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Preface

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 CO, 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

I I The goal of this book is to provide both professional engineers as well as engineering

XV
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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 CO, 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 CO, 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.



Preface

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
CQO, 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.
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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 CO, 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

1
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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,
therailroad, 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
atCannae, to the east of modern day Naples on the Italian peninsula, in the year 216 BC.! 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 x 10° W, and at the Great Wall at approximately 2.1 x 107 W.2
By comparison, a modern fossil- or nuclear-fired power plant in China, Italy, or any other
industrial country can deliver 5 x 10° 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 x 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 x 10" 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

IThis 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.

“Note 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.

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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Ficure 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 x 10*° J or 2.37 x 10*¢ BTU, and
per capita energy use was 1.98 x 10%° 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.)

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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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 x 10° ] /person (4.1 million BTU/person) for
Bangladesh, versus 9.5 x 10" 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

Energy GDP

Country Population Energy(10* J) (quadrillion BTU) (billion USS)
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
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Fieure 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, figures 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.)

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),’ and is an average of the following three general indices
for life expectancy, education, and GDP per capita:

Life expectancy index = (LE- 25)/(85 - 25) (1-1)
Education index = 2/3(ALI) + 1/3(CGER) (1-2)
CGER = 1/3(GER Prim + GERSecond + GERTert)) (1-3)

. _ [log(GDPpc) — log(100)]
GDPindex =0 40000) — Tog(100)]

(1-4)

°In 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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Ficure 1-3 Human development index as a function of per capita energy consumption in GJ
per person for selected countries, 2004.

In Egs. (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),* 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 x 10" J/capita or 21.0 million BTU/capita, whereas for Canada, the corresponding
values are 0.950, 4.7 x 10", 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 x 10" J/capita (612 million BTU/capita) but having an HDI value of
0.859, which is somewhat lower than that of Canada.

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 x 10 ] to over 4 x 10% 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 x 10v ]
(8.6 x10"BTU) in both 1980 and 2004 (Energy Information Agency, 2006). Such countries

*‘For 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 x 10 J (2.1 x 10%
BTU) versus 2.5 x 10%* ] (2.4 x 10 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

500
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Ficure 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

120
_ 100
5
[-°]
3
= 807 —8— United States
c
_g —o— Europe
o X )
g 60 —¥— China
g —4&— Japan
> 40 —%—India
2
]
[=
i

ZO-M

o+—+—F—7—7"—"7"—"—TTTTTT—T—TTTT—T—T—T—TT7T

Q v ™ © o) Q 42 g © Se) Q Q >
o) o) ol o) o) ) ) %) %) *) \) Q Q
FLFLF FF P PP P D S S S

Ficure 1-5 Comparison of select countries total energy consumption, 1980-2004. (Source of
data: U.S. Energy Information Agency (2006).)
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energy consumption in China by some 1.8 x 10" ] (1.7 x 10" 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 x 10 J/person (45 million
BTU/person), compared to 3.6 x 10" 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)® 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,® 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 19962004, 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.

The 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.

®Caveat: 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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Ficure 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 efficiency in some cases, as happened with the phasing out of the use of
inefficient 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 002 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 CO,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
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emerging countries for the first time emitted the majority of the CO,. Another way of
saying this is that the industrial countries emit less CO, per unit of energy consumed
(63 kg/10%], versus 69 kg/10°] 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-CO, and zero-CO, energy
resources.

At the worldwide level, emissions of CO, 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 CO, per capita have also declined since 1980, after doubling between 1950
and 1980,” 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
CO, emissions in the short to medium term. First, while the value of CO, 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 CO, emissions will climb with
them. In addition, since 2002 there has been a slight upturn in CO, emissions per unit of
energy, perhaps connected to changing conditions in emerging countries such as China.
If this trend were to continue, total CO, emissions might in fact accelerate.

1-4-3 Observations about Energy Use and CO, Emissions Trends

Two observations round out the discussion of energy and CO,. 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 CO, 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 CO, 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 CO, 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 CO, 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 CO, to the atmosphere, using sources that we already

’See Marland, et al. (2003): ~0.64 metric tonnes in 1950, 1.23 t in 1980, 1.03 t in 2000.
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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
CO, 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 CO, 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 HD], 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.

15
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1-5

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 x10° ]/ person (4.1 million BTU/person). From Table 1-1, the equivalent value for the
U.S.is 3.9 x 10" 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 x 10" to 1 x 10" 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, CO, 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.

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 x 1 m/sin 1s, that is

1N=1kgm/s? (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

1J=1N-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] of energy per second. Therefore

1W=1]/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:

a wm(%oo%)(l%s) =3600 ] (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 1V, so

1W=1VA (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°) to giga- (10%), 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.

7
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Prefix Symbol Factor Example

Micro- u 106 Microns (used in place of “micrometers”) ~
wavelength of visible light

Milli- m 103 Milliampere ~ current flow from a single
photovoltaic cell

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

Mega- M 108 Megawatt ~ maximum power output of the largest
commercial wind turbines

Giga- G 10° Gigawatthour ~ measure of the annual output
from a typical fossil-fuel-powered electric power
plant

Tera- T 10%2 Terawatt ~ measure of the total rated capacity of all

power plants in the world

Peta- P 10 Petajoule ~ measure of all the energy used by the
railroads in the United States in 1 year

Exa- E 10 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 fonne in order to distinguish it from U.S. customary units. The tonne is
usually used for orders of magnitude above 10° g and units based on the tonne such as the kilotonne
(1000 tonne, or 10° g), megatonne (10° tonne), and gigatonne (10° 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:

s WA ) AM] ) _ 1-10
1 kWh)(3600 h)(lOOO kw)(l Wj( 10" Jj =3.6MJ (1-10)

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)  7KkWh x 3.6 MJ/kWh =252 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 (Ibm) or ton for mass; the pound force (Ibf) 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 Ib 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 Ibm 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 (10 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 Ib 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 0il 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 heaterin 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.

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 CO, 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, CO,
emissions, population, and GDP and/or HDL. 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:
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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?

¢. 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 R? 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 R?
value for the analysis.

e. Discussion: Based on the R? 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 CO, 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 CO,
per terajoule (T]) 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.

3
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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:
whateveramountof kWh/monthwas previously purchased froma 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 CO, 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 CO, 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 CO, 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.

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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Ficure 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 flows 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).)

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.
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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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Ficure 2-2 System boundaries and function: (a) conventional case, (b) case with DSM.

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

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.

33



34

Chapter Two

Modal
shifting
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Rail bulk
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Rail overall boundary

Ficure 2-4 Two views of modal shifting of freight: (a) rail treated as uniform system, (b) rail
divided into two subsystems.

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.



Systems Tools for Energy Systems

T

Increasing
predictive
power

Model

Scenario

Story

Y
>
Increasing data requirements —»

Ficure 2-5 Predictive ability versus data requirements for stories, scenarios, and models.

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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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 CO, 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.

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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Ficure 2-6 Currency model of energy conversion.

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

Energy Conversion Service (typical
Resource Technology Currency Service Technology | example)
Coal Power plant Electricity Washing machine Washing clothes
Crude oil Refinery Gasoline Car with internal Transportation
combustion engine
Natural gas Steam reforming Hydrogen Car with hydrogen Transportation
plant fuel cell stack

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 2 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 2 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 451
1970 67.8
1980 78.1
1990 84.7
2000 99.0

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

The value of the squared error term (ERR)? in each year is
(ERR) = [E,,,, (year) - E,, (year)P

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

E_,(1970) = 10.07- exp(0.02636(1970 — 1900)) = 63.7
(ERR) =[67.8 - 63.7] =17.0
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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)A2
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,
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Ficure 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:

ap, (2-2)
bpﬂ + (a - bijﬂ )e(ia[/X)

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 ¢,
and a4, 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 ¢.

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 a2 and b be the start and end times of the transition to be modeled. The tri-
angle function then has the following form:

(t)_z(t—a)z £ a<t<a+b
PO=23"2 -T2

(2-3)

b—tT g atb

p(t)zl—Z(b_a 5 <t<b

For times less than g, 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 2 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 2 = b = 1. In 1980, or year t = 0, the value of pis p, =5 x 10°/1 x 10°=5 x
1073. We are given that in 1981, p(1) = 2 x 10*/1 x 10°= 2 x 10"% We can therefore solve the
following equation for x:

- Po -
PO e~

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,  =01in 1980, f =11in 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))> 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 (a2 =0, b = 7) would have a more similar shape to
the logistics function.
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Ficure 2-8 Projection of influx 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.

+ CO, emissions
from heating

CO, emissions
from cooling

Carbon
concentration

Average
temperature

Energy required

Energy required
for heating

for cooling

Ficure 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 CO, from the
combustion of fossil fuels in furnaces, boilers, and the like, so the loop is balancing. On
the right, increased CO, increases the need for the use of air conditioning, which further
increases CO, 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 CO, concentration in the atmo-
sphere; more factors would be required to give a complete assessment of the expected
direction of CO, 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
CO, 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 CO, 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 CO, 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
CO, emissions to Target
atmosphere from amount CO,
energy production emissions

Delay ';BD

Extent of policies
that reduce CO,
emissions to
atmosphere from
energy

Discrepancy

Ficure 2-10 Causal loop diagram incorporating a goal, a discrepancy, and a delay: the
relationship between CO, 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 CO, 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 CO, 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:

o =S (2]

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 CO,/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 CO, in the equation can be interpreted as CO, emitted to
the atmosphere, so as to exclude CO, 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 CO, 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 CO, emissions or keep them at current
levels. As shown in Table 2-2, values for five of the major players in determining global

P GDP/P E/GDP CO,/E co,
(million) | ($1000/person) | (GJ/$1000GDP) | (tonnes/GJ) | (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
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CO, 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 CO, 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 CO, emissions, changes
must be made in either E/GDP, or CO,/E, or both. As for Germany, Japan, and United
States, their values for E/GDP and CO, /E are low relative to China and India, but because
their GDP/P values are high, they have high overall CO, 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 CO, 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 CO, 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 CO, 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 CO, 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:

e 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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o 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

LY
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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 Energy consumed in management of production/distribution
“overhead” system (office space)

for system Energy consumed in retail space for retail sale of individual
management products

Infrastructure Construction of key components in energy system (power plants,

construction and
maintenance

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; = chx,.c Vi (2-5)

Here score, is the total score for the alternative in dimensionless units, w_is the
weight of criterion c relative to other criteria, and x, 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 CO, 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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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

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 score, 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 x, x,,...x, 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 x, for example, if the ith power plant can not produce more
than a certain amount of power b, in a given time period, this might be written x, < b..
Then the entire optimization problem can be written
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n
Minimize Z =Y cx,
i=1

subject to

in >a (2-6)

x, <b,Vi

x, 20,Vi

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 c, are the cost coefficients associated with each decision variable x,.
For example, if the objective is to minimize expenditures, then cost parameters with
units of “cost per unit of x,” 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 c, might represent the profits
per unit of production from each plant. Also, the nonnegativity constraint x, > 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, c, = $15,000/ GWh and
¢, =$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 specific parameters of the problem as follows:

Minimize Z = 15000x, + 30000x,
subject to

x, <6

x, <4

X +x,28

xX,,x,20

81



52 Chapter Two

A
N +
X
+
ol N
@
=N\ (4, 4)
B e
X2 “N\ "’QQI
® 2)| 0.7*7 - 18
. ..Q 7
\ 0
A
0 x1 6

Ficure 2-11  Graphical representation of allocation of power production to plant 1 and plant 2.

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 x, and x, on the respective axes, as shown in Fig.2-11. The
constraint x, + x, > 8 is superimposed on the graph as well, and only combinations of x, and x,
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 x, and x, 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 c x, + c,x, = $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
(x,=6,x,=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 (x, =4, x,=4) in this example. The algorithm
might detect that there were two search directions from this point, either along the curve x, + x,=8 or
the curve x, = 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 x, =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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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 1 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.!)

'For 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 E, be the total energy consumption in a given time period ¢.
The relationship of E, to A, is then the following;:

E = (E)t-A, =e,-A (2-7)

Here ¢, is the intensity, measured in units of energy consumption per unit of activity.
We can now divide the aggregate energy intensity and energy use into the different

contributors i from 1 to n:
E " (E
o=(5) =35 3] e -

i=

o TR

i=

We have now divided overall intensity into the intensity of contributors e,, and also
defined the share of contributor i in period ¢ as s,, which is measured in units of (activity
allocated to i in period f)/(total activity in ¢).

Next, we consider the effect of changes in intensity and share between periods f -1
and t. By the product rule of differential calculus, we can differentiate the right-hand
side of Eq. (2-8):

de

a3l ()] =

The differential in Eq. (2-10) can be replaced with the approximation of the change
occurring at time ¢, written Ae, /At, which gives the following:

de,
Ae, = Atﬁ

-3 oS

= Z[(AE”)SI-[ + (Asit)ei[] (2-11)
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The change in contributors’ intensity and share is now rewritten as the difference in
value between periods f — 1 and £, and the current intensity and share values are rewrit-
ten as the average between the two periods, giving:

< s, +5,,) e +e, ).
Aet = Z[(et - et—l)i ( : ZH)’ +(St - Sl—l)i %:l
i=1

n

i=1 i=1

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 ¢ — 1 and ¢, 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  (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 x 10?) = 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 ¢, is calculated next using the energy consumption and activity data in the first
table, and the share s, 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:

e, S, (e,—e,_,) | (s,—s,_,), | (e,+e_,)/2]| (s,+s, ,)/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:

e, S, (e,.—e _,) | (s,—s,_,) | (e,+e ,) /2| (s,+s,,)/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: (4 x 107 unit)(~1.673 kWh/unit)(10°*GWh/kWh) = —66.9 GWh
Year 2005: (4.08 x 107 unit)(—2.29 kWh/unit)(10°*GWh/kWh) = ~93.4 GWh
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Fieure 2-12 Difference between actual and trended energy consumption based on Divisia
analysis.

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 CO, emissions, with activity measured
in kWh generated, and CO, 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.

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 CO, 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. Itis 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 E]J 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?

¢. From data introduced earlier, it can be seen that the world reached the 37 E]/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 kg/unit 1000 890 0.15
resource
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
changing 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 Producer Price Consumer Price

Index (CPI), U.S. Index (PPI), U.S. 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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CPIvalues 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:

104.5
$17,000 (94—7J =$18,763

104.5
$28,000 (m) =$24,986

1998 dollars x (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.!

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.

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.

'For 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:

o 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.

e [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.

e 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,® 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

ACC
= — 3'1
CRF = 1rv (3-1)

*The 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 - % (3-2)

In the United States, the Electric Power Research Institute (EPRI) recommends a
maximum CREF 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:

o 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.

Salvage: $500

T

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

Years

Investment:
$10,0000

Fieure 3-1 Example of cash flow 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 7, 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(1+i)" C)

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

L @+ -1 3-4
P=A i(1+0)N (5-4)
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

po A+ -1 (3-5)

1

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 + 7)Y, 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
(1+0.07)"° -1

F =$100,000 0.07

= $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 x ($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 x ($400,000) + 0.295 x ($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 Egs. (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:

A (3-6)
PW = 2; 1+i)

Here A 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.

Capital Expense Discounted Cumulative
or Revenue Annuity Net Flow Net Flow NPV
Year (x $1000) (x $1000) (x $1000) (x $1000) (X $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
ete. etc. ete. etc. ete. 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.

NPV (million dollars)
Lok

Year (n)

Ficure 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 = fotal annual cost (in units of kWh) (3-7)
annual output

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 ROl 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 ROl 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 x 10%)(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 SO, (sulfur dioxide) emissions reduction credits in the market-
place, and this approach is seen as a possible model for reducing CO, emissions in the
future.

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:

e 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.
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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.

o 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. Arebate 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 x 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 x 1.8 x 10° 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.

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.

3
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Exercises

1. Apower 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. Anelectric 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. Anenergy 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
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5. Aninterestbuydown 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.”? 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.”?

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.

'Speaking in Glasgow, Scotland, May 16, 2006.
*Speaking in British Parliament, Oct. 26, 2006.

Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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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 CO, emissions process.
Unlike air pollutants such as nitrogen oxide (NOx), CO, cannot be converted into a
more benign by-product using a catalytic converter in an exhaust stream. Also, due to
the volume of CO, 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 CO,,
in the form of carbon sequestration systems; see Chap. 7). At the same time, CO, 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 CO, 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 CO,, 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 (CH,), nitrous oxide (N,0),
and various human-manufactured chlorofluorocarbons (CFCs). While the contribution
to the greenhouse effect of these other GHGs per molecule is greater than that of CO,,
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 CO, into and out of the atmosphere,
we find that both short-term and long-term cycles are at work (see Fig. 4-1). The collection
of plants and animals living on the surface of the earth exchange CO, 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 CO, emissions due to combustion.
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Ficure 4-1 Flows of carbon between human activity, atmosphere, land-based plant life, and
oceans, in 10°tonnes CO,.

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 CO, 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 X 107 Gt total in the crust, but may potentially lead to
a doubling of atmospheric CO, 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 CO, 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 (10° tonnes) concentration of CO, 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 CO, 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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Ficure 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).

in Chap. 1 showed that worldwide emissions increased from 18 to 27 Gt of CO, from 1980
t02004; the latter quantity represents a thirteenfold increase compared to the approximately
2 Gt of emissions in 1900. Amounts of CO, emissions and concentration are sometimes
given in units of gigatonnes of carbon rather than CO,. 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 CO, emissions,
with a lesser, though not negligible, contribution from natural gas.

Historically, it has been known since the nineteenth century that CO, contributes to
warming the surface temperature of the earth, but it took humanity longer to realize
that increasing CO, emissions increases CO, 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 CO,
and water molecules in the atmosphere affects global temperature. In 1896, Arrhenius
presented a hypothetical analysis that showed that a doubling of CO, 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 CO, 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” CO,, and that therefore increased anthropogenic release of CO,
would lead to higher concentration levels in the atmosphere. In 1957, Revelle and Seuss
initiated the measurement of CO, 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
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Laboratories. Reprinted with permission.)
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represented the baseline CO, 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 CO, 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 CO, 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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Ficure 4-5 Variation in mean global temperature from value in 1940, for years 1850-2006.
(Source: Climatic Research Unit, University of East Anglia. Reprinted with permission.)
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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.?

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 CO, in the atmosphere, such as more rapid plant growth.* 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

*Oreskes (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.

‘For 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

Ficure 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.




Climate Change and Climate Modeling

Ficure 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 CO, 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 CO, in the atmosphere, the future path of CO, 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 concentration 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,, =oT* (4-1)

where F is the fluxin W/m?, T is the temperature in kelvin, and s is the Stefan-Boltzmann
constant with value 0=5.67 X 10 W/m?K*.

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 X 107 W/m? using Eq. (4.1). The sun’s diameter is
approximately 7.0 X 10®°m, and the average distance from the center of the sun to
the earth’s orbit is approximately 1.5 X 10" 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

=~1367 W/m?

7.0 x 108 Y’
7 2
6.28 x 10’ W/ m (—1'5 ” 1011)

This value of 1367 W /m? is known as the solar constant, and assigned the variable S,
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 S, are found in the literature, such as S = 1369 W/m? or S = 1372 W/m?. For the
purposes of calculations in this chapter, choice of value of S 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 S, 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 S is across the earth’s cross section,
which has an area of 7R ?, whereas the solar energy is actually falling on the spherical
surface of the earth, which has an area of 47R > Here R, 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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Surface area = 4*n*Rg?

______________

«—— Flux = ~1,367 W/m? Sun

______________

Cross-sectional area = n*Rg?

Ficure 4-8 Schematic of solar constant traveling from sun and striking earth.

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,(1-a)/4=0Tt,, (4-2)

Here o is the albedo; the observed value for earth is & = 0.3. Substituting known
values and solving for T gives

1-a)/ 47"

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 0°C), 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 A represent the wavelength in meters, and ¢
represent the speed of light (approximately 3 X 10°m/s). Recall that A and f are inversely
related, with f = ¢/A. Energy is released in waves as electrons drop to a lower energy
state; the change in energy AE is proportional to f, that is

AE = hf (4-3)

Here h is Planck’s constant, with value h = 6.626 x 10 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 4 will be smaller.
For black bodies such as the earth that have a lower surface temperature, f is smaller
and Ais larger.
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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 A in
units of meters:

C,(A-10°)

e"p((mozé)Tj‘ 1}

FBB()“): |: (4_4)

Here C, =3.742 x 10°* Wm®*/K, C, = 14387 X 10* mK, and F, is given in units of W/m?>
Integrating Eq. (4-4) across all values of A from 0 to 8 for a given temperature T gives
Eq. (4-1). Based on Eq. (4-4), the wavelength at which F,, reaches a maximum A___can also

be expressed as:
A, =2.897 x 10°/T (4-5)
Here A__ is given in units of meters. Example 4-1 illustrates the application of Eq. (4-4)
at different values of A.

Example 4-1 Using a surface temperature value of 288 K, evaluate F, B()L) at )Lmax, and also at A=5um
(5 x 10° m) and 25 um.

Solution Solving for A__ using Eq. (4-5) gives A__ = 1.006 x 10° m. Substituting A = 1.001 x 10° m
and T =288 K into Eq. (4-4) gives

3.742 x 10%(1.006 x 10°-10°)°

o 14387 x 10*
(1.006 x 10°-10°)288

=255 W/m?

F,;(1.006 x 10)=
1

Similarly, F,,(5 X 10 m) = 5.49 W/m?, and F,,(25 X 10 m) = 6.01 W/m?. Comparison of the three
results shows the decline in energy flux away from 4__ . All three points are shown on the graph of
flux as a function of wavelength in Fig. 4-9.

30

(10.06 micron, 25.5w/m2)
o5 .

(5 micron, 5.49w/m?) \‘85 micron, 6.01w/m?)

0 1.00E-05 2.00E-05 3.00E-05 4.00E-05 5.00E-05
Wavelength [m]

n
o

Energy flux [w/m?]
o o

Ficure 4-9 Energy flux 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 H,O or CO,, 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
<A <30 um, compared to diatomic molecules where both atoms are the same, such as O,
and N,, 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 CO, molecule has a peak absorptive capacity in
the range from approximately 12 to 14 ym, which coincides with the peaking of the energy
flux based on the earth’s black-body temperature. H,O has high absorption elsewhere on
the spectrum, including longer wavelengths (>20 ym) and some of the incoming shorter
waves from the sun. The mass percent and contribution to heating of the atmosphere of

Black body
curves

Wave number (cm-)
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Ficure 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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Contribution Wavelength Range for
to Warming Peak Contribution*

Gas Mass Percent (W/m?) (10-°m)

H,0 0.23% ~100 >20

CO, 0.051% ~50 12-14

Other (CH,, N,O, 03, <0.001% for each <2 for each For N,O: 16

CFC11, CFC12, and For CFCs: 11

SO on)

*As shown in Fig. 4-10.

Total atmospheric mass = 5.3 x 10" kg

Note: mass percent and contribution for CO, shown is at 750 Gt mass of carbon in atmosphere (2750
Gt CO,). As CO, 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

H,0, CO,, and other gases is given in Table 4-2. Note that the total contribution of water
to climatic warming is greater than that of CO,. 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 CO,, 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 ym), 100% of the
black-body radiation from the surface of the earth is absorbed. In the range of the 7-20
um peak BB radiation from the planet, however, some fraction of radiation remains
unabsorbed. Therefore, increasing the amount of CO, 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/m? of atmospheric heating provided by H,0 and
CO, 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 H,O and CO, 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 CO, 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:

Fyy = (5.67 X 107)(255)* = 240 W/m?

For the two cases, the value of the temperature is therefore the following;:

240+100 \**

Titso.ony = (5.67 x 10*) =278K
240+50 %

Teo, oy = (5.67 x 10-8) =267K
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Thus water would increase temperature by 23 K by itself, and CO, would increase temperature by
12 K by itself. Note that these values add up to more than the total temperature change AT 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 AT.

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 CO, that have a relatively low value of contribution
to warming given in the table. Two gases in particular, CH, and N,O, have very high
energy trapping potential per molecule compared to CO,, 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 CO,, 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 T, and the earth’s
surface is considered to have uniform average temperature T. 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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Ficure 4-11 Diagram of simple earth-atmosphere climate model.

temperature difference between the two. Note that the flux reaching the atmosphere is
taken to be S /4, not S, 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 #
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 2 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/m?2K.

Inward flux: Outward flux: Conductive heat transfer:
o, =0.11 t’,=0.06 C=2.5W/m?K

t, =0.53 o, =0.31

o, =0.3

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



Climate Change and Climate Modeling

The intuition behind the parameter values is the following. The value of a_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 a_is less than that of a,, 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’_ is slightly higher than the value of a,
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 ¢’ relative to ¢,
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(1-a,)S,/4-C(T,-T,)-oT!(1-a,)+0T =0 (4-6)
(l-o,-t,1-a,)S,/4+C(T,-T)+0T1-t,—c,)-20T* =0 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 T, =289.4 K, T =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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Ficure 4-12 Single-layer climate model with representative energy flows in W/m2.

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/m? for the base case, as shown in Fig. 4-12. The reader can verify
that at the equilibrium temperatures, flows of 385 W/m? in and 385 W/m? out balance
each other for the earth’s surface, and flows of 446 W/m? in and 446 W /m? 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/m? as calculated using Eq.
(4-2) to 181 W/m? However, the gain due to the black-body radiation from the
atmosphere to the surface of 216 W/m? and the reflection of 123 W/m? 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 Egs. (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 T and T,

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 ¢',. Changing its value to t’, = 0.04 and
recalculating using the numerical solver gives T, = 291.4 K, T =250.5 K. This change is equivalent to
a 2.0 Kincrease in earth’s surface temperature. Thus a 33% decrease in the value of t’, in the model is
equivalent to the predicted effect of an increase of 200 to 300 ppm in the concentration of CO, in the
atmosphere, which might happen between the middle and end of the twenty-first century.
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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 T and T, 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 CO, 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 CO, 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.
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4-4

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 CO,
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
CQO, 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.

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:

o (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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Ficure 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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Ficure 4-14 Causal loop diagram linking global average temperature, cloud or ice cover, and
absorption of incoming solar energy.

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 CO,: As the oceans warm, their ability to absorb
CO, decreases, increasing the net amount of CO, in the atmosphere.

(Positive) Release of methane from permafrost: As permafrost melts due to warming,
trapped CH, 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 CO, 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
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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/m?. Since radiation increases with the fourth power of
temperature, the rate of energy flux increases rapidly above this temperature, to 412 W/m?
at 292 K and 435 W/m? 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 CO, Emissions, CO, Stabilization Values,
and Average Global Temperature

Given the many uncertainties surrounding the way in which climate responds to the
changing concentration of CO,, it is not possible to model with certainty future global
average temperature, let alone expected seasonal temperature by region, as a function
of CO, emissions. Furthermore, government policies, economic activity, consumer
choices, and so on, will determine the pathway of future CO, emissions, so these are yet
to be determined. The role of other GHGs besides CO, 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 CO, 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 CO,. 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 CO, concentration, as it has
beensuggested thatif humans were to consume all available fossil fuels, the concentration
of CO, 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 Bl = 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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Ficure 4-15 Possible pathways for CO, 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.)

this emissions scenario, there is relatively little intervention to slow the growth of CO,
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 CO,
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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Ficure 4-16 Predicted temperature rise during the twenty-first century in response to emissions
scenario A2, “continued population growth with widely divergent economic growth between regions.”

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 x 10%
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 CO, at approximately 450 ppm and temperature increase at around
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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
UNEFCCC 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 CO,
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,
growthin CO,emissions from emerging economies is outpacing that of the industrialized
economies, and from approximately 2004 onward they have become the majority
emitter of CO, in the world. However, from a historical perspective, the industrialized
countries are responsible for most of the cumulative CO, emissions and the increase in
concentration of CO, in the atmosphere, and at present their per capita CO, emissions
are much higher. Therefore, negotiators reached a consensus that the industrialized
countries should take the early lead in curbing CO, emissions.

Signatory nations to the Kyoto Protocol include European Union member states,
Canada, Japan, and Russia. The United States and Australia® 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

°In 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 CO, equivalent, where non-CO, gases are
converted to an equivalent tonnage of CO, that would have the same warming effect. The
1990 and 2004 emissions of CO, 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, CO, 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

CO, Emissions
Total GHGs (10° tonnes Change from Energy Use

Country of CO, equiv.) 1990-2004 Target (10° 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

*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 CO, 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 CO, equivalent of total GHG emissions for United States and
Australia.

GHG emissions in million tonnes of CO, or CO, equivalent

TaBLE 4-4 GHG Emissions and Targets for Kyoto Protocol for Sample of Signatory Countries
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4-5

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-CO, GHG improvements based on existing off-the-
shelf technology, rather than the emergence of a new generation of super-efficient or CO,-
free energy technologies, whose effect on overall CO, 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 CO, emissions to the atmosphere or eliminate them entirely is a powerful argument
for many of the technologies presented in subsequent chapters of this book.

Summary

Human use of energy emits large volumes of CO, 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 CO, 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
CO,. To date, this modeling research strongly suggests that, since CO, 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
(CH,), nitrous oxide (N,O), 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 CO, molecules in the atmosphere
account for approximately 150 W/m? in greenhouse heating. If we start with a black body at 255
Kand add 150 W/m? in energy flux out of the body, what is the new predicted temperature?

2. Use the model presented in Egs. (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 CO, in the atmosphere
changes the parameters in the model as follows: & =0.15, ¢’ =0.12, &, =0.23. All other parameters
are unchanged. What are the new values of T and T?

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 x 10°km, and the average distance of Venus is 1.08 x 10°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 Egs. (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 um 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 CO, in the atmosphere is 378 ppm, the global
emissions of CO, 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 CO,, 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
CO, 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

(0.1)(total emissions, ;)
7.4

Chgo/o[ = Chgo/r)FI -

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 X (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
CO, emitted that year? (d) Plot CO, 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 CO, emitted per unit of energy released, and outlines strategies
for reducing CO, 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 CO, 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

Copyright © 2008 by The McGraw-Hill Companies, Inc. Click here for terms of use.



108

Chapter Five

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 k] /m? or BTU/ft> 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 G] / 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 Unit of
Resource Energy Density Unit Cost 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/m?3 $0.29-%$0.44/m? $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

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.'

ISources: Brinkman (2001), for petroleum product data; Kreith, et al. (2002), for gas data.
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Other 14%

Crude oil
36%

Natural gas
23%

Coal 27%

Ficure 5-1 Components of worldwide energy production, 2005.
Total value of pie is 486 EJ (460 quads). (Source for data: Energy Information Agency.)

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

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.” 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.?

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

Members 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.

*Sorensen (2002, p. 472.)
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Gas Oil Coal
(tril. m®) (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/m?® for gas, 5.2 GJ/bbl for oil, 25 GJ/tonne for coal. Volumetric conversion:
1m3=353ft.

TaBLE 5-4 Fossil Fuel Reserves for World and for Select Countries, 2004

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 E] 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
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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 €O, Emissions Comparison and a “Decarbonization” Strategy

The CO, 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 CO, 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 forms*

Coal: C+ O, >>CO, + 30 M] /kg
Gas: CH, + 20, >> CO, + 2H,0 + 50 MJ /kg
Oil (gasoline): C,H,, + 12.50, >> 8CO, + 9H,O + 50 M] /kg

Note that the energy released is given per unit of mass of fuel combusted, not of CO,,

The amount of CO, 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
CO, emitted. The carbon intensity of methane (CH,) is calculated in Example 5-2.

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

Solution In order to solve for MJ/kg CO,, 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 CH, is therefore
16 kg, and the mass of a kilogram-mole of CO, is 44 kg, so the amount of energy released per unit of
CO, emitted to the atmosphere is 50 MJ /kg x (16/44) = 18.2 M]/kg CO,.

Repeating this calculation for gasoline gives 16.1 MJ/kg CO,, and for coal gives
8.18 MJ/kg CO,. 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 CO, emitted to the atmosphere. This is a problem for many countries seeking to
reduce CO, 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

* 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 CO,,
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
CO, 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 m? (59.1 trillion ft) in 2004, with a population of 31.9 million. As the Kyoto
Protocol and other future agreements restrict the amount of CO, 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
transport 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.

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:

Qin_f 2 2
P=oie exp[—(t, — £/(2S?)] (5-1)

Here P is output of oil (typically measured in barrels) in year ¢; Q.  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 ¢ 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 Q, . Thereafter, the values of ¢ 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 P_,  and
values P_, predicted by Eq. (5-1). For this purpose, the root mean squared deviation
(RMSD), can be used, according to the following formula:

1 n
RMSD = A ;;(Pactual - Pest)z (5_2)

Here 1 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 Sand ¢
to calculate an initial value of RMSD. Let S = 30 years and ¢ = 1970. Then for each year ¢, the value
of P, 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 (aP_, ,— P, )*=5.38 x 10"

actual est

actual est
t (10°€ barrel) (10° barrel) (P~ P.o)?
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 =, %(5.377 x 107) = 3.67 x 108
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The values of S and ¢, 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 ¢, = 1974 that minimize RMSD:

Pactual est
t (108 barrel) (10° barrel) (P, = P..)?
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/%(1,481 x 10%) = 6.086 x 107

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

2.23 x 10" 2.23 x 10"
= 310 exp(0) = 310 =3.518 x 10° bbl
25.3{2mn 25.3{2mn

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 0Oil 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 Q, = 225 billion, the optimum fit
to the observed data is found with values S = 27.8 years and t = 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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Ficure 5-2 United States petroleum output including all states, 1900-2005. (Source for

data: 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:

o Qil 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.

o 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.

o 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 CO, 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 CO, 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 CO, 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 CO, 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 notbeyond, by developing technologies for capturing
and sequestering CO, 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
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Ficure 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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5-4

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.

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 CO, 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 CO, to the atmosphere
in order to support the goal of preventing climate change.
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Exercises

1. CQO, intensity: Per kilogram of fuel combusted, the following fuels release the following
amounts of energy: butane (C,H, ), 50 MJ; wood (CH,0), 10 MJ; gasoline (C,H,,), 50 MJ; coal
(pure carbon), 30 M]. Calculate the energy released per kilogram of CO, 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 CO, emissions: a compact passenger car that runs on natural
gas emits 0.218 kg CO, 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 CO, 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 CO, 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.
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Boiler
(furnace)

Turbine

Transmission

Ficure 6-1 Schematic of components of coal-fired 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.)

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 CO, 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 CO, 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 CO, 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
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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.!

o Prepare the way for conversion of fossil fuels to electricity with sequestration of by-product
CO,: In coming years, existing power generating stations may be retrofitted or
modified with equipment that can separate CO, 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 CO, 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 CO, 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 CO, reduced, and fundamentally different technologies, that sequester CO, at a
lower cost but at the expense of a high upfront investment. In some instances, utilities

!Specific 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 CO, generated in the first place and
preparing for sequestration.

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.?

The Carnot limit provides a useful benchmark for evaluating the performance of a
given thermodynamic cycle. Let T, and T, 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 . is then defined as

(T, -T,)
nCamot = % (6_1)

H

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 T, and decreasing T, 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/Ib in standard units. Entropy is measured in units of energy per unit of
mass-temperature, for example, k] /kg-K in metric units or BTU/Ib-°R in standard units,
where °R stands for degrees Rankine,and T, ., =T, . . +459.7°. 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.

See, for example, Cengel and Boles (2006) or Wark (1983).

°In 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
toT =T + 460.

Rankine Fahrenheit
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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 n,:

y = oL (62)
Here w_ is the work output from the system, w, is the work input required, and g, 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.

3

Turbine

Heat
—
Boiler
2
Work
1
Pump

Condenser

Ficure 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 i, — h,. For the work
output, the enthalpy change is i, — ,. 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

Woump = V5 (B, = B) (6-3)

Here v, 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 s, to fluid, and the maximum possible change in entropy to between saturated
steam and saturated liquid at that temperature, that is

Sy =S¢

X =
S~ 5

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.* 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:

h, =2800.8 k] /kg (enthalpy of saturated water vapor at 4 MPa)

h,=417.5 k] /kg (liquid water at 100 kPa)

s,=5,=6.070 k] /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 m*/kg. Therefore, the pump work is

w =0.00104 m? /kg x 3.9 MPa = 4.0 k] /kg

pump

*Examples 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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o 2 R g,

a S

Ficure 6-3 Temperature-entropy diagram for the ideal Rankine cycle.

It follows that h, = h, + Wemp = 417.5+4.0=421.5k] /kg.

m

Turbine output: In order to solve for the work output from the turbine, we need to evaluate h,. 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:

s,=1.3028 kJ/kg-K
8, = 7.3589 k] /kg-K

The quality x is then

Y= 5; =5 6.0696-1.3028
B S, —5; ~ 7.3589-1.3028

=78.7%

Using the enthalpy values from the tables for liquid water and saturated steam at 100 kPa, i = 417.5
and h, =2675.0 k] /kg, h, is calculated by rearranging:

h,—h,
hs_hf

h, = x(h, — )+, = 0.787(2675.0 - 417.5) + 417.5 = 2194.5 k] /kg

X

Overall efficiency is then

W, —w, _ (2800.8 - 2194.5)— 4.0

4. (2800.8—4215)

Ny = =25.3%

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

(T, -T,) _(5235-372.7)

Meamot =T 535 o8

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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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:

h,=1205.0 BTU/Ib (enthalpy of saturated water vapor at 400 psi)

h,=180.2 BTU/Ib (liquid water at 14.7 psi)

s,=s5,=1.4852 BTU/Ib - °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 ft*/1b. Therefore, the pump work is

_ (0.01672 ft/1b)(385.3 Ib/in?)(144 in¥ ft?)
Cpump = 778 ft — Ib/BTU

=12 BTU/b

m

It follows that 1, =, +w,,=180.2+12=1814 BTU/Ib.

Turbine output: In order to solve for the work output from the turbine, we need to evaluate /,. 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:

s,=0.3121 BTU/Ib-°R
5, = 1.7566 BTU/1b-°R

The quality x is then

S, =Sy 1.4852-0.3121
x= -

TS, s, 17566-03121 81.2%

Using the enthalpy values from the tables for liquid water and saturated steam at 14 psi, i, = 180.2
and hg =1150.3 BTU/1b, h, is calculated by rearranging:

x:h4_hf
hx_hf

hy, =x(h, —h,;)+h, =0.812(1150.3 — 180.2) + 180.2 = 967.7 BTU/Ib

Overall efficiency is then
Wy — Wy,  (1205.0-967.7) - 1.2

Mo == = (so-181d) 1P

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

_(T,-T,) (9043 -617.7)

Neamot = TH 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 k] /kg into turbine work. In practice, these devices are less than 100% efficient,
and efficiency losses will affect the calculation of 7,. Pursuing the turbine example
further, let n, . be the efficiency of the turbine, so that the actual output from the
turbineisw_, _ =mn, .. (w_ ) where W, eriropic 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 w_, = 0.85(606.3) = 515.4 k] /kg. The value
of the turbine exit enthalpy is h, =h, —w_ = 2800.8 - 515.4 = 2285.4 k] /kg. Since the value of h, is
increased compared to the isentropic case, it should be verified the exhaust exits the turbine as wet
steam, that is, 1, < hg, which holds in this case. The overall efficiency is then

w w; 515.4-4.0

_ Wactual — Win _ o,
Mo == = @008 -4215) 2%

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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Ficure 6-4 Components in Brayton cycle.

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 aheat exchanger so thatheat 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 p,,, and the compression ratio from state 1
(uncompressed) to state 2 (compressed) is P,/P,. The state 2 relative pressure is then

P,
prZ = prl (Fj] (6-4)

The calculation for relative pressure leaving the turbine is analogous, except that one
dividesby the compressionratio to calculate the exitp,. 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.
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Ficure 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.

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, h, = 295.2 kJ/kg, p,, = 1.3068, h, = 1161.1 k] /kg, p , = 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 i, and h,.

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

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

_27.85-27.29

f="288-2729 = 0%

From the tables, enthalpy values at T = 690 and 700 K are 702.5 and 713.3 k] /kg, respectively, so I,
can be obtained:

h, =702.5 + 0.37(713.3 — 702.5) = 706.5 k] / 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:

g, =h,—h,=1161.1-492.7 = 668.4 k] /kg
Wy = 1~ 1, = 1161.1 — 706.5 = 454.6 k] / kg
=h,~h, =492.7 -2952=197.5 L] /kg

compressor
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The overall cycle efficiency is then

_ Wiapine ~ Weompressor _ 454.6 —197.5 o
Ny = 0 = 6684 =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, h, = 129.1 BTU/Ib, p,, = 1.386, h, = 504.7 BTU/Ib, p , = 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 h, and h,.

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

8.316-7.761

f=sa=7761 - 08

From the tables, enthalpy values at T = 880 and 900°R are 211.4 and 216.3 BTU/1b, respectively, so h
can be obtained:

2

h, =211.4 + 0.854(216.3 — 211.4) = 215.6 BTU/Ib

By similar calculation, we obtain for state 4 a value of p, =174/6 =29 and k, = 307.1.
It is now possible to calculate heat input, turbine work, and compressor work:
q,,=h,—h,=504.7 - 215.6 = 289.1 BTU/Ib
Wy ine = 15 — 1, = 504.7 = 307.1 =197.6 BTU/Ib
w =h,—h, =215.6-129.1=86.5 BTU/Ib

compressor

The overall cycle efficiency is then

 Wisbine ~ Uoompressor _ 197.6-86.5

Ny, = - =R = 384%

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.

S

Ficure 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 &, =3399.0 k] /kg and s, = 6.1229 k] /kg'K.
Given the much higher maximum pressure, the amount of pump work increases significantly:

=0.00104 m?/kg x 34.9 MPa = 36.3 k] /kg

Woump

Thush,=h,+w,, =417.5+36.3=453.8Kk]/kg. It will be seen that the benefits to turbine output more
than offset the added pump work. Using s, = s, = 6.1229, the quality of the steam is now x = 79.6%.
Therefore the enthalpy at the turbine exit is

h, =0.796(2675.5 — 417.5) + 417.5 = 2214.0 K] /kg

The overall efficiency has now improved to

_(3399.0 - 2214.2) - 33.2
Mo = 7(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:

(T, -T,) (8731-3727)
Ncamot = TH - 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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Ficure 6-7 Schematic of combined cycle system components.

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.
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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, 11, denotes the value of enthalpy at the input from the gas
cycle to the heat exchanger in Fig. 6-7, whereas h, 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:

Ein = Eout (6_5)

Here E, and E_, 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 m_ and m_of the gas and steam:

ﬂ’lgh‘; + mshin = mgh;ut + mshout (6_6)

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

g

_mhy —hy
y B B hout - hm (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

wnet = wg,net + y : ws,net (6_8)

Superheating of Steam in Combined Cycle

Steam whose temperature has been raised beyond the saturation temperature ata 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 g,
in Eq. (6-2), and the enthalpy at the turbine exit is also increased, reducing w_, 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:

h,=3446.0 k] /kg
s,=s5,=7.0922 k] /kg-K

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

_ (3446.0 - 2575.5) - 4.0

T = Gaago—az2i5) - 2o0%

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 &, increases by 645.2 k] /kg, while the value of 1,
increases by 381.0 k] /kg. The value of g, also increase by 645.2 k] /kg, but because this increase is smaller
in percentage terms compared to the original value of g , the net change in efficiency is positive.

in”

Example 6-8° 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 P, 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 /,. From the air tables, for 400 K we obtain
hy=400.1 k] /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

This example is based on Cengel and Boles (2002), pp. 545-546.
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Ficure 6-8 Combined cycle temperature-entropy diagram.
Note superheating of steam to reach point 3 in the vapor curve.

It is now possible to evaluate y for the exchanger from Eq. (6-7):

-k (7473 - 400.1)
V=T, —h, ~ (31394 - 199.9)

=0.118

In order to calculate net work and efficiency, we first need the net work for the gas and steam cycles,
w, andw_ , respectively. From the above data, we obtainw,  =310.6k]/kgand w_ =1116.1k]/kg,

and also qh; =762.7 k] /kg for the gas cycle. Total net work and overall efficiency are as follows:

w,, =310.6 +(0.118)1116.1 = 442.4 k] /kg

W, 4424 o
novemll - 9 - 762.7 =58.0%

This value compares very favorably to the efficiencies of each cycle separately. For the steam cycle,
4,5 =2938.3 k] /kg. Thus n,=1116.1/2939.5 = 38.0%, and 7,=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
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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

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:

1 2
Expansion
valve Work
Boiler Turbine >
X 4
11
Process
heater
7 Condenser
L 9
Mixing Pump 2
chamber
8
A

Pump 1

Ficure 6-9 Schematic of components of a cogeneration system.
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e 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.

e 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.

o 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, itis 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
canbe 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 € defined as

W, +
e = net Qp (6_9)

"0
in

where W__ is the net work output from the turbine, after taking into account pump
work, and Qn 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 k] /kg), for example, heat input is Q,
rather than g, 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 Q , pump work is factored
in as negative work so that & does not exceed unity.

The goal of the system is to achieve ¢, 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 m___ be the flow in from the valve, m,
flow from the turbine, and m_, be the flow out of ‘the heater. Using the energy balance:

m, mhv in + m, mht in Moy out + Q (6_10)

Rearranging terms gives the following:

Q, =m, b, +m by —mh (6-11)

v.in" "v.in t.in" "t.in out’ “out

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 m,, and m,, and outflow m_ , the value
of h_, can be solved as follows:
h = ml.inh].in + mZ.inhZ.ir\ (6_12)
oul m

out

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 6-9° 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., m,=m =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

hy=h,=h, =h, =3411.4 K] /kg
Using the isentropic relationship s, = s, = s, and evaluating the quality of the steam at states 5 and 6,
we obtain
hy =2739.3 K /kg
h =2073.0 kJ /kg

Enthalpies /1, and h, are saturated fluids at 500 kPa and 5 kPa, respectively, so from the tables &, =
640.1 and h,=137.8 k] /kg. In order to evaluate h, and &,;, we need to know the pump work per unit

107

This problem is based on Cengel and Boles (2002), pp. 541-543.
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1,2,3

S

Ficure 6-10 T-s diagram for cogeneration cycle with expansion valve, partial turbine expansion,
and full turbine expansion with condenser.

of mass. Using specific volumes of v, .. = 1.005 x 10 m®/kg and v, ., = 1.093 x 10~ m*/kg, we
calculate the corresponding values of pump work as 7.0 and 7.1 k] / kg for the two pumps, respectively.
We then obtain

hy =137.8+7.0 = 144.8 kJ /kg
Iy, = 640.1+7.1=647.2 K] /kg

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

Case 1. Since m, =0, m,; =m, and h, =h, = 647.2 k] /kg. Therefore, heat input is

Q.. =15kg/s x (3411.4 — 647.2) = 41,463 kW

Pump work for pump 1 is calculated as follows:
W,, = (7.1 KJ/kg)(15 kg/s) = 105.5 kW

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

W,

out

=15(3411.4 — 2739.3) = 10081 kW
W =W_,-W . =10081-105.5=9975 kW

net out pump

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

Q, =15(2739.3 - 640.2) = 31,488 kW



Stationary Combustion Systems

It can now be confirmed that utilization is 100%:

W, + 75 + 314
o WutQ 9975431488
=T Q. 41,463

Case 2. Based on the allocation of input steam from the boiler, we have m,=1.5, m;=10.5, and m =3
kg/s. Thus m =3 and m, = 10.5 + 1.5 = 12 kg/s. Solving for 1, using Eq. (6-12) gives
_ mghy +my hy,  3(144.8) + 12(647.2)

Iy = = — = 5468 K/kg

Heat input is then
Q,, =15 kg/s(3410.3 - 546.8) = 42,952 kW

Turbine work now consists of two stages, so we account for work done by m, =m, —m,=13.5 and by
mg=3 kg/s:

W,

out

=13.5(3411.4 - 2739.3) + 3(2739.3 — 2073.0) = 11072 kW

Subtracting pump work for both pumps 1 and 2 gives the net work:
W, =W, -W W =11,072-21.1-85.3 = 10,966 kW

net out pumpl — 7 Ypump2
On the process heat side, input to the heater comes both from the expansion valve and the
turbine so

Q, = 1.5(3411.4) + 10.5(2739.3) - 12(640.1) = 26199 kW

Finally, utilization in this case is

10966 + 26199

€ =gy = 0865

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-k W
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
km? or mi?, 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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Ficure 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.)

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 MW ”as compared to a peak electrical load for the campus of

7By convention, the notation MW, kW, and so on, is used to refer to electrical power output, as distinct
from MW, kW,, etc., for thermal power output.
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Ficure 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.)

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 CO, 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 kW, 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.

149



150 Chapter Six

Ficure 6-13 375-kW cogen installation using five 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.)

Ficure 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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Ficure 6-14 (Continued)

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, isnot 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.® 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:

annual capital cost + fuel cost + balance of cost + ROI

$/kWh = 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 1 is a function of the combustion device efficiency n_(i.e., boiler
for a vapor cycle or combustor for a gas cycle), the turbine efficiency 7,, and the generator
efficiency 7. Taking the case of a vapor cycle, we have

Tloverall = nc Tlt 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 E_ and required energy input E,_ 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 MW, and the number
of hours per year of operation:

E, .. = (cap. factor * capacity * hours per year)3.6 GJ/MWh)

E- — Eout

in
T’overal]

(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 ROL

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

Moverar = 111,11, = (0.85)(0.202)(0.98) = 16.9%

The annual electric output is (0.7)(500 MW)(8760 h)(1000 kWh/MWh) = 3.07 x 10° kWh. Annual fuel
cost is calculated based on an average energy input required using Eq. (6-16):

E,, = (0.7 x 500 MW x 8760)(3.6 G]/MWh) = 11.0 x 10°GJ

E, 110x10°G] _ ]
By == —gqe - 655%10°C)

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

$20.4 M +$91.6 M+ $18 M + $0
3.07 x 10° kWh

$/kwh = = $0.0424/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

$30.6 M +$59.6 M + $18 M + $0
3.07 x 10°kWh

$/kwh = =$0.0353/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-MW, plant. Using the assumptions in this exercise, a supercritical plant with = 40%
and $600 million capital cost has a levelized cost of $ 0.0384/kWh.
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Conventional Plant Supercritical Plant
Balance Capital Balance
14% 16% 17% Capital
28%
Energy 70% Energy 55%

Ficure 6-15 Comparison of cost breakdown for conventional and supercritical plants.

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 Study®

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/G]J 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.

This case study appeared previously in Vanek and Vogel (2007).
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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

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.

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
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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 SO, 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 CO, emissions, because, unlike
what was done in the past for emissions that are harmful to breathe such as NO, or SO,,
it is unlikely that any governmental body will in the future legislate exactly how much
CO, 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 CO, 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 CO, 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
CO, 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 CO, 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 x 10° 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 x 10° 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 CO, 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 CO, 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 CO, 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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Ficure 6-16 Schematic of advanced coal fired power plant concept with hydrogen generation
and CO, separation.

reactor, which produces high temperature hydrogen and CO, as by-products; the CO,
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.

Ficure 6-17 Architectural rendering of a zero-emission “FutureGen” coal-fired plant, with
by-product CO, 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-fired power plants. (Image: Courtesy of USDOE and LTI
[Leonardo Technologies, Inc.]. Reprinted with permission.)
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6-8

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 CO, in the future.

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 withnew 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:

o Bridge versus backstop technologies: A backstop technology is one that fully achieves
some desired technological outcome, for example, eliminating CO, 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 CO, 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.

o 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.

o 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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o 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.

o 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
amajor transformation but also promising great benefit in the future, namely carbon
separation and sequestration. Atthe same time, itaddresses 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:

. The total gas energy content required per year

b. The annual expenditure on gas

¢. The mass of CO, emitted per year from the plant

d. The mass of CO, 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

¢. The mass of CO, emitted per year from the plant

d. The mass of CO, emitted per million kWh produced
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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 €, 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 CO,
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 CO,
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 ROL
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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 CO, 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 CO, 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 CO, 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 CO, emissions per year, and some countries have even
reversed their growth and have declining CO, 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
CQO, 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 CO, 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 CO,; instead, natural processes, such as the uptake of CO,
by living organisms, are fostered so as to accumulate CO, 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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7-3

2. Geological storage of CO,: The potential volume of CO, that might be stored using
this option is much larger than is available from indirect sequestration, and
may exceed the volume of all CO, 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 CO, underground such that it
may remain as CO, 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 CO, per year.

3. Conversion of CO, into inert materials: This option is the most permanent, since
the CO, 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, inthe constructionindustry. Conversion of CO, isnotas 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.! 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 CO, 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 CO,, and distribute the currency to the
individual vehicles for consumption in transportation networks.

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 CO, 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.

'For 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 CO, is released from fossil
fuels used for transportation and equipment used in planting and maintaining forests,
so it is the net absorption of CO, 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 CO, 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 CO, 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 CO, 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

0.2
Asia/Pacific,
0.09 Europe,
0.1 = 0.07
5 07
% North America,
S -0.1 A -0.01
)
8 0.2
g Gilobal
S 03 Average, 0.18
[
[-%
§ -0.4 +
c Near East, —0.43
< -0.5 +
Latin
—0.6 - America/Carribean,
Africa, -0.62 ~0.51
-0.7

Fieure 7-1 Average annual net change in forest area, 2000 to 2005. (Source: United Nations
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 CO, along with water into energy that is stored in plant tissue as
glucose (C;H,,0,) 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,,0, + 60, (7-1)

The energy comes to the organism in the form of sunlight. The amount of energy
required for photosynthesis per molecule of CO, is 9.47 x 10 ]. 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 CO, 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 CO,/year-m* of planted area, in growing
conditions where average sunlight makes available 100 W/m?, 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 CO, 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 CO, in 2 kg, using Avogadro’s number, or 6.022 x 10%:

6.022 x 10 molecules/g-mol
44 g/g-mol CO,

& _ 2
(1000 1(g)(z kg) =274 x 10

The energy requirement is then (2.74 x 10%)( 9.47 x 10°]) = 2.59 x 107], or 25.9 MJ.
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(b) The rate of energy transfer from the sun of 100 W/m?is equivalent to 100 J arriving each second.
Therefore, the energy available per year is:

%)[8760L) =315 x 10° ]

100J/s x (3600
year

The amount used in conversion of carbon of 25.9 M] is therefore 0.822% of the arriving energy.

Discussion Note that some additional energy use in photosynthesis will have taken place to convert
CQO, 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 CO, 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 CO,/m?*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 CO, 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 CO,
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 x 10"* m?), or 30% of the earth’s land surface is
currently forested. Indirect sequestration in forests might yield 1 to 2 kg of CO,
sequestered per m?/year, for 20 to 30 years, before forests matured and the intake and
release of CO, 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 CO, 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 CO,. Sellers in this market are typically
not-for-profit organizations that estimate the amount of CO, 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 CO, over its lifetime. The electricity consumed
emits CO, 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 CO,
sequestration in kg/m?year?

Data on emissions by source:

Source Share Tonnes CO,/MWh
Nuclear 28% —

Hydro 18% —

Gas 19% 0.42

Other fossil 33% 0.77

Other 2% —

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.

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 CO,/MWHh. 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)* = 28.3 m?. The sequestration rate per unit area is therefore

1 1
730k x [28.3 mz) x (20 years] =13

or 1.3 kg/m?>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:

o 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.

o 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.

o 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 CO, 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.

o Uncertain effect of future climate change on the ability of forests to retain carbon: As
the climate warms, the amount of CO, 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 CO,,
while other studies suggest that forest undergrowth will expand more rapidly,
accelerating the uptake of CO,. In any case, the actual amount of CO, 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 CO, sequestered per tree planted.
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7-4  Geological Storage of CO,

Geological storage of CO, (also called geologic storage in the literature) as an option for
sequestration entails (1) removal of CO, 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 CO, to other carbon-containing
materials, although CO, may be transformed into other compounds that are potentially
more stable through interaction with other minerals found in the geologic storage
reservoir. Geologically sequestered CO, 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 CO, may
be very large.

7-4-1 Removing CO, from Waste Stream

Any geological storage scheme begins with the separation of CO, from the stream of
combustion by-products. Separation techniques should strive to remove CO, 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 CO, facilitates the collection of CO,. The stream from a
conventional coal-fired power plant may be on the order of 10 to 15% CO, by volume—
uncombusted nitrogen is the dominant component—so an alternative with higher
concentration of CO, 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 CO, and is therefore easier to separate.

Many CO, separation processes rely on either absorption or adsorption to isolate CO,.
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 CO, 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 CO, and the agent are
separated; the agent returns to the absorption chamber and the CO, 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 CO,. 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 CO, 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 CO, 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 CO, (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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Ficure 7-2  Absorption-regeneration cycle for removing CO, from flue gas stream.

absorption or adsorption that are effective in removing CO, but with a lower energy
penalty. Another potential approach is the development of a membrane for separating
CO,; 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 CO,, might be synthesized and used in an
engineered CO, 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 CO, and absorb it as
it passed.

7-4-2 Options for Direct Sequestration in Geologically Stable Reservoirs
Geological storage of CO, implies accumulation in some type of reservoir. The term
“reservoir” in this case includes any geological formation underground or under the
sea floor where CO,, 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, CO, 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
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Fieure 7-3  Great Plains Synfuels Plant, Beulah, North Dakota, United States.

By-product CO, 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.)

which CO, 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 CO, in the atmosphere, care
must be taken that the amount of CO, sequestered equals or exceeds the amount of
CQO, released from combustion of the oil or gas that results from the CO, injection
process.

Enhanced coal bed methane extraction (ECBM) is a related technique in which CQO, is
injected into unmineable coal seams, driving out methane that is adsorbed to the coal.
Figure 7-4 illustrates this process, in which the CO, injection and CH, extraction are in
geographically separate locations, and water is removed at the CH, 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 CO,.
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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 CO, 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.

CO, Sequestration CH, Recovery Ratio
Name of Region | Country Potential (Gt) (bil. m3) (m3/tonne CO,)
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 CO, 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 CO, 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 CO,? (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 CO, is

(2.26 x 10°)(0.85)(44/120) = 7.04 x 10° tonnes CO,

Since the total capacity of the field is 370 million tonnes CO,, 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 m*CH, per tonne CO,, and from Chap. 5, the energy content
of gas is 36.4 MJ/m?®. Accordingly, the gas output is

1GJ )
(7.04 x 10°)(267.9) (36.4)(WM]) =6.87 x 107 GJ

At $10.50/G]J, 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 CO, 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 CO, 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 CO,/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 CO, must be removed in order
for the gas product to meet maximum CO, requirements for the gas market, and by
sequestering the CO,, Statoil is able to avoid the Norwegian carbon tax. The CO,
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 CO, 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 CO, depends on a non-permeable caprock layer to prevent the CO,
from returning to the surface. Fluid in a saline aquifer moves at a very slow pace (1 to
10 cm/year) inresponse to a hydrodynamic gradient thatis present, and the sequestered
CQO, 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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o
Ficure 7-5 Sleipner gas platform sequestration process. (Image: StatoilHydro. Reprinted with
permission.)

surface. Some CO, may also react with minerals present in the aquifer, resulting in the
precipitation of carbonate molecules out of the solution, including calcite (CaCO,),
siderite (FeCO,), and magnesite (MgCO,). This type of precipitation reaction improves
the overall reliability of the sequestration operation, as the resulting minerals are very
stable.

CO, from remote source (Power plant
_> image here) CO, source located
above saline aquifer

Caprock layer

< >

Hydrodynamically trapped CO,

CO, dissolved into saline fluid

— > Direction of hydrodynamic gradient

Ficure 7-6  Two options for injection of CO, into saline aquifer.

On the left, the CO, arrives from a source located at a distance, and dissolves into the surrounding
saline fluid. On the right, the CO, 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 CO, away from
the well shaft.
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The capacity of a reservoir to sequester CO, 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 s , or fraction of reservoir volume filled with water,
as follows. Let V be the total volume of the reservoir and V_be the volume displaced by
the gas sequestered, both in units of cubic meter. The volume of gas in the reservoir is

V, =¢V,(1-s,) (7-2)

Recall from the ideal gas law that the number of moles of as gas 7 in a volume V_ is
quantified n = (V_P)ART), where P is the pressure in cubic meter, T is the temperature in
degrees kelvin, and R = 8.3145 ] /mol-K. Using the ideal gas law to substitute in Eq.
(7-2) gives

V(1-s,)P
pe s 73

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 V 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 CO, to depths below approximately 800 meters,
where the CO, 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 CO, 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 CO, 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
CO,, 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 CO, generated? (b) If the total cost per tonne CO, 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
s, = 0. The volume of the reservoir is 5 x 10" m?®. Therefore, using the pressure and temperature values
given, the maximum number of moles is

_ (5x10° N/m?)(0.10)(5 x 10" m’)

—_ 15
§314(325) =9.25x 10" mol
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At 44 g/g-mol for CO,, this converts to 4.07 X 10" tonnes. From Example 6-8, the CO, generated per
plant is 1.47 x 10° tonnes/year. The amount of CO, generated by 15 plants over 75 years is 1.66 x 10°
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 CO, from fossil fuel combustion may also be able to sequester it on the
ocean floor, in such a way that the additional CO, cannot return to the surface and does
not affect the chemical balance of the ocean at large. In one scenario under development,
CQ, 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 CO, 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 CO, 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 CO,, since this quantity will determine whether the reservoir is
sufficiently large to be an attractive site, and if so, to which CO, 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 CO, 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 CO,
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
CQ, 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 CO, 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 CO, 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 CO, to accumulate at high pressure, and then allowed the CO, to come to the
surface all at once (a system for venting CO, so that it cannot build up in lethal
concentrations has since been installed at this lake). For geological sequestration of CO,,
engineers will have the option of choosing aquifers or reservoirs with more favorable
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7-5

formations for keeping CO, underground, and will also be able to limit the maximum
concentration of CO, 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 CO, 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 CO, concentration.
CO, 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 CO, per
unit of time without compromising climate change objectives. However, some research
suggests that a maximum of 0.01% of injected CO, 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
CO,. Along with negative effects on the built environment, seismic activity might
accelerate the leakage of CO,. There are also risks inherent in the transmission of CO,
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 CO,; 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 CO, 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 CO, 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 CO, into various types of reservoirs.
Historically, scientists have accumulated only limited previous experience with CO,
injection, and conditions in a reservoir are difficult to reproduce in the laboratory or
using computer simulation. To address this issue, existing CO, deposits, for example, in
the states of New Mexico and Colorado in the United States, are being used to calibrate
computer models of CO, 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.

Sequestration through Conversion of CO, into Inert Materials

In this approach to sequestration, captured CO, 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 CO, 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 CO, 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 CO, to
carbonate materials. Taking the case of magnesium oxide and calcium oxide as examples,
we have

CaO + CO, — CaCO, + 179 kJ /mol (7-4)
MgO + CO, - MgCO, + 118 k] /mol (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
CO,, 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+0, - CO, +394 k] /mol (7-6)

Thus for a coal-based energy life cycle in which coal is first combusted and then the
resulting CO, is reacted with CaO to form CaCO,, there is a net gain of 573 k] /mol, from
which energy for the sequestration operation including transmission of CO, 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 CO, reacted. Taking the case of forsterite (Mg SiO,), at 515 K we have

%MgZSiO4 +CO, — MgCO, + %SiOZ +88 kJ/mol (7-7)

In addition, the reaction requires the supply of 24 k] /mol of thermal energy to heat
the forsterite from ambient temperature to the temperature required for the reaction.”
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 k] /mol (7-8)
(At 680 K) MgO + CO, — MgCO, + 115 kJ/mol (7-9)

The energy required to heat CaO and MgO from ambient conditions to the required
temperature is 87 kJ /mol and 34 k] /mol, respectively.

Example 7-5 illustrates the material requirements and energy availability for a
sequestration process using this material.

By convention, the input of 24 k] /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 k] /mol shown
in the reaction.
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7-6

Example 7-5  Suppose that the CO, output from one of the plants in Example 7-4 is sequestered by
reaction with MgO to form MgCO,, rather than injection into an aquifer. In order to sequester CO, at
a sufficient rate, the reactants must be heated to 680 K, consuming 34 k] /mol CO,; the reaction itself
releases 115 k] /mol CO,. (a) What is the mass of MgO that is required each year to sequester the CO,
stream? (b) What is the mass of MgCO, produced? (c) Ignoring any losses in the process, what is the
net energy flux during MgCO, 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 CO, sequestered is
1.47 x 10° tonnes/ year, the amount of MgO is (40/44)(1.47 x 10° tonnes/year) = 1.34 X 10° tonnes/year.

(b) The mass of MgCO, is 84, so the amount of MgCO, is (84/44)(1.47 x 10° tonnes/year) = 2.81 x
10° tonnes/year.

(c) The net energy released per mole is 115 — 34 = 81 k] /mol. The number of moles of CO, per year is

1.47 x 10t 10°
x 10°tonne ( 10° g =334 x 10
44 g/mol tonne

Therefore the net energy released per year is (3.34 x 10'%)(81) = 2.71 x 10" kJ. Dividing by the number
of seconds per year, or 3.1536 x 107 s, gives 8.58 x 10* kW or 85.8 MW.

An engineered system for converting CO, to inert carbonates would include a CO,
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 CO, to the facility, rather than moving the mineral to the CO,. 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 CO,
conversion is many times larger than the amount needed to sequester the remaining
fossil fuel reserve, itis likely that, aslong 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.

Direct Removal of CO, from Atmosphere for Sequestration

Current sequestration R&D activities for the most part presuppose that CO, 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 CO, 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 CO, 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 CO, from the air for sequestration in
reservoirs or carbonate materials, new possibilities for offsetting current carbon
emissions and even removing past buildup of CO, 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 CO, emission
penalty, that is, for each unit of CO, generated in the life cycle energy used in the capture
process, many units of CO, 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 CO, 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 CO, transmission cost. One vision of the
CQO, capture device is a tunnel with a lining containing some adsorbing material. As the
air passed through the tunnel, the CO, would adsorb to the lining, to be removed by
some secondary process and transferred to the sequestration site. A CO, 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 CO,
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
CO,, 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 CO, to the capture
and sequestration site. The sequestration facility then injects the CO, into an underground
reservoir. Alternatively, the energy generation facility might emit the CO, to the
atmosphere, to be offset by the capture facility. Also, the sequestration facility might
transmit some fraction of the CO, to a transportation energy conversion plant, which
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Ficure 7-7  CO, cycle with combustion, capture, and sequestration.

Solid lines show essential parts of cycle, including the use of fossil fuel energy to capture and
sequester CO,, with CO, from combustion sent directly to sequestration facility without release
to atmosphere. Dashed line shows optional components, including release and recapture of CO,
to and from atmosphere, and conversion of captured CO, to hydrocarbon fuel for transportation
applications.
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would transform the CO, into a synthetic transportation fuel H C _(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.

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 CO, 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 CO, 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 CO,
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 CO, 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
CO, 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 CO, 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 CO,,
as well as recycling of CO, 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, CO, 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 CO, 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 CO, 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 CO,
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 CO, sequestered.

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 CO,
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 CO, 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 CO, while generating a
revenue stream from recovered oil or gas that is otherwise unrecoverable. Gradually, as
opportunities for forestation or enhanced recovery areexhausted, 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 CO, sequestered, provided earlier results are satisfactory in
terms of minimizing leakage and preventing negative side effects. Geological
sequestration may eventually sequester all CO, generated from the combustion of
remaining fossil resources. Further in the future, conversion of CO, to inert materials or
air capture of CO, 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 CO, 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 CO, 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 CO, by fossil fuel type? How is this production of CO, to
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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 km? 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/m?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 km?/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?
¢. Comment on your answer from part (b).

3. Designan ECBM system with methane recovery, electricity generation, and carbon sequestration
for a coal field with 17 billion m?® methane capacity and a yield of 280 m*/tonne CO, sequestered.
The methane (assume it is pure CH, 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,
CO, 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, CO, and water pumping, CO, injection,
and so on). All CO, from the generating plant is injected into the coal field, so that there are no
emissions of CO, to the atmosphere. Additional CO, 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 CO, 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
3billion kWh of electricity per year. All of the CO, output from the plant is separated and sequestered
in a saline aquifer. The aquifer has a volume of 1.76 x 10> m®, 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 CO, 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 CO, 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 CO,, and a fixed capital cost of $100 million for
the facilities to transmit CO, from the plant and to inject it into the aquifer. What is the additional
levelized cost per kWh to sequester the CO,:

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 CO, at
the rate of 0.12 tonne of CO, per GJ. Answer the following questions:

a.

How many tonnes of forsterite are required per tonne of CO, sequestered? How many
tonnes of magnesium carbonate (MgCO,) are produced?

. How much net energy is released per tonne of CO, sequestered?
. 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
CO, can be sequestered per year?

. 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 CO, sequestered?

. 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 CO, sequestered per ton of
forsterite processed, taking into account this Co, “loss”?

. Suppose the CO, for the process is to come from an air capture device. A device is available

that has a swept area of 20 m x 20 m and is 50% efficient in terms of capturing the passing
CO, (ignore any CO, 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 CO, for
sequestration in part (c)?

Suppose that instead of being captured from the air, the CO, 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
CO, 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 CO, 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.!

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.

! 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 CO, 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 CO,
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.”> 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

2Beck (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
Statein 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.® After Three Mile
Island, many contracts for the construction of nuclear plants were cancelled, and
since that time nonew 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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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

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.

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
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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 x 10 kg, while that of a proton is 1.673 x 10% 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-238is 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? (8-1)

we can calculate the mass of a nucleus with neutrons and protons (N, Z) and binding
energy B(N, Z) using

AﬂALZﬁszﬂ+Zmp—§g%Zl (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:

Z2(Z-1)
AO.333

(A-22)

B(A,Z) = C,A+C,A% +C, A

(8-3)

+C,

From empirical work, the following coefficients have been found to fit observed
behavior of nuclear binding energy: C,=2.5x107], C,=-2.6 x 10"?], C,=-0.114 x 10-"],
and C,=-3.8 x 1072].

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 x 10%?]). 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:

1

C 8-4
Z/A = m[—(ﬂi” - 71’1p)C2 + AO_.333+ 2C4:| ( )
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Ficure 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.

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.*

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

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 x 107 ].

TaBLe 8-2 Predicted Binding Energy per nucleon Using Eq. (8-3) versus Observed for a Selection
of Elements

‘Isotopes 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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Ficure 8-2 Estimated ratio Z/A that minimizes binding energy as a function of A, according to
Eq. (8-4).

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 E  of the thermal neutron is a function of temperature T in
degrees kelvin, and can be approximated as:

E,=05kT (8-5)

where kis Boltzmann’s constant, k=8.617 x 10°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.
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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 Egs. (8-6) to (8-8):

U235 +n— u236 (8'6)
U,,, — Kr,, + Ba,, +2.4n+200MeV (in a typical reaction) (8-7)
Upg = Upe +v (8-8)

where 7 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 x107%] and maximum wavelength on the order of 1 x 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 yray 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:

Upg +1— Uy (8-9)
u239 - Np239 + ﬁ (8'10)

NPy = Py + 3 (8-11)
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Here the term Brepresents beta decay, in which a neutron in the nucleus is converted
to a proton, releasing a beta particle, which is a loose electron in Egs. (8-10) and (8-11)
that has been released from a nucleus. (There are also + 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 10°to 10° 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 —He, +n+17.6 MeV (8-12)
D+ D — He, + n+ 3.0 MeV (8-13)
or —>T+p+41MeV

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 x 10 atoms /kg-mol)(200 MeV /atom)(0.85) = 4.36 x 10%2eV

This amount is equivalent to 69.8 T]. Recall that from Eq. (7-6), oxidation of 1 mol of carbon releases
394 K], so 1 kg of carbon (pure coal with no moisture content or impurities) would release 32.8 M] /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
($30/1b), the recoverable amount is estimated at 227,000 tonnes, while at $110/kg ($50/1b),
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 ($118/1b), 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 Egs. (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.

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, H,O with two
protium atoms combined with an oxygen atom, as opposed to “heavy” water that uses
deuterium instead, or water with the molecular makeup D,O. 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:

e Fuel rods: Many thousands of fuel rods are present in the reactor when it is
functioning. Fuel in the form of UO,, 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.

o 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.

o 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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Ficure 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 x 10* 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 UO,) 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 K] /kg, hg =2584.7 k] /kg, 8= 0.6493 k] /kg'K, and
s, = 8.1502 kJ /kg-K. Using the standard technique for analyzing an ideal Rankine cycle from Chap.
6 givei wpamp =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 i, — h,, we obtain g, =2607.2 k] /kg, and w, = 988.0 k] /kg. Accordingly,
the actual efficiency of the cycle is the ideal efficiency multiplied by the cycle and generator losses:

_ 988.0-10.1

. . = .100
Segrs (09)(0.98) = 33.1%

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

(51.7 x 10° g)(0.028)
m=
3.154 x 10° s

=0.0459g/s

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) x (efficiency) x (h/year) = output

GW

GJ
(0.0459 g/s)(69.sgj(0.331)(1m

h
j(8760 —j = 9279 GWh/year
year

The average output of the plant is 1.059 GW.,. The peak output of the plant is not known exactly from
the data given, but is on the order of 1.2 GW,, 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 x 10° kWh) = $0.00431/kWh. O&M cost is ($118 million)/(9.255 x 10° 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
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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
inuse. 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 (D,0) is used as a coolant rather than light water
(H,0). 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 10° to 10°
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 liguid 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

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

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

° Thanks to James Palmer and Jessica Schiffman, M. Eng students 2004, for compiling this table from
TAEA 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:

o 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

Ficure 8-4 Tokamak design under development by ITER. (Image: ITER Organization. Reprinted
with permission.)
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8-6

shape of a plasma field that is optimal for fusion, and then design the coil
configuration that will create the desired shape.

o 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.

o Field-reverse configuration: Afield-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.

e 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.

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 CO, 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 CO, emissions.
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Ficure 8-5 Comparison of per capita CO, emissions for France and peer countries (Germany,
Netherlands, United Kingdom), and also United States. (Data source: U.S. Energy Information
Agency.)

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 CO, emissions are relatively
low compared to other peer countries, at 6.7 tonnes per person per year.® If the nuclear-
generated electricity were replaced with fossil-generated electricity at the U.S. average
of 0.61 tonnes CO,/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 CO, 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

For 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.

Morerecently, an accident at the Kashiwazaki plantin 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.

Orne 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
mustact 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/cm’. 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 UO, 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) x (2661)/(9.26) = 1.68 x 107 kg of
waste. This amount is equivalent to 1.60 x 10° cm® of volume, or approximately 1600 m®. To put this
volume in visual terms, if it were laid out on the playing area of standard a tennis court (32 m x 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.

o [ran: 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
otherreasons, 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 CO, 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.



8-7

Nuclear Energy Systems

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.

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 CO,, 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 MW, 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 MW.,. 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/kW,, 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. Areactor has a rated capacity of 1 GW, 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

24

Chapter Eight

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 CO, emissions per year avoided by
using nuclear power to generate electricity, based on total output from nuclear reactors and average
emissions of CO, 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, 0il, 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/m? outside the earth’s atmosphere,
while on the surface of the earth the average daily interception is nearly 4 kWh/m? 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 /m?, 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, I, 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.

I, = 1367(1 +0.034 cos(27N/365 ) 9-1)
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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/m? for Select World Cities

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/m? for Glasgow, Scotland, and
280 W/m? 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
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Ficure 9-1 Average seasonal solar energy gain per square meter for select world countries.
(Source: Norton [1992].)
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Ficure 9-2 Average seasonal daily hours of direct sun for world countries. (Source: Norton [1992].)

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 9-22 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/m?, 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 /m?
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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(a)

Month 5 a.m. 6 a.m. 7 a.m. 8 a.m. 9 a.m. 10 a.m. 11 a.m. Noon
7 p.m. 6 p-m. 5 p.m. 4 p.m. 3 p.m. 2 p.m. 1 p.m.

Jan 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 0 514/97 758/303 857/498 905/644 927/737 934/769
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

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/m?, as a Function of Solar Time, (a) at 32° North Latitude (b) at 48° North

Latitude
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(b)

Month 5 a.m. 6 a.m. 7 a.m. 8 a.m. 9 a.m. 10 a.m. 11 a.m. Noon
7 p-m. 6 p.m. 5 p.m. 4 p.m. 3 p.m. 2 p.m. 1 p.m.
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
TaBLE 9-2 (Continued)
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. A
Idealized atmosphere | ¢

Earth surface B

Ficure 9-3 Definition of air mass; air mass = CB/AB. Top sketch is idealized atmosphere as a
constant thickness layer. Bottom sketch greatly exaggerates the atmosphere thickness.

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 6, is the zenith angle, the angle from
directly overhead, described later in this section.

CB 1

AM = AB~ cos(6,)

= CSC(8,) (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.

1

AM = cos(6,) + 0.50572(96.07995 — 0, ) *-36%64

(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 R, and the geometry between the two
lines thus defined, as shown in Fig. 9-4. The thickness of the atmosphere is denoted H,
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 H, + R,. The distance the beam travels through the
atmosphere is along the line from point 4 to point b on the outer edge of the atmosphere,
denoted by the outer concentric circle. The angle ¥ is formed by the beam and the radius
at point a, hence ¥ = o + 90, where « is the solar altitude, or angle of the sun above the
horizon.
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Ficure 9-4 Relationship between angle ¥ between earth radius and incoming ray of sun, and
length of path ab through atmosphere.

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 ¥, m can be
calculated using the law of cosines as

m=\[1+2R, /H, +(R,cos ¥)| /H2 +R,cos ¥/H, (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 R, =
6372 km and H, = 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 ¥ 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.

T = 0.5(e 65AM 4 p-00954M) (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 (7,
beam radiation transmittance only) is calculated from Eq. (9-6).

T, = a, +a, exp(=k csc(cx)) (9-6)
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Altitude above Sea Level, km
0 0.5 1.0 1.5 2.0 2.5

23 km Haze Model
a, 0.1283 0.1742 0.2195 0.2582 0.2915 0.320
a, 0.7559 0.7214 0.6848 0.6532 0.6265 0.602
0.3878 0.3436 0.3139 0.2910 0.2745 0.268

5 km Haze Model
a, 0.0270 0.063 0.0964 0.126 0.153 0.177
A 0.8101 0.804 0.7978 0.793 0.788 0.784
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

Parameters a,, a, 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, E, . =E  cos(6).
Solar Altitude, Atmosphere Beam Radiation, Beam Radiation,
Degrees Transmittance Direct Normal 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/m?
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/m? 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,
H,, ,canbe calculated from the following equation where L is the local latitude, dis
the solar declination and 7, is the solar hour angle (all are defined in more detail

below).
H,, = (2—;) I, {1 + cos (%ﬂ cos(L) cos(9) sin(y.) 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/m?-day (11.8 M]/
m?-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.

12

1 31 61 91 121 151 181 211 241 271 301 331 361
Day of the year

Ficure 9-5 Fourteen years of integrated kWh/m? for Ithaca, New York, United States.
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Ficure 9-6 Maximum averaged daily atmospheric transmittance for data in Fig. 9-5.

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 Long_, and Long, are standard and local longitudes
(degrees), respectively.

solar time = standard time + 0: 04(Long_,,

—Long, ) +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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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 7= 360N /365 in degrees,
or 7=27N/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 =a,sin(7) + b, cos(7) + a, sin(27) + b, cos(27) + a, sin(37) + b, cos(37) (9-9)
+a, sin(47) + b, cos(471)

=-7.3412 | b =+0.4944
=-9.3795 | b,=-3.2568
=-0.3179 | b,=-0.0774
=-0.1739 | b,=-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, 8, and solar altitude, o. 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 6, +
0=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, ¥, the angle between the orientation of the surface and due south, and the
solar azimuth, y, which is the angle between the direction of the sun and due south, as
shown in plan view in Fig. 9-7.

For both yand y, angles to the west of due south are positive and angles to the east
are negative (e.g., in the diagram, y > 0, y< 0), and at solar noon (the time when the sun
is the highest in the sky), 7, = 0. For a solar panel that is installed facing due south, y=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 é 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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Ficure 9-7 Plan view of sun striking solar device at oblique angle.

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:

8=23.45 x sin[360(284 + N)/365] (9-10)

It is also possible to calculate the solar altitude at solar noon, ¢ __, using this
formula:

o =90-L+0 (9-11)

For example, at 40° north latitude, the sun will reach or=26.55° (=90 — 40 — 23.45) at
solar noon on the winter solstice and o =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.

Summer solstice

Earth

Equator Equinoxes

T

Winter solstice

Ficure 9-8 Declination at summer solstice, equinox, and winter solstice.



The Solar Resource

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: § = 23.45 x sin(630°) = 23.45 x sin(3.5 7 radians) = 23.45 x (-1),
so d is, in fact, at its lowest possible value, that is, 6= -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 6, =sin a=sin §sin L+ cos § cos L cos w (9-12)

where o can be calculated by subtracting or adding 15° for each hour before or after
solar noon, respectively (e.g., @ = hour x 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 7y, with which it may be
confused when first encountered but which is calculated as a function of 6, ®, and ¢, as
follows:

sin ¥ = cos §sin w/cos & (9-13)

The following calculation of @ and ¥, 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 o 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.

231



238 Chapter Nine

70.0
60.0 A
LN
40.0 / \\ —&— Summer sol
/ )]/U/j\n\l:k \‘\ —O— Equinox

Wl SN T
wl LS NN
oded NN

0.0 -

Solar altitude [deg]

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Hour of day

Ficure 9-9 Solar altitude as a function of time of day at 52° north latitude (equivalent to
The Hague, The Netherlands).

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 ¥, and tilted up
from horizontal by some angle 8. Here we solve for the angle of incidence 6, 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 6, is given by the following relationship:

cos0.=SeN (9-14)
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Ficure 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 “e” is the dot
product operator from vector calculus. It can be shown using the Cartesian axes of the
site that 6, is given by

cos 6, =sin o cos B+ cos asin B cos (Y- 7)) (9-15)
This formula can be simplified in certain situations. For a flat surface, =0° and
cos 6,=sin o (9-16)
For a vertical surface, f=90° and
cos 6,=cos acos (Y- 7,) (9-17)
Lastly, for a south-facing surface, y=0° and
cos B, =sin o cos B+ cos asin B cos ¥, (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 [ , (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 I, using the following relationship:

I,=1I,cos 6, (9-19)
We can also solve for the value of I o from the relationship
Iy, =1, cos 6, (9-20)

The ratio R, 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

R, = Iﬂ,b/Ib =1,,cos 6/I ,cos 6, (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 3, and the surface azimuth.
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9-4

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 6, 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 y, =53° is also a solution. If care is not taken, the
result may lead to a spurious result in which the value of y, 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 I, has a flux value of 350 W/m?”. 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 y = 0. On the summer solstice,
the declination is 8 = 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 @, §, and a gives y = -38.6°. Solving in turn for angle
of incidence as a function of o, §, 7, and 7, gives 6, = 15.5°. Thus the energy flux onto the device is
350 w/m? x cos(15.5°) = 337 w/m?.

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/m? at close to sunrise and sunset, to 884 W/m? 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/m? to hourly
energy in Wh/m? Using the preceding example, the flux is 389 W/m?on average
from 7:30 a.m. to 8:30 a.m., so the energy received during that hour is 389 Wh/m?
Summing the values in the column entitled “Actual Flux” gives a total energy value
of 6.27 kWh/m? This value can be compared to the sum of the “Available Flux” of
9.72 kWh/m?; 36% of the available energy is lost due to the surface not being normal
to the insolation as the sun’s position changes.

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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Available Hour Solar Solar Incident | Actual
Flux* Angle Altitude | Azimuth Angle Flux
Hour (W/m?) (deg) (deg) (deg) (deg) (W/m?) 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 m? Received by the Surface of a Solar Device (L = 32° N, 6= 23.45,

B=25° y=0°)

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 4 The more clear
the air, the smaller the ratio H 4/ H . 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,/H holds, assuming isotropic sky conditions:

H,/H =139 - 4.03K, +553K. - 3.11K, (9-22)
where K 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,/H.

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 aregion in between. As an example of how to read the curves, taking K =0.7,
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Fieure 9-11 Distribution of daily clearness ratios K for a range of annual average clearness
values K_..

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 K, represent the average clearness index for each month. If K is known, then it
is possible to approximate a distribution for the likelihood that the value of K is less
than or equal to a given value K. Taking K. . ‘and K. as the lowest and hlghest

values of the clearness index, respectlvely, the cumulative distribution function for K.
can be written

exp(YK; ) — exp(YK;)

F(K;)= 9-23
( T) exp(yKT,min ) - exp(yKT,max) ( )
The value of ymust be found by taking the average annual clearness index K (i.e.,
average of the 12 monthly values) and finding ysuch that Eq. (9-24) holds:
2 (K = 1D 1) = (K = 1/7)XPTK ) 92

exp(yKT,mm) - exp(yKT/max)
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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 K, 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 yand graph F(K,) as a function of K.

Solution The values of KT'min, K e and K are 0.38, 0.68, and 0.55, respectively. The best fit value for
ycan be solved iteratively using software; solving to two decimal place, in this case using the Solver
function in MS Excel, gives either y =-1.12 x 107 or y = 3. The appropriate value must then be chosen
based on observed conditions. For the case of y=-1.12 x 1077, 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 y= 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 K in the range of 0.5 to 0.68, so y= 3 is the correct value. Plotting F(K )
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 fis

H, =(H—Hd)Rb,ﬁ+Hd(1+zosﬁ)+H(1_c205ﬁ)pg (9-25)

1.2

0.8 /
0.6 /

0.4 /v
0.2

F (K-T)

FiGure 9-12  Plot of F(K-T).
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Here R, , is the ratio of insolation on a tilted surface to insolation on a flat surface, and
p, is the reflectivity of the ground. Note that in the case of perfect transmission of light
through the atmosphere, H, =0, and Hy,=HR, ,+ H((1 - cos B)/2) Py

The procedure to calculate the dally 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.

o, = cos™'(—tan(L) tan(5)) (9-26a)
o’ =min [®,, cos™ (~tan(L — f) tan(§))] (9-26b)

The next step is to calculate I_{h , 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 7/180.

R - cos(L — ) cos(8)sin(w) + ! sin(L — B) sin(d)
b cos(L)cos(8) sin(w, + @, sin(L) sin(5))

(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 [1 ~ %}Eb . (i](l + cos(ﬁ)) . p(1-cos(pB)) (9-28)

H 2 2

where p 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 H , the average daily total insolation on the tilted surface.

H,=HR (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 11in deep). Solar data for February in Ithaca are H =8.61 MJ/m?and K, =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 Egs. (9-22), (9-26), (9-27), (9-28), and (9-29).

6=-13.6° =0.237 radians

!One 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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,=77.3° equivalent to 77.3/15 = 5 h and 9 min after solar noon and @', = o,
13 =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 =1.598 x 8.61 =13.5 MJ/m™
Components of H, are

direct: 1.130 x 8.61 =9.73 MJ/m?

diffuse: 0.365 x 8.61 = 3.14 MJ /m?

reflected: 0.103 x 8.61 = 0.89 MJ/m?

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. Asolar 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. Ahouse 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.

<« 10m—p»
o

North

4. Use the law of cosines (c* = a> + b? — 2abcos(c)) to derive Eq. (9-4) in this chapter.

5. Asathought 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 c