ENERGY AND THE ENVIRONMENT

Abbas Ghassemi, Series Editor

GEOTHERMAL
ENERGY

and the
Environment

CRC Press

Taylor & Francis Group



GEOTHERMAL
ENERGY

Renewable Energy

and the
Environment

William E.

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



Cover credit: The sources for the bottom three figures on the right side of the cover are as follows: Second figure from
top, National Renewable Energy Laboratory, photograph by Roger Hill of the Fly Ranch, Nevada, travertine deposits.
Third figure from top, photograph by Toni Boyd of mud pots near Mammoth Lakes, California, used by permission. Bot-
tom figure, photograph by Henry Veizades of 47.5 MW geothermal power plant in Germencik, Turkey, used by permission
of the Geothermal Resources Council.

CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W/, Suite 300
Boca Raton, FL 33487-2742

© 2010 by Taylor and Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number: 978-1-4200-7570-0 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid-
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may
rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or uti-
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy-
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the
publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923,
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For
organizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



L R e S e ———————,—,———,————

Series Editor’s Preface

By 2050, the demand for energy could double, or even triple, as the global population rises and
developing countries expand their economies. All life on earth depends on energy and the cycling
of carbon. Energy is essential for economic and social development but also poses an environmen-
tal challenge. We must explore all aspects of energy production and consumption including energy
efficiency, clean energy, global carbon cycle, carbon sources and sinks and biomass as well as their
relationship to climate and natural resource issues. Knowledge of energy has allowed humans to
flourish in numbers unimaginable to our ancestors. The world’s dependence on fossil fuels began
approximately two hundred years ago. Are we running out of 0il? No, but we are certainly running
out of the affordable oil that has powered the world economy since the 1950s. We know how to
recover fossil fuels and harvest their energy for operating power plants, planes, trains, and auto-
mobiles that result in modifying the carbon cycle and additional greenhouse gas emissions. This
has resulted in the debate on availability of fossil energy resources, peak oil era and timing for the
anticipated end of the fossil fuel era, and price and environmental impact versus various renewable
resources and use, carbon footprint, emission and control including cap and trade and emergence
of “green power.”

Our current consumption has largely relied on oil for mobile applications and coal, natural gas,
and nuclear or water power for stationary applications. In order to address the energy issues in a
comprehensive manner, it is vital to consider the complexity of energy. Any energy resource—
including oil, coal, wind, biomass, and so on—is an element of a complex supply chain and must
be considered in the entirety as a system from production through consumption. All of the ele-
ments of the system are interrelated and interdependent. Oil, for example, requires consideration for
interlinking of all of the elements including exploration, drilling, production, water, transportation,
refining, refinery products and byproducts, waste, environmental impact, distribution, consumption/
application and finally emissions. Inefficiencies in any part of the system will impact the overall
system, and disruption in any one of these elements would cause major interruption in consumption.
As we have experienced in the past, interrupted exploration will result in disruption in production,
restricted refining and distribution, and consumption shortages; therefore, any proposed energy
solution requires careful evaluation and as such, may be one of the key barriers to implement the
proposed use of hydrogen as a mobile fuel.

Even though an admirable level of effort has gone into improving the efficiency of fuel sources
for delivery of energy, we are faced with severe challenges on many fronts. This includes: popu-
lation growth, emerging economies, new and expanded usage and limited natural resources. All
energy solutions include some level of risk, including technology snafus, changes in market demand,
economic drivers and others. This is particularly true when proposing energy solutions involving
implementation of untested alternative energy technologies.

There are concerns that emissions from fossil fuels will lead to climate change with possible
disastrous consequences. Over the past five decades, the world’s collective greenhouse gas emis-
sions have increased significantly even as efficiency has increased, resulting in extending energy
benefits to more of the population. Many propose that we improve the efficiency of energy use and
conserve resources to lessen green house gas emissions and avoid a climate catastrophe. Using fossil
fuels more efficiently has not reduced overall greenhouse gas emissions due to various reasons, and
it is unlikely that such initiatives will have a perceptible effect on atmospheric greenhouse gas con-
tent. While there is a debatable correlation between energy use and greenhouse gas emissions, there
are effective means to produce energy, even from fossil fuels, while controlling emissions. There are
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also emerging technologies and engineered alternatives that will actually manage the makeup of the
atmosphere but will require significant understanding and careful use of energy.

We need to step back and reconsider our role and knowledge of energy use. The traditional
approach of micromanagement of greenhouse gas emissions is not feasible or functional over a long
period of time. More assertive methods to influence the carbon cycle are needed and will be emerg-
ing in the coming years. Modifications to the cycle means we must look at all options in managing
atmospheric greenhouse gases, including various ways to produce, consume, and deal with energy.
We need to be willing to face reality and search in earnest for alternative energy solutions. There
appears to be technologies that could assist; however, they may not all be viable. The proposed solu-
tions must not be in terms of a “quick approach,” but a more comprehensive, long-term (10, 25 and
50 plus years) approach that is science based and utilizes aggressive research and development. The
proposed solutions must be capable of being retrofitted into our existing energy chain. In the mean-
time, we must continually seek to increase the efficiency of converting energy into heat and power.

One of the best ways to define sustainable development is through long-term, affordable avail-
ability of resources including energy. There are many potential constraints to sustainable develop-
ment. Foremost is the competition for water use in energy production, manufacturing, farming, and
others versus a shortage of fresh water for consumption and development. Sustainable development
is also dependent on the earth’s limited amount of soil, and in the not too distant future we will have
to restore and build soil as a part of sustainable development. Hence, possible solutions must be
comprehensive and based on integrating our energy use with nature’s management of carbon, water,
and life on earth as represented by the carbon and hydrogeological cycles. Obviously the challenges
presented by the need to control atmospheric green house gases are enormous and require “out of
the box™ thinking, innovative approach, imagination and bold engineering initiatives in order to
achieve sustainable development. We will need to ingeniously exploit even more energy and inte-
grate its use with control of atmospheric greenhouse gases. The continued development and applica-
tion of energy is essential to the development of human society in a sustainable manner through the
coming centuries. All alternative energy technologies are not equal and have risks and drawbacks.
When evaluating our energy options, we must consider all aspects including: performance against
known criteria; basic economics and benefits; efficiency; processing and utilization requirements;
infrastructure requirements; subsidies and credits; waste and ecosystem; as well as unintended con-
sequences such as impacts to natural resources and the environment. Additionally, we must include
the overall changes and the emerging energy picture based on current and future efforts to modify
fossil fuels and evaluate the energy return for the investment of funds and other natural resources
such as water.

A significant motivation in creating this book series, which is focused on alternative energy and
the environment, was brought about as a consequence of lecturing around the country and in the
classroom on the subject of energy, environment and natural resources such as water. Water is a pre-
cious commodity in the West in general and the Southwest in particular and has a significant impact
on energy production, including alternative sources due to the nexus between energy and water and
the major correlation with the environment and sustainability related issues. While the correlation
between these elements, how they relate to each other, and the impact of one on the other are under-
stood, it is not significantly debated on when it comes to integration and utilization of alternative
energy resources into the energy matrix. Additionally, as renewable technology implementation
grows by various states, nationally and internationally, the need for informed and trained human
resources continues to be a significant driver in future employment resulting in universities, com-
munity colleges, trade schools offering minors, certificate programs and even in some cases majors
in renewable energy and sustainability. As the field grows, the demand for trained operators, engi-
neers, designers and architects that would be able to incorporate these technologies into their daily
activity is increasing. Additionally, we receive daily deluge of flyers, emails, and texts on various
short courses available for interested parties in solar, wind, geothermal, biomass, and so on under
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the umbrella of retooling an individual’s career and providing trained resources needed to interact
with financial, governmental, and industrial organizations.

In all my interactions throughout the years in this field, I have conducted significant searches
in locating integrated textbooks that explain alternative energy resources in a suitable manner and
that would complement a syllabus for a potential course to be taught at the university while provid-
ing good reference material for people interested in this field. I have been able to locate a number
of books on the subject matter related to energy, energy systems, resources such as fossil nuclear,
renewable and energy conversion, as well as specific books in the subjects of natural resource avail-
ability, use, and impact as related to energy and the environment. However, specific books that are
correlated and present the various subjects in detail are few and far in between. We have therefore
started a series of texts, each addressing specific technology fields in the renewable energy arena.
As a part of this series, there are textbooks on wind, solar, geothermal, biomass, hydro, and others
yet to be developed. Our texts are intended for upper level undergraduate and graduate students
and for informed readers who have a solid fundamental understanding of science and mathematics
as well as individuals/organizations that are involved with design development of the renewable
energy field entities that are interested in having reference material available to their scientists and
engineers, consulting organizations, and reference libraries. Each book presents fundamentals as
well as a series of numerical and conceptual problems designed to stimulate creative thinking and
problem solving.

The series author wishes to express his deep gratitude to his wife Maryam who has served as a
motivator and intellectual companion and too often was victim of this effort. Her support, encour-
agement, patience, and involvement have been essential to the completion of this series.

Abbas Ghassemi, PhD
Las Cruces, New Mexico
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Preface

The rapidly growing influence of human activity on the environment has changed the way human
beings view the world and their relationship with it. Until the middle of the twentieth century, the
world was seen as an essentially stable, unchanging landscape. What changes occurred were either
of small global impact or constrained to play out on time scales more familiar to geologists than
the average worker, politician, or student. However, over the last 50 years the cumulative effects of
industrial activity, coupled in complex ways with population growth and economic development,
have become more apparent. We are now capable of monitoring every aspect of the planet’s environ-
ment and have come to realize that the world and the biology it supports have long been evolving in
response to our actions.

Underlying every aspect of the human juggernaut has been the ability to access and utilize what
seemed to be boundless and benign fossil energy resources. With the realization that those energy
resources are, in fact, exhaustible and that their use is affecting the global hydrosphere, biosphere,
and atmosphere, there has developed an interest in finding and developing energy resources that
have minimal environmental impact and are sustainable. Geothermal energy is one such resource.

Geothermal energy is ubiquitous, abundant, and inexhaustible. It powers the movement of
the continents across the face of the planet, it melts rock that erupts as volcanoes, and it supplies the
energy that supports life in the ocean depths. It has been present for 4,500 million years and will
be present for billions of years into the future. It flows through the earth constantly, 24 hours a day,
7 days a week, rain or shine, eon upon eon. It has the potential to provide power to every nation
in the world—in the United States alone, it has been noted that the amount of geothermal energy
available for power generation exceeds by several times the total electrical power consumption of
the country. All of this is possible and with minimal environmental consequence.

This book is about where that energy comes from and how to find it, how it can be accessed, the
kinds of applications that have been successfully developed in the past and what could be done to
improve its use in the future. This book also considers the constraints that affect the use of geother-
mal energy—how water must be managed, what emissions must be controlled, and when utilization
may not be appropriate. Finally, this book also discusses the economic and social issues that must
be addressed for wise and orderly development of this robust and bountiful resource.

The audience for this book is anyone seeking an in-depth introduction to geothermal energy and
its applications. It is intended for course work at the undergraduate level; as a reference book for
designers, planners, engineers, and architects; and as a source for background material for policy
makers, investors, and regulators.

Geothermal energy, wisely used, can contribute in many important ways to resolving one of
the fundamental challenges faced by the global community—how to acquire energy to assure the
health, prosperity, and security of the global community. It is hoped this book will contribute to
achieving that goal.
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Introduction

It is a well-known fact that the interior portions of the globe are very hot, the temperature ris-
ing, as observations show, with the approach to the center at the rate of approximately 1 degree
C. for every hundred feet of depth. The difficulties of sinking shafts and placing boilers at
depths of, say, twelve thousand feet, corresponding to an increase in temperature of about
120 degrees C., are not insuperable, and we could certainly avail ourselves in this way of the
internal heat of the globe. In fact, it would not be necessary to go to any depth at all in order
to derive energy from the stored terrestrial heat. The superficial layers of the earth ... are at a
temperature sufficiently high to evaporate some extremely volatile substances, which we might
use in our boilers instead of water.

—Nikola Tesla, “The Problem of Increasing Human Energy With Special
References to the Harnessing of the Sun’s Energy,”
Century Illustrated Magazine, June 1900

As the above quote demonstrates, the vision of utilizing the Earth’s internal heat to benefit the world
is not new. It has long been recognized that energy, in the form of heat, is constantly radiating from
the Earth’s surface into space. Some of that energy is solar energy that has been absorbed by soil
and rock and reradiated as infrared radiation. But on average about 1% of that energy radiating into
space is from the Earth itself. Although it may seem insignificant, in fact the amount of heat energy
the Earth contains is staggering—there is enough heat energy in the subsurface to satisfy the energy
needs of every nation of the world many times over.

That heat energy is geothermal energy. It is remnant heat derived from the formation of the planet
four and a half billion years ago, as well as heat from the radioactive decay of naturally occurring
unstable isotopes. That heat is sufficient to power plate tectonics, which is the slow movement of
massive blocks of the Earth’s crust and upper mantle, and to drive mountain building processes that
occur when those blocks collide. It is also sufficient to melt rock, generate volcanoes, heat water to
form hot springs, and keep basements at a constant temperature. It is a perpetual and inexhaustible
energy resource.

With a few important exceptions, geothermal energy did not play a major role in the energy mix
associated with power generation or other applications until the latter half of the twentieth century.
At that time, growing interest in the environmental, economic, and social aspects of energy gen-
eration and use encouraged exploration of energy sources that would diminish reliance on fossil
fuels. This chapter will discuss the context of those changes and their implication for the develop-
ment of geothermal energy. The chapters that follow will consider specific topics that, if taken
together, provide a comprehensive body of knowledge for informed consideration of geothermal
energy use.

THE GLOBAL ENERGY LANDSCAPE
THe HistoricaL RoLE ofF FueL

One of the hallmarks of the human species is the creative use of energy. Over many centuries
humanity learned through experience, insight, and experimentation that fire could be controlled and
used to our mutual benefit. And, with that ability and skill, the quality of life has rapidly improved
for an ever-growing proportion of the planets’ people.



