 0.56679 1.3543
590 1430.8 0.02319 0.29367 596.61 498.43 1095.0 602.75 570.04 1172.8 0.80026 0.54306 1.3433

600 1542.5 0.02362 0.26737 610.18 480.10 1090.3 616.92 549.67 1166.6 0.81323 0.51871 1.3319
610 1660.9 0.02411 0.24309 624.11 460.73 1084.8 631.52 528.03 1159.5 0.82645 0.49363 1.3201
620 1786.2 0.02464 0.22061 638.47 440.14 1078.6 646.62 504.92 1151.5 0.83998 0.46765 1.3076
630 1918.9 0.02524 0.19972 653.35 418.12 1071.5 662.32 480.07 1142.4 0.85389 0.44056 1.2944
640 2059.3 0.02593 0.18019 668.86 394.36 1063.2 678.74 453.14 1131.9 0.86828 0.41206 1.2803

650 2207.8 0.02673 0.16184 685.16 368.44 1053.6 696.08 423.65 1119.7 0.88332 0.38177 1.2651
660 2364.9 0.02767 0.14444 702.48 339.74 1042.2 714.59 390.84 1105.4 0.89922 0.34906 1.2483
670 2531.2 0.02884 0.12774 721.23 307.22 1028.5 734.74 353.54 1088.3 0.91636 0.31296 1.2293
680 2707.3 0.03035 0.11134 742.11 269.00 1011.1 757.32 309.57 1066.9 0.93541 0.27163 1.2070
690 2894.1 0.03255 0.09451 766.81 220.77 987.6 784.24 253.96 1038.2 0.95797 0.22089 1.1789

700 3093.0 0.03670 0.07482 801.75 146.50 948.3 822.76 168.32 991.1 0.99023 0.14514 1.1354
705.10 3200.1 0.04975 0.04975 866.61 0 866.6 896.07 0 896.1 1.05257 0 1.0526

Saturated Water—Temperature Table (Continued)

Specific volume,
ft3/lbm

Internal energy,
Btu/lbm

Enthalpy,
Btu/lbm

Entropy,
Btu/lbm · R

Sat.
press.,
Psat psia

Sat.
liquid,
vf

Sat.
vapor,
vg

Sat.
liquid,
uf

Sat.
vapor,
ug

Sat.
liquid,
hf

Sat.
vapor,
hg

Sat.
liquid,
sf

Sat.
vapor,
sg

Temp.,
T °F

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg

Source: Tables A–4E through A–8E are generated using the Engineering Equation Solver (EES) software developed by S. A. Klein and 
F. L. Alvarado. The routine used in calculations is the highly accurate Steam_IAPWS, which incorporates the 1995 Formulation for the 
Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use, issued by The International Association for the 
Properties of Water and Steam (IAPWS). This formulation replaces the 1984 formulation of Haar, Gallagher, and Kell (NBS/NRC Steam
Tables, Hemisphere Publishing Co., 1984), which is also available in EES as the routine STEAM. The new formulation is based on the
correlations of Saul and Wagner (J. Phys. Chem. Ref. Data, 16, 893, 1987) with modifications to adjust to the International Temperature Scale 
of 1990. The modifications are described by Wagner and Pruss (J. Phys. Chem. Ref. Data, 22, 783, 1993). The properties of ice are based on 
Hyland and Wexler, “Formulations for the Thermodynamic Properties of the Saturated Phases of H2O from 173.15 K to 473.15 K,” ASHRAE
Trans., Part 2A, Paper 2793, 1983.
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1 101.69 0.01614 333.49 69.72 973.99 1043.7 69.72 1035.7 1105.4 0.13262 1.84495 1.9776
2 126.02 0.01623 173.71 94.02 957.45 1051.5 94.02 1021.7 1115.8 0.17499 1.74444 1.9194
3 141.41 0.01630 118.70 109.39 946.90 1056.3 109.40 1012.8 1122.2 0.20090 1.68489 1.8858
4 152.91 0.01636 90.629 120.89 938.97 1059.9 120.90 1006.0 1126.9 0.21985 1.64225 1.8621
5 162.18 0.01641 73.525 130.17 932.53 1062.7 130.18 1000.5 1130.7 0.23488 1.60894 1.8438

6 170.00 0.01645 61.982 138.00 927.08 1065.1 138.02 995.88 1133.9 0.24739 1.58155 1.8289
8 182.81 0.01652 47.347 150.83 918.08 1068.9 150.86 988.15 1139.0 0.26757 1.53800 1.8056

10 193.16 0.01659 38.425 161.22 910.75 1072.0 161.25 981.82 1143.1 0.28362 1.50391 1.7875
14.696 211.95 0.01671 26.805 180.12 897.27 1077.4 180.16 970.12 1150.3 0.31215 1.44441 1.7566
15 212.99 0.01672 26.297 181.16 896.52 1077.7 181.21 969.47 1150.7 0.31370 1.44441 1.7549

20 227.92 0.01683 20.093 196.21 885.63 1081.8 196.27 959.93 1156.2 0.33582 1.39606 1.7319
25 240.03 0.01692 16.307 208.45 876.67 1085.1 208.52 952.03 1160.6 0.35347 1.36060 1.7141
30 250.30 0.01700 13.749 218.84 868.98 1087.8 218.93 945.21 1164.1 0.36821 1.33132 1.6995
35 259.25 0.01708 11.901 227.92 862.19 1090.1 228.03 939.16 1167.2 0.38093 1.30632 1.6872
40 267.22 0.01715 10.501 236.02 856.09 1092.1 236.14 933.69 1169.8 0.39213 1.28448 1.6766

45 274.41 0.01721 9.4028 243.34 850.52 1093.9 243.49 928.68 1172.2 0.40216 1.26506 1.6672
50 280.99 0.01727 8.5175 250.05 845.39 1095.4 250.21 924.03 1174.2 0.41125 1.24756 1.6588
55 287.05 0.01732 7.7882 256.25 840.61 1096.9 256.42 919.70 1176.1 0.41958 1.23162 1.6512
60 292.69 0.01738 7.1766 262.01 836.13 1098.1 262.20 915.61 1177.8 0.42728 1.21697 1.6442
65 297.95 0.01743 6.6560 267.41 831.90 1099.3 267.62 911.75 1179.4 0.43443 1.20341 1.6378

70 302.91 0.01748 6.2075 272.50 827.90 1100.4 272.72 908.08 1180.8 0.44112 1.19078 1.6319
75 307.59 0.01752 5.8167 277.31 824.09 1101.4 277.55 904.58 1182.1 0.44741 1.17895 1.6264
80 312.02 0.01757 5.4733 281.87 820.45 1102.3 282.13 901.22 1183.4 0.45335 1.16783 1.6212
85 316.24 0.01761 5.1689 286.22 816.97 1103.2 286.50 898.00 1184.5 0.45897 1.15732 1.6163
90 320.26 0.01765 4.8972 290.38 813.62 1104.0 290.67 894.89 1185.6 0.46431 1.14737 1.6117

95 324.11 0.01770 4.6532 294.36 810.40 1104.8 294.67 891.89 1186.6 0.46941 1.13791 1.6073
100 327.81 0.01774 4.4327 298.19 807.29 1105.5 298.51 888.99 1187.5 0.47427 1.12888 1.6032
110 334.77 0.01781 4.0410 305.41 801.37 1106.8 305.78 883.44 1189.2 0.48341 1.11201 1.5954
120 341.25 0.01789 3.7289 312.16 795.79 1107.9 312.55 878.20 1190.8 0.49187 1.09646 1.5883
130 347.32 0.01796 3.4557 318.48 790.51 1109.0 318.92 873.21 1192.1 0.49974 1.08204 1.5818

140 353.03 0.01802 3.2202 324.45 785.49 1109.9 324.92 868.45 1193.4 0.50711 1.06858 1.5757
150 358.42 0.01809 3.0150 330.11 780.69 1110.8 330.61 863.88 1194.5 0.51405 1.05595 1.5700
160 363.54 0.01815 2.8347 335.49 776.10 1111.6 336.02 859.49 1195.5 0.52061 1.04405 1.5647
170 368.41 0.01821 2.6749 340.62 771.68 1112.3 341.19 855.25 1196.4 0.52682 1.03279 1.5596
180 373.07 0.01827 2.5322 345.53 767.42 1113.0 346.14 851.16 1197.3 0.53274 1.02210 1.5548

190 377.52 0.01833 2.4040 350.24 763.31 1113.6 350.89 847.19 1198.1 0.53839 1.01191 1.5503
200 381.80 0.01839 2.2882 354.78 759.32 1114.1 355.46 843.33 1198.8 0.54379 1.00219 1.5460
250 400.97 0.01865 1.8440 375.23 741.02 1116.3 376.09 825.47 1201.6 0.56784 0.95912 1.5270
300 417.35 0.01890 1.5435 392.89 724.77 1117.7 393.94 809.41 1203.3 0.58818 0.92289 1.5111
350 431.74 0.01912 1.3263 408.55 709.98 1118.5 409.79 794.65 1204.4 0.60590 0.89143 1.4973

400 444.62 0.01934 1.1617 422.70 696.31 1119.0 424.13 780.87 1205.0 0.62168 0.86350 1.4852
450 456.31 0.01955 1.0324 435.67 683.52 1119.2 437.30 767.86 1205.2 0.63595 0.83828 1.4742
500 467.04 0.01975 0.92819 447.68 671.42 1119.1 449.51 755.48 1205.0 0.64900 0.81521 1.4642
550 476.97 0.01995 0.84228 458.90 659.91 1118.8 460.93 743.60 1204.5 0.66107 0.79388 1.4550
600 486.24 0.02014 0.77020 469.46 648.88 1118.3 471.70 732.15 1203.9 0.67231 0.77400 1.4463

Saturated Water—Pressure Table

Specific volume,
ft3/lbm

Internal energy,
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vapor,
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liquid,
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vapor,
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vapor,
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vapor,
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Temp.,
T psia

Evap.,
ufg

Evap.,
hfg

Evap.,
sfg
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700 503.13 0.02051 0.65589 488.96 627.98 1116.9 491.62 710.29 1201.9 0.69279 0.73771 1.4305
800 518.27 0.02087 0.56920 506.74 608.30 1115.0 509.83 689.48 1199.3 0.71117 0.70502 1.4162
900 532.02 0.02124 0.50107 523.19 589.54 1112.7 526.73 669.46 1196.2 0.72793 0.67505 1.4030

1000 544.65 0.02159 0.44604 538.58 571.49 1110.1 542.57 650.03 1192.6 0.74341 0.64722 1.3906
1200 567.26 0.02232 0.36241 566.89 536.87 1103.8 571.85 612.39 1184.2 0.77143 0.59632 1.3677

1400 587.14 0.02307 0.30161 592.79 503.50 1096.3 598.76 575.66 1174.4 0.79658 0.54991 1.3465
1600 604.93 0.02386 0.25516 616.99 470.69 1087.7 624.06 539.18 1163.2 0.81972 0.50645 1.3262
1800 621.07 0.02470 0.21831 640.03 437.86 1077.9 648.26 502.35 1150.6 0.84144 0.46482 1.3063
2000 635.85 0.02563 0.18815 662.33 404.46 1066.8 671.82 464.60 1136.4 0.86224 0.42409 1.2863
2500 668.17 0.02860 0.13076 717.67 313.53 1031.2 730.90 360.79 1091.7 0.91311 0.31988 1.2330

3000 695.41 0.03433 0.08460 783.39 186.41 969.8 802.45 214.32 1016.8 0.97321 0.18554 1.1587
3200.1 705.10 0.04975 0.04975 866.61 0 866.6 896.07 0 896.1 1.05257 0 1.0526

Saturated Water—Pressure Table (Continued)

Specific volume,
ft3/lbm

Internal energy,
Btu/lbm

Enthalpy,
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Entropy,
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sfg



510 A p p e n d i x  C

Superheated Water

s
Btu/
lbm · R

s
Btu/
lbm · R

T
°F

v
ft3/lbm

u
Btu/
lbm

v
ft3/lbm

u
Btu/
lbm

s
Btu/
lbm · R
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u
Btu/
lbm

h
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P = 1.0 psia (101.69°F)* P = 5.0 psia (162.18°F) P = 10 psia (193.16°F)

Sat.† 333.49 1043.7 1105.4 1.9776 73.525 1062.7 1130.7 1.8438 38.425 1072.0 1143.1 1.7875
200 392.53 1077.5 1150.1 2.0509 78.153 1076.2 1148.5 1.8716 38.849 1074.5 1146.4 1.7926
240 416.44 1091.2 1168.3 2.0777 83.009 1090.3 1167.1 1.8989 41.326 1089.1 1165.5 1.8207
280 440.33 1105.0 1186.5 2.1030 87.838 1104.3 1185.6 1.9246 43.774 1103.4 1184.4 1.8469
320 464.20 1118.9 1204.8 2.1271 92.650 1118.4 1204.1 1.9490 46.205 1117.6 1203.1 1.8716
360 488.07 1132.9 1223.3 2.1502 97.452 1132.5 1222.6 1.9722 48.624 1131.9 1221.8 1.8950
400 511.92 1147.1 1241.8 2.1722 102.25 1146.7 1241.3 1.9944 51.035 1146.2 1240.6 1.9174
440 535.77 1161.3 1260.4 2.1934 107.03 1160.9 1260.0 2.0156 53.441 1160.5 1259.4 1.9388
500 571.54 1182.8 1288.6 2.2237 114.21 1182.6 1288.2 2.0461 57.041 1182.2 1287.8 1.9693
600 631.14 1219.4 1336.2 2.2709 126.15 1219.2 1335.9 2.0933 63.029 1219.0 1335.6 2.0167
700 690.73 1256.8 1384.6 2.3146 138.09 1256.7 1384.4 2.1371 69.007 1256.5 1384.2 2.0605
800 750.31 1295.1 1433.9 2.3553 150.02 1294.9 1433.7 2.1778 74.980 1294.8 1433.5 2.1013

1000 869.47 1374.2 1535.1 2.4299 173.86 1374.2 1535.0 2.2524 86.913 1374.1 1534.9 2.1760
1200 988.62 1457.1 1640.0 2.4972 197.70 1457.0 1640.0 2.3198 98.840 1457.0 1639.9 2.2433
1400 1107.8 1543.7 1748.7 2.5590 221.54 1543.7 1748.7 2.3816 110.762 1543.6 1748.6 2.3052

P = 15 psia (212.99°F) P = 20 psia (227.92°F) P = 40 psia (267.22°F)

Sat. 26.297 1077.7 1150.7 1.7549 20.093 1081.8 1156.2 1.7319 10.501 1092.1 1169.8 1.6766
240 27.429 1087.8 1163.9 1.7742 20.478 1086.5 1162.3 1.7406
280 29.085 1102.4 1183.2 1.8010 21.739 1101.4 1181.9 1.7679 10.713 1097.3 1176.6 1.6858
320 30.722 1116.9 1202.2 1.8260 22.980 1116.1 1201.2 1.7933 11.363 1112.9 1197.1 1.7128
360 32.348 1131.3 1221.1 1.8496 24.209 1130.7 1220.2 1.8171 11.999 1128.1 1216.9 1.7376
400 33.965 1145.7 1239.9 1.8721 25.429 1145.1 1239.3 1.8398 12.625 1143.1 1236.5 1.7610
440 35.576 1160.1 1258.8 1.8936 26.644 1159.7 1258.3 1.8614 13.244 1157.9 1256.0 1.7831
500 37.986 1181.9 1287.3 1.9243 28.458 1181.6 1286.9 1.8922 14.165 1180.2 1285.0 1.8143
600 41.988 1218.7 1335.3 1.9718 31.467 1218.5 1334.9 1.9398 15.686 1217.5 1333.6 1.8625
700 45.981 1256.3 1383.9 2.0156 34.467 1256.1 1383.7 1.9837 17.197 1255.3 1382.6 1.9067
800 49.967 1294.6 1433.3 2.0565 37.461 1294.5 1433.1 2.0247 18.702 1293.9 1432.3 1.9478

1000 57.930 1374.0 1534.8 2.1312 43.438 1373.8 1534.6 2.0994 21.700 1373.4 1534.1 2.0227
1200 65.885 1456.9 1639.8 2.1986 49.407 1456.8 1639.7 2.1668 24.691 1456.5 1639.3 2.0902
1400 73.836 1543.6 1748.5 2.2604 55.373 1543.5 1748.4 2.2287 27.678 1543.3 1748.1 2.1522
1600 81.784 1634.0 1861.0 2.3178 61.335 1633.9 1860.9 2.2861 30.662 1633.7 1860.7 2.2096

P = 60 psia (292.69°F) P = 80 psia (312.02°F) P = 100 psia (327.81°F)

Sat. 7.1766 1098.1 1177.8 1.6442 5.4733 1102.3 1183.4 1.6212 4.4327 1105.5 1187.5 1.6032
320 7.4863 1109.6 1192.7 1.6636 5.5440 1105.9 1187.9 1.6271
360 7.9259 1125.5 1213.5 1.6897 5.8876 1122.7 1209.9 1.6545 4.6628 1119.8 1206.1 1.6263
400 8.3548 1140.9 1233.7 1.7138 6.2187 1138.7 1230.8 1.6794 4.9359 1136.4 1227.8 1.6521
440 8.7766 1156.1 1253.6 1.7364 6.5420 1154.3 1251.2 1.7026 5.2006 1152.4 1248.7 1.6759
500 9.4005 1178.8 1283.1 1.7682 7.0177 1177.3 1281.2 1.7350 5.5876 1175.9 1279.3 1.7088
600 10.4256 1216.5 1332.2 1.8168 7.7951 1215.4 1330.8 1.7841 6.2167 1214.4 1329.4 1.7586
700 11.4401 1254.5 1381.6 1.8613 8.5616 1253.8 1380.5 1.8289 6.8344 1253.0 1379.5 1.8037
800 12.4484 1293.3 1431.5 1.9026 9.3218 1292.6 1430.6 1.8704 7.4457 1292.0 1429.8 1.8453

1000 14.4543 1373.0 1533.5 1.9777 10.8313 1372.6 1532.9 1.9457 8.6575 1372.2 1532.4 1.9208
1200 16.4525 1456.2 1638.9 2.0454 12.3331 1455.9 1638.5 2.0135 9.8615 1455.6 1638.1 1.9887
1400 18.4464 1543.0 1747.8 2.1073 13.8306 1542.8 1747.5 2.0755 11.0612 1542.6 1747.2 2.0508
1600 20.438 1633.5 1860.5 2.1648 15.3257 1633.3 1860.2 2.1330 12.2584 1633.2 1860.0 2.1083
1800 22.428 1727.6 1976.6 2.2187 16.8192 1727.5 1976.5 2.1869 13.4541 1727.3 1976.3 2.1622
2000 24.417 1825.2 2096.3 2.2694 18.3117 1825.0 2096.1 2.2376 14.6487 1824.9 2096.0 2.2130

*The temperature in parentheses is the saturation temperature at the specified pressure.
†Properties of saturated vapor at the specified pressure.
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P = 120 psia (341.25°F) P = 140 psia (353.03°F) P = 160 psia (363.54°F)

Sat. 3.7289 1107.9 1190.8 1.5883 3.2202 1109.9 1193.4 1.5757 1111.6 1195.5 1.5647
360 3.8446 1116.7 1202.1 1.6023 3.2584 1113.4 1197.8 1.5811
400 4.0799 1134.0 1224.6 1.6292 3.4676 1131.5 1221.4 1.6092 1129.0 1218.0 1.5914
450 4.3613 1154.5 1251.4 1.6594 3.7147 1152.6 1248.9 1.6403 1150.7 1246.3 1.6234
500 4.6340 1174.4 1277.3 1.6872 3.9525 1172.9 1275.3 1.6686 1171.4 1273.2 1.6522
550 4.9010 1193.9 1302.8 1.7131 4.1845 1192.7 1301.1 1.6948 1191.4 1299.4 1.6788
600 5.1642 1213.4 1328.0 1.7375 4.4124 1212.3 1326.6 1.7195 1211.3 1325.2 1.7037
700 5.6829 1252.2 1378.4 1.7829 4.8604 1251.4 1377.3 1.7652 1250.6 1376.3 1.7498
800 6.1950 1291.4 1429.0 1.8247 5.3017 1290.8 1428.1 1.8072 1290.2 1427.3 1.7920

1000 7.2083 1371.7 1531.8 1.9005 6.1732 1371.3 1531.3 1.8832 1370.9 1530.7 1.8682
1200 8.2137 1455.3 1637.7 1.9684 7.0367 1455.0 1637.3 1.9512 1454.7 1636.9 1.9363
1400 9.2149 1542.3 1746.9 2.0305 7.8961 1542.1 1746.6 2.0134 1541.8 1746.3 1.9986
1600 10.2135 1633.0 1859.8 2.0881 8.7529 1632.8 1859.5 2.0711 1632.6 1859.3 2.0563
1800 11.2106 1727.2 1976.1 2.1420 9.6082 1727.0 1975.9 2.1250 1726.9 1975.7 2.1102
2000 12.2067 1824.8 2095.8 2.1928 10.4624 1824.6 2095.7 2.1758 1824.5 2095.5 2.1610

P = 180 psia (373.07°F) P = 200 psia (381.80°F) P = 225 psia (391.80°F)

Sat. 2.5322 1113.0 1197.3 1.5548 2.2882 1114.1 1198.8 1.5460 1115.3 1200.3 1.5360
400 2.6490 1126.3 1214.5 1.5752 2.3615 1123.5 1210.9 1.5602 1119.7 1206.0 1.5427
450 2.8514 1148.7 1243.7 1.6082 2.5488 1146.7 1241.0 1.5943 1144.1 1237.6 1.5783
500 3.0433 1169.8 1271.2 1.6376 2.7247 1168.2 1269.0 1.6243 1166.2 1266.3 1.6091
550 3.2286 1190.2 1297.7 1.6646 2.8939 1188.9 1296.0 1.6516 1187.2 1293.8 1.6370
600 3.4097 1210.2 1323.8 1.6897 3.0586 1209.1 1322.3 1.6771 1207.7 1320.5 1.6628
700 3.7635 1249.8 1375.2 1.7361 3.3796 1249.0 1374.1 1.7238 1248.0 1372.7 1.7099
800 4.1104 1289.5 1426.5 1.7785 3.6934 1288.9 1425.6 1.7664 1288.1 1424.5 1.7528
900 4.4531 1329.7 1478.0 1.8179 4.0031 1329.2 1477.3 1.8059 1328.5 1476.5 1.7925

1000 4.7929 1370.5 1530.1 1.8549 4.3099 1370.1 1529.6 1.8430 1369.5 1528.9 1.8296
1200 5.4674 1454.3 1636.5 1.9231 4.9182 1454.0 1636.1 1.9113 1453.6 1635.6 1.8981
1400 6.1377 1541.6 1746.0 1.9855 5.5222 1541.4 1745.7 1.9737 1541.1 1745.4 1.9606
1600 6.8054 1632.4 1859.1 2.0432 6.1238 1632.2 1858.8 2.0315 1632.0 1858.6 2.0184
1800 7.4716 1726.7 1975.6 2.0971 6.7238 1726.5 1975.4 2.0855 1726.4 1975.2 2.0724
2000 8.1367 1824.4 2095.4 2.1479 7.3227 1824.3 2095.3 2.1363 1824.1 2095.1 2.1232

P = 250 psia (400.97°F) P = 275 psia (409.45°F) P = 300 psia (417.35°F)

Sat. 1.8440 1116.3 1201.6 1.5270 1.6806 1117.0 1202.6 1.5187 1117.7 1203.3 1.5111
450 2.0027 1141.3 1234.0 1.5636 1.8034 1138.5 1230.3 1.5499 1135.6 1226.4 1.5369
500 2.1506 1164.1 1263.6 1.5953 1.9415 1162.0 1260.8 1.5825 1159.8 1257.9 1.5706
550 2.2910 1185.6 1291.5 1.6237 2.0715 1183.9 1289.3 1.6115 1182.1 1287.0 1.6001
600 2.4264 1206.3 1318.6 1.6499 2.1964 1204.9 1316.7 1.6380 1203.5 1314.8 1.6270
650 2.5586 1226.8 1345.1 1.6743 2.3179 1225.6 1343.5 1.6627 1224.4 1341.9 1.6520
700 2.6883 1247.0 1371.4 1.6974 2.4369 1246.0 1370.0 1.6860 1244.9 1368.6 1.6755
800 2.9429 1287.3 1423.5 1.7406 2.6699 1286.5 1422.4 1.7294 1285.7 1421.3 1.7192
900 3.1930 1327.9 1475.6 1.7804 2.8984 1327.3 1474.8 1.7694 1326.6 1473.9 1.7593

1000 3.4403 1369.0 1528.2 1.8177 3.1241 1368.5 1527.4 1.8068 1367.9 1526.7 1.7968
1200 3.9295 1453.3 1635.0 1.8863 3.5700 1452.9 1634.5 1.8755 1452.5 1634.0 1.8657
1400 4.4144 1540.8 1745.0 1.9488 4.0116 1540.5 1744.6 1.9381 1540.2 1744.2 1.9284
1600 4.8969 1631.7 1858.3 2.0066 4.4507 1631.5 1858.0 1.9960 1631.3 1857.7 1.9863
1800 5.3777 1726.2 1974.9 2.0607 4.8882 1726.0 1974.7 2.0501 1725.8 1974.5 2.0404
2000 5.8575 1823.9 2094.9 2.1116 5.3247 1823.8 2094.7 2.1010

2.8347

3.0076
3.2293
3.4412
3.6469
3.8484
4.2434
4.6316
5.3968
6.1540
6.9070
7.6574
8.4063
9.1542

2.0423
2.0728
2.2457
2.4059
2.5590
2.7075
2.9956
3.2765
3.5530
3.8268
4.3689
4.9068
5.4422
5.9760
6.5087

1.5435
1.6369
1.7670
1.8885
2.0046
2.1172
2.2273
2.4424
2.6529
2.8605
3.2704
3.6759
4.0789
4.4803
4.8807 1823.6 2094.6 2.0913
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P = 350 psia (431.74°F) P = 400 psia (444.62°F) P = 450 psia (456.31°F)

Sat. 1.3263 1118.5 1204.4 1.4973 1.1617 1119.0 1205.0 1.4852 1119.2 1205.2 1.4742
450 1.3739 1129.3 1218.3 1.5128 1.1747 1122.5 1209.4 1.4901
500 1.4921 1155.2 1251.9 1.5487 1.2851 1150.4 1245.6 1.5288 1145.4 1238.9 1.5103
550 1.6004 1178.6 1282.2 1.5795 1.3840 1174.9 1277.3 1.5610 1171.1 1272.3 1.5441
600 1.7030 1200.6 1310.9 1.6073 1.4765 1197.6 1306.9 1.5897 1194.6 1302.8 1.5737
650 1.8018 1221.9 1338.6 1.6328 1.5650 1219.4 1335.3 1.6158 1216.9 1331.9 1.6005
700 1.8979 1242.8 1365.8 1.6567 1.6507 1240.7 1362.9 1.6401 1238.5 1360.0 1.6253
800 2.0848 1284.1 1419.1 1.7009 1.8166 1282.5 1417.0 1.6849 1280.8 1414.7 1.6706
900 2.2671 1325.3 1472.2 1.7414 1.9777 1324.0 1470.4 1.7257 1322.7 1468.6 1.7117

1000 2.4464 1366.9 1525.3 1.7791 2.1358 1365.8 1523.9 1.7636 1364.7 1522.4 1.7499
1200 2.7996 1451.7 1633.0 1.8483 2.4465 1450.9 1632.0 1.8331 1450.1 1631.0 1.8196
1400 3.1484 1539.6 1743.5 1.9111 2.7527 1539.0 1742.7 1.8960 1538.4 1742.0 1.8827
1600 3.4947 1630.8 1857.1 1.9691 3.0565 1630.3 1856.5 1.9541 1629.8 1856.0 1.9409
1800 3.8394 1725.4 1974.0 2.0233 3.3586 1725.0 1973.6 2.0084 1724.6 1973.2 1.9952
2000 4.1830 1823.3 2094.2 2.0742 3.6597 1823.0 2093.9 2.0594 1822.6 2093.5 2.0462

P = 500 psia (467.04°F) P = 600 psia (486.24°F) P = 700 psia (503.13°F)

Sat. 0.92815 1119.1 1205.0 1.4642 0.77020 1118.3 1203.9 1.4463 1116.9 1201.9 1.4305
500 0.99304 1140.1 1231.9 1.4928 0.79526 1128.2 1216.5 1.4596
550 1.07974 1167.1 1267.0 1.5284 0.87542 1158.7 1255.9 1.4996 1149.5 1243.8 1.4730
600 1.15876 1191.4 1298.6 1.5590 0.94605 1184.9 1289.9 1.5325 1177.9 1280.7 1.5087
650 1.23312 1214.3 1328.4 1.5865 1.01133 1209.0 1321.3 1.5614 1203.4 1313.8 1.5393
700 1.30440 1236.4 1357.0 1.6117 1.07316 1231.9 1351.0 1.5877 1227.2 1344.8 1.5666
800 1.44097 1279.2 1412.5 1.6576 1.19038 1275.8 1408.0 1.6348 1272.4 1403.4 1.6150
900 1.57252 1321.4 1466.9 1.6992 1.30230 1318.7 1463.3 1.6771 1316.0 1459.7 1.6581

1000 1.70094 1363.6 1521.0 1.7376 1.41097 1361.4 1518.1 1.7160 1359.2 1515.2 1.6974
1100 1.82726 1406.2 1575.3 1.7735 1.51749 1404.4 1572.9 1.7522 1402.5 1570.4 1.7341
1200 1.95211 1449.4 1630.0 1.8075 1.62252 1447.8 1627.9 1.7865 1446.2 1625.9 1.7685
1400 2.1988 1537.8 1741.2 1.8708 1.82957 1536.6 1739.7 1.8501 1535.4 1738.2 1.8324
1600 2.4430 1629.4 1855.4 1.9291 2.0340 1628.4 1854.2 1.9085 1627.5 1853.1 1.8911
1800 2.6856 1724.2 1972.7 1.9834 2.2369 1723.4 1971.8 1.9630 1722.7 1970.9 1.9457
2000 2.9271 1822.3 2093.1 2.0345 2.4387 1821.7 2092.4 2.0141 1821.0 2091.7 1.9969

P = 800 psia (518.27°F) P = 1000 psia (544.65°F)  P = 1250 psia (572.45°F)

Sat. 0.56920 1115.0 1199.3 1.4162 0.44604 1110.1 1192.6 1.3906 1102.0 1181.9 1.3623
550 0.61586 1139.4 1230.5 1.4476 0.45375 1115.2 1199.2 1.3972
600 0.67799 1170.5 1270.9 1.4866 0.51431 1154.1 1249.3 1.4457 1129.5 1217.2 1.3961
650 0.73279 1197.6 1306.0 1.5191 0.56411 1185.1 1289.5 1.4827 1167.5 1266.3 1.4414
700 0.78330 1222.4 1338.4 1.5476 0.60844 1212.4 1325.0 1.5140 1198.7 1306.8 1.4771
750 0.83102 1246.0 1369.1 1.5735 0.64944 1237.6 1357.8 1.5418 1226.4 1342.9 1.5076
800 0.87678 1268.9 1398.7 1.5975 0.68821 1261.7 1389.0 1.5670 1252.2 1376.4 1.5347
900 0.96434 1313.3 1456.0 1.6413 0.76136 1307.7 1448.6 1.6126 1300.5 1439.0 1.5826

1000 1.04841 1357.0 1512.2 1.6812 0.83078 1352.5 1506.2 1.6535 1346.7 1498.6 1.6249
1100 1.13024 1400.7 1568.0 1.7181 0.89783 1396.9 1563.1 1.6911 1392.2 1556.8 1.6635
1200 1.21051 1444.6 1623.8 1.7528 0.96327 1441.4 1619.7 1.7263 1437.4 1614.5 1.6993
1400 1.36797 1534.2 1736.7 1.8170 1.09101 1531.8 1733.7 1.7911 1528.7 1729.8 1.7649
1600 1.52283 1626.5 1851.9 1.8759 1.21610 1624.6 1849.6 1.8504 1622.2 1846.7 1.8246
1800 1.67606 1721.9 1970.0 1.9306 1.33956 1720.3 1968.2 1.9053 1718.4 1966.0 1.8799
2000 1.82823 1820.4 2091.0 1.9819 1.46194 1819.1 2089.6 1.9568

1.0324

1.1233
1.2152
1.3001
1.3807
1.4584
1.6080
1.7526
1.8942
2.1718
2.4450
2.7157
2.9847
3.2527

0.65589

0.72799
0.79332
0.85242
0.90769
1.01125
1.10921
1.20381
1.29621
1.38709
1.56580
1.74192
1.91643
2.08987

0.34549

0.37894
0.42703
0.46735
0.50344
0.53687
0.59876
0.65656
0.71184
0.76545
0.86944
0.97072
1.07036
1.16892 1817.5 2087.9 1.9315

Superheated Water (Continued)
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P = 1500 psia (596.26°F) P = 1750 psia (617.17°F) P = 2000 psia (635.85°F)

Sat. 0.27695 1092.1 1169.0 1.3362 0.22681 1080.5 1153.9 1.3112 0.18815 1066.8 1136.4 1.2863
600 0.28189 1097.2 1175.4 1.3423
650 0.33310 1147.2 1239.7 1.4016 0.26292 1122.8 1207.9 1.3607 0.20586 1091.4 1167.6 1.3146
700 0.37198 1183.6 1286.9 1.4433 0.30252 1166.8 1264.7 1.4108 0.24894 1147.6 1239.8 1.3783
750 0.40535 1214.4 1326.9 1.4771 0.33455 1201.5 1309.8 1.4489 0.28074 1187.4 1291.3 1.4218
800 0.43550 1242.2 1363.1 1.5064 0.36266 1231.7 1349.1 1.4807 0.30763 1220.5 1334.3 1.4567
850 0.46356 1268.2 1396.9 1.5328 0.38835 1259.3 1385.1 1.5088 0.33169 1250.0 1372.8 1.4867
900 0.49015 1293.1 1429.2 1.5569 0.41238 1285.4 1419.0 1.5341 0.35390 1277.5 1408.5 1.5134

1000 0.54031 1340.9 1490.8 1.6007 0.45719 1334.9 1482.9 1.5796 0.39479 1328.7 1474.9 1.5606
1100 0.58781 1387.3 1550.5 1.6402 0.49917 1382.4 1544.1 1.6201 0.43266 1377.5 1537.6 1.6021
1200 0.63355 1433.3 1609.2 1.6767 0.53932 1429.2 1603.9 1.6572 0.46864 1425.1 1598.5 1.6400
1400 0.72172 1525.7 1726.0 1.7432 0.61621 1522.6 1722.1 1.7245 0.53708 1519.5 1718.3 1.7081
1600 0.80714 1619.8 1843.8 1.8033 0.69031 1617.4 1840.9 1.7852 0.60269 1615.0 1838.0 1.7693
1800 0.89090 1716.4 1963.7 1.8589 0.76273 1714.5 1961.5 1.8410 0.66660 1712.5 1959.2 1.8255
2000 0.97358 1815.9 2086.1 1.9108 0.83406 1814.2 2084.3 1.8931 0.72942 1812.6 2082.6 1.8778

P = 2500 psia (668.17°F) P = 3000 psia (695.41°F) P = 3500 psia

Sat. 0.13076 1031.2 1091.7 1.2330 0.08460 969.8 1016.8 1.1587
650 0.02492 663.7 679.9 0.8632
700 0.16849 1098.4 1176.3 1.3072 0.09838 1005.3 1059.9 1.1960 0.03065 760.0 779.9 0.9511
750 0.20327 1154.9 1249.0 1.3686 0.14840 1114.1 1196.5 1.3118 0.10460 1057.6 1125.4 1.2434
800 0.22949 1195.9 1302.0 1.4116 0.17601 1167.5 1265.3 1.3676 0.13639 1134.3 1222.6 1.3224
850 0.25174 1230.1 1346.6 1.4463 0.19771 1208.2 1317.9 1.4086 0.15847 1183.8 1286.5 1.3721
900 0.27165 1260.7 1386.4 1.4761 0.21640 1242.8 1362.9 1.4423 0.17659 1223.4 1337.8 1.4106
950 0.29001 1289.1 1423.3 1.5028 0.23321 1273.9 1403.3 1.4716 0.19245 1257.8 1382.4 1.4428

1000 0.30726 1316.1 1458.2 1.5271 0.24876 1302.8 1440.9 1.4978 0.20687 1289.0 1423.0 1.4711
1100 0.33949 1367.3 1524.4 1.5710 0.27732 1356.8 1510.8 1.5441 0.23289 1346.1 1496.9 1.5201
1200 0.36966 1416.6 1587.6 1.6103 0.30367 1408.0 1576.6 1.5850 0.25654 1399.3 1565.4 1.5627
1400 0.42631 1513.3 1710.5 1.6802 0.35249 1507.0 1702.7 1.6567 0.29978 1500.7 1694.8 1.6364
1600 0.48004 1610.1 1832.2 1.7424 0.39830 1605.3 1826.4 1.7199 0.33994 1600.4 1820.5 1.7006
1800 0.53205 1708.6 1954.8 1.7991 0.44237 1704.7 1950.3 1.7773 0.37833 1700.8 1945.8 1.7586
2000 0.58295 1809.4 2079.1 1.8518 0.48532 1806.1 2075.6 1.8304 0.41561 1802.9 2072.1 1.8121

P = 4000 psia P = 5000 psia P = 6000 psia

650 0.02448 657.9 676.1 0.8577 0.02379 648.3 670.3 0.8485 0.02325 640.3 666.1 0.8408
700 0.02871 742.3 763.6 0.9347 0.02678 721.8 746.6 0.9156 0.02564 708.1 736.5 0.9028
750 0.06370 962.1 1009.2 1.1410 0.03373 821.8 853.0 1.0054 0.02981 788.7 821.8 0.9747
800 0.10520 1094.2 1172.1 1.2734 0.05937 986.9 1041.8 1.1581 0.03949 897.1 941.0 1.0711
850 0.12848 1156.7 1251.8 1.3355 0.08551 1092.4 1171.5 1.2593 0.05815 1018.6 1083.1 1.1819
900 0.14647 1202.5 1310.9 1.3799 0.10390 1155.9 1252.1 1.3198 0.07584 1103.5 1187.7 1.2603
950 0.16176 1240.7 1360.5 1.4157 0.11863 1203.9 1313.6 1.3643 0.09010 1163.7 1263.7 1.3153

1000 0.17538 1274.6 1404.4 1.4463 0.13128 1244.0 1365.5 1.4004 0.10208 1211.4 1324.7 1.3578
1100 0.19957 1335.1 1482.8 1.4983 0.15298 1312.2 1453.8 1.4590 0.12211 1288.4 1424.0 1.4237
1200 0.22121 1390.3 1554.1 1.5426 0.17185 1372.1 1531.1 1.5070 0.13911 1353.4 1507.8 1.4758
1300 0.24128 1443.0 1621.6 1.5821 0.18902 1427.8 1602.7 1.5490 0.15434 1412.5 1583.8 1.5203
1400 0.26028 1494.3 1687.0 1.6182 0.20508 1481.4 1671.1 1.5868 0.16841 1468.4 1655.4 1.5598
1600 0.29620 1595.5 1814.7 1.6835 0.23505 1585.6 1803.1 1.6542 0.19438 1575.7 1791.5 1.6294
1800 0.33033 1696.8 1941.4 1.7422 0.26320 1689.0 1932.5 1.7142 0.21853 1681.1 1923.7 1.6907
2000 0.36335 1799.7 2068.6 1.7961 0.29023 1793.2 2061.7 1.7689 0.24155 1786.7 2054.9 1.7463

Superheated Water (Continued)
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Ideal-Gas Properties of Air

T
R

u
Btu/
lbm

s°
Btu/
lbm · RPr

vr

360 85.97 0.3363 61.29 396.6 0.50369

286.06 8.263

380 90.75 0.4061 64.70 346.6 0.51663

296.03 7.556

400 95.53 0.4858 68.11 305.0 0.52890

306.06 6.924

420 100.32 0.5760 71.52 270.1 0.54058

316.16 6.357

440 105.11 0.6776 74.93 240.6 0.55172

1600
1650
1700

1750
1800

395.74
409.13
422.59

436.12
449.71

71.13
80.89
90.95

101.98
114.0 326.32 5.847

460 109.90 0.7913 78.36 215.33 0.56235
480 114.69 0.9182 81.77 193.65 0.57255
500 119.48 1.0590 85.20 174.90 0.58233
520 124.27 1.2147 88.62 158.58 0.59173
537 128.10 1.3593 91.53 146.34 0.59945
540 129.06 1.3860 92.04 144.32 0.60078

560 133.86 1.5742 95.47 131.78 0.60950
580 138.66 1.7800 98.90 120.70 0.61793
600 143.47 2.005 102.34 110.88 0.62607
620 148.28 2.249 105.78 102.12 0.63395
640 153.09 2.514 109.21 94.30 0.64159

660 157.92 2.801 112.67 87.27 0.64902
680 162.73 3.111 116.12 80.96 0.65621
700 167.56 3.446 119.58 75.25 0.66321
720 172.39 3.806 123.04 70.07 0.67002
740 177.23 4.193 126.51 65.38 0.67665

760 182.08 4.607 129.99 61.10 0.68312
780 186.94 5.051 133.47 57.20 0.68942
800 191.81 5.526 136.97 53.63 0.69558
820 196.69 6.033 140.47 50.35 0.70160
840 201.56 6.573 143.98 47.34 0.70747

860 206.46 7.149 147.50 44.57 0.71323
880 211.35 7.761 151.02 42.01 0.71886
900 216.26 8.411 154.57 39.64 0.72438
920 221.18 9.102 158.12 37.44 0.72979
940 226.11 9.834 161.68 35.41 0.73509

960 231.06 10.61 165.26 33.52 0.74030
980 236.02 11.43 168.83 31.76 0.74540

1000 240.98 12.30 172.43 30.12 0.75042
1040 250.95 14.18 179.66 27.17 0.76019
1080 260.97 16.28 186.93 24.58 0.76964

1120 271.03 18.60 194.25 22.30 0.77880
1160 281.14 21.18 201.63 20.29 0.78767
1200 291.30 24.01 209.05 18.51 0.79628
1240 301.52 27.13 216.53 16.93 0.80466
1280 311.79 30.55 224.05 15.52 0.81280

1320 322.11 34.31 231.63 14.25 0.82075
1360 332.48 38.41 239.25 13.12 0.82848
1400 342.90 42.88 246.93 12.10 0.83604
1440 353.37 47.75 254.66 11.17 0.84341
1480 363.89 53.04 262.44 10.34 0.85062

1520 374.47 58.78 270.26 9.578 0.85767
1560 385.08 65.00 278.13 8.890 0.86456

0.87130
0.87954
0.88758

0.89542
0.90308

1850 463.37 127.2 336.55 5.388
1900 477.09 141.5 346.85 4.974
1950 490.88 157.1 357.20 4.598
2000 504.71 174.0 367.61 4.258
2050 518.71 192.3 378.08 3.949
2100 532.55 212.1 388.60 3.667
2150 546.54 223.5 399.17 3.410
2200 560.59 256.6 409.78 3.176
2250 574.69 281.4 420.46 2.961
2300 588.82 308.1 431.16 2.765
2350 603.00 336.8 441.91 2.585

0.91056
0.91788
0.92504
0.93205
0.93891
0.94564
0.95222
0.95919
0.96501
0.97123
0.97732

2400 617.22 367.6 452.70 2.419
2450 631.48 400.5 463.54 2.266
2500 645.78 435.7 474.40 2.125
2550 660.12 473.3 485.31 1.996
2600 674.49 513.5 496.26 1.876

0.98331
0.98919
0.99497
1.00064
1.00623

2650 688.90 556.3 507.25 1.765
2700 703.35 601.9 518.26 1.662
2750 717.83 650.4 529.31 1.566
2800 732.33 702.0 540.40 1.478
2850 746.88 756.7 551.52 1.395

1.01172
1.01712
1.02244
1.02767
1.03282

2900 761.45 814.8 562.66 1.318
2950 776.05 876.4 573.84 1.247
3000 790.68 941.4 585.04 1.180
3050 805.34 1011 596.28 1.118
3100 820.03 1083 607.53 1.060

1.03788
1.04288
1.04779
1.05264
1.05741

3150 834.75 1161 618.82 1.006
3200 849.48 1242 630.12 0.955
3250 864.24 1328 641.46 0.907
3300 879.02 1418 652.81 0.8621
3350 893.83 1513 664.20 0.8202

1.06212
1.06676
1.07134
1.07585
1.08031

3400 908.66 1613 675.60 0.7807
3450 923.52 1719 687.04 0.7436
3500 938.40 1829 698.48 0.7087
3550 953.30 1946 709.95 0.6759
3600 968.21 2068 721.44 0.6449

1.08470
1.08904
1.09332
1.09755
1.10172

3650 983.15 2196 732.95 0.6157
3700 998.11 2330 744.48 0.5882
3750 1013.1 2471 756.04 0.5621
3800 1028.1 2618 767.60 0.5376
3850 1043.1 2773 779.19 0.5143

1.10584
1.10991
1.11393
1.11791
1.12183

3900 1058.1 2934 790.80 0.4923
3950 1073.2 3103 802.43 0.4715

1.12571
1.12955

h
Btu/
lbm

T
R

u
Btu/
lbm

s°
Btu/
lbm · RPr

vr

h
Btu/
lbm

814.06 0.4518 1.13334
825.72 0.4331 1.13709
837.40 0.4154 1.14079

907.81 0.3262 1.16221

4000
4050
4100

4400
4500

1088.3
1103.4
1118.5

1209.4
1239.9

3280
3464
3656

849.09 0.3985 1.14446
860.81 0.3826 1.14809
884.28 0.3529 1.15522

4150
4200
4300

1133.6
1148.7
1179.0

3858
4067
4513
4997
5521 931.39 0.3019 1.16905

4600 1270.4 6089 955.04 0.2799 1.17575
4700 1300.9 6701 978.73 0.2598 1.18232
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4800 1331.5 7362 1002.5 0.2415 1.18876
4900 1362.2 8073 1026.3 0.2248 1.19508
5000 1392.9 8837 1050.1 0.2096 1.20129

5100 1423.6 9658 1074.0 0.1956 1.20738
5200 1454.4 10,539 1098.0 0.1828 1.21336
5300 1485.3 11,481 1122.0 0.1710 1.21923

Ideal-Gas Properties of Air (Continued)

Note: The properties Pr (relative pressure) and vr (relative specific volume) are dimensionless quantities used in the analysis of isentropic 
processes, and should not be confused with the properties pressure and specific volume.
Source: Kenneth Wark, Thermodynamics, 4th ed. (New York: McGraw-Hill, 1983), pp. 832–833, Table A–5. Originally published in J. H. Keenan 
and J. Kaye, Gas Tables (New York: John Wiley & Sons, 1948).
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10-kW Excel turbines, 334

A
A (amperes), 17
absorber plates, 284–285, 291–292
absorption, carbon dioxide, 172
absorption coefficients, PV cell, 254
absorption-regeneration cycle, CO2, 172–173
absorption-separation process, CO2, 172–173
ACC (annual capital cost), 65
acceleration, maximum, 381–382, 384
Accords, Honda, 395–396
active solar heating systems, 282–306

f-charts
for system analysis, 296–300
for system design, 300–305

heat exchangers, 294–295, 305–306
solar collectors

concentrating, 287–291
evacuated-tube, 286–287
flat-plate, 282–286, 291–294
matching array to heat exchanger, 305–306

thermal storages, 294–295
actual losses, fuel cells, 413
actuator disks, 350–352
acute leakage of sequestered CO2, 179–180
adsorption, 172
adult literacy index (ALI), 7–8
advance ratio, 353–354
advanced gas-cooled reactors (AGRs), 206
advanced pressurized water reactors (APWRs), 206
advisory positions in local governments, 487
afforestation, 167
AFVs (alternative fuel vehicles), 374, 379–380
agricultural wastes in biofuel production, 406–407
AGRs (advanced gas-cooled reactors), 206
air leaks, window, 315
air mass number, 227–228, 230
air quality problems, 219
air solar collectors, 283–284, 297–300, 328
air transportation, 425, 431–432, 459
airfoil shapes, 357
albedo, 86–87
ALI (adult literacy index), 7–8
alternative endpoints, 470–472
alternative fission, 205–208

alternative fuel vehicles (AFVs), 374, 379–380
alternative propulsion platforms and fuels, 380–417

battery-electric vehicles, 386–391
biofuels, 399–407

biodiesel, 403–405
ethanol, 402–403
future prospects, 405–407
overview, 399–401

defined, 374
hybrid vehicles, 391–399

comparing to other propulsion alternatives, 396–397
fuel economy advantage, 395–396
overview, 391–394
plug-in, 397–399

hydrogen fuel cells, 407–415
actual losses and efficiency, 413
advantages and disadvantages, 414–415
function and measurement of efficiency, 409–412
implementing in vehicles, 413–414
overview, 407–409

vehicle design considerations, 380–386
criteria for measuring performance, 380–385
improving conventional efficiency, 385–386
overview, 380

well-to-wheel analysis, 415–417
alternative reactor designs, 205–206
alternative resources

conserving existing resources versus shifting to, 24–25
fossil fuel, 118–122

alternative turbines, 337
altitude, solar, 230, 235, 238
American Society of Heating, Refrigerating, and 

Air-conditioning Engineers (ASHRAE), 292
amorphous cells, 251
amperes (A), 17
angles of attack, 353–354, 358
annual capital cost (ACC), 65
annual net change in forests, 167
annual value equation, 66
annual worth, 67
annuities, 64, 66
anthropogenic GHGs, 78
antifreeze, 283
apparel energy consumption values, 438
appliances, energy efficient, 275
APWRs (advanced pressurized water reactors), 206
aquifers, saline, 176–179, 187

Index

517
Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use. 



518 I n d e x

argon in windows, 315
articulated trucks, 430
ASHRAE (American Society of Heating, Refrigerating, 

and Air-conditioning Engineers), 292
asymptotic growth, 40–42
Atkinson cycle, 395
atmosphere, CO2 flows in, 79–82
atmospheric diffusion of sunlight, 241
atmospheric transmittance, 232–233
atomic mass A, 193–194
atomic number Z, 193
Audi A2 cars, 391, 396–397
automobiles. See transportation energy 

technologies; vehicles
availability

biofuel, 400
energy system endpoint, 470–471
plant, 152

average lengths of trips or shipment, 449
Avogadro’s number, 168
awnings, 326
axial induction factor, 351
azimuth angles, 235

B
B20 biodiesel, 404
backstop technology, 160
balance of cost, 153
bandgap energy, 253
bandgap wavelength, 253
Bangladesh, energy consumption in, 16
bannwald, 171
barrel measurements, 19–20
base temperatures, HDD, 309–311
baseline energy production scenario, 476–479
batteries

charge density, 388–390
charging, 395
infrastructure for, 377
plug-in hybrids, 398–399
PV system, 261, 263, 271

battery-electric vehicles (EVs), 375, 386–391, 444, 459
bell-shaped curves, 114
benefits, direct and external, 69–70
Bergey 50-kW turbines, 334
Bernoulli’s law, 351–352
Bernoulli equation, 324
beta particles, 198
Betz limit, 350–352
bicycles, 444–445
binding energy, 194–196
bins, wind speed, 337, 340, 367
bio-derived synthetic diesel, 403
biofuels, 399–407

biodiesel, 71, 403–405
conversion of, 126–127
ethanol, 402–403
future prospects, 405–407
history of, 2
long-distance use, 459
overview, 399–401

biogenic GHGs, 78
black-body radiation, 86–89

blades, wind turbine. See wind turbine blades
BLC (building load coefficient), 316
“Boats in the Rising Tide” story, 37
boilers, 125, 137
boiling water reactors (BWRs), 200
Boltzmann’s constant, 196
Bombardier Flexity Light-Rail Transit (LRT) vehicle, 440
Brayton gas cycle, 133–137
breakeven points, 64
breeder reactors, 207
bridge technology, 160
British Thermal Units (BTUs), 4–6, 23
BRT (bus rapid transit) systems, 441–442
Brundtland report, 25–26
BTUs (British Thermal Units), 4–6, 23
building load coefficient (BLC), 316
buildings

direct gain solar, 311–312
insulation, 307–308, 312–313, 320–323
passive solar heating, 307
PV systems on, 274
Trombe wall solar, 312–313

built infrastructure systems, 28
bus rapid transit (BRT) systems, 441–442
buses, fuel cells in, 408–409
BWRs (boiling water reactors), 200

C
California, wind power in, 73
Cameroon, Lake Nyos disaster in, 179
CANadian Deuterium Uranium (CANDU) 

reactor, 206
capacity factors, 154, 348
capital cost, 153
capital recovery factor (CRF), 64
caprock layers, 176–177
Capstone microturbines, 150
carbon capture and sequestration (CCS), 159. See also

carbon sequestration
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