Volume 11

Non-nuclear Energy Technologies

One of a Three-Volume Set of Lecture Notes
Second Edition

S.S. Penner ® L. Icerman

Pergamon Press



ENERGY

Volume II
Non-nuclear Energy
Technologies

One of a Three-Volume Set of Lecture Notes
Second Edition

S.S. Penner

Energy Center and
Department of Applied Mechanics and Engineering Sciences
University of California at San Diego
LalJolla, California

L. Icerman

New Mexico Energy Research and Development Institute
Santa Fe, New Mexico

PERGAMON PRESS
New York ® Oxford ® Toronto ® Sydney ® Paris ® Frankfurt



Pergamon Press Offices:

US.A. Pergamon Press Inc., Maxwell House, Fairview Park,

Elmsford, New York 10523, U.S.A.

U.K. Pergamon Press Ltd., Headington Hill Hall,
Oxford OX3 0BW, England

CANADA Pergamon Press Canada Ltd., Suite 104, 150 Consumers Road,

Willowdale, Ontario M2J 1P9, Canada

AUSTRALIA Pergamon Press (Aust.) Pty. Ltd., P.O. Box 544,

Potts Point, NSW 2011, Australia

FRANCE Pergamon Press SARL, 24 rue des Ecoles,
75240 Paris, Cedex 05, France

FEDERAL REPUBLIC Pergamon Press GmbH, Hammerweg 6,

OF GERMANY D-6242 Kronberg-Taunus, Federal Republic of Germany

Copyright © 1984 Pergamon Press Inc.

Library of Congress Cataloging in Publication Data
(Revised for vol. Il)

Penner, S.S.
Energy.

Vol. 2: 2nd ed. New York : Pergamon Press.
Includes bibliographical references and index.
Contents: 1. Demands, resources, impact, technology,
and policy -- v. 2. Non-nuclear energy technologies.
1. Power resources--Collected works. 2. Power
(Mechanics)--Collected works. 3. Energy policy--
Collected works. I. Icerman, L. II. Title.
TJ163.2.P46 1981 333.79 80-152834
ISBN 0-08-031943-2 (v.2)
ISBN 0-08-031942-4 (pbk.: v.2)

All Rights reserved. No part of this publication may be reproduced,

stored in a retrieval system or transmitted in any form or by any means:

electronic, electrostatic, magnetic tape, mechanical, photocopying,
recording or otherwise, without permission in writing from the
publishers.

Printed in the United States of America



PERGAMON INTERNATIONAL LIBRARY
of Science, Technology, Engineering and Social Studies

The 1000-volume original paperback library in aid of education,
industrial training and the enjoyment of leisure

Publisher: Robert Maxwell, M.C.

ENERGY

Volume II: Non-nuclear Energy Technologies
Second Edition

THE PERGAMON TEXTBOOK
INSPECTION COPY SERVICE

An inspection copy of any book published in the Pergamon International Library
will gladly be sent to academic staff without obligation for their consideration for
course adoption or recommendation. Copies may be retained for a period of 60 days
from receipt and returned if not suitable. When a particular title is adopted or
recommended for adoption for class use and the recommendation results in a sale
of 12 or more copies the inspection copy may be retained with our compliments.
The Publishers will be pleased to receive suggestions for revised editions and new
titles to be published in this important international Library.




Pergamon Titles of Related Interest

Alawi et al
O’Callaghan
O’Callaghan

O’Callaghan
Parker
Penner
Penner

Reis

Smith

Szokolay

Taylor & Veziroglu
Twidell et al

Zinberg

Related Journals*
Ambio
Energy

SOLAR ENERGY AND THE ARAB WORLD
BUILDING FOR ENERGY CONSERVATION
DESIGN AND MANAGEMENT FOR ENERGY
CONSERVATION

ENERGY FOR INDUSTRY

ENERGY CONSERVATION MEASURES
LITHIUM — NEEDS AND RESOURCES
NEW SOURCES OF OIL AND GAS
ECONOMICS AND MANAGEMENT OF
ENERGY IN INDUSTRY

ENERGY MANAGEMENT PRINCIPLES
SOLAR WORLD CONGRESS

HYDRODEN ENERGY PROGRESS V
ENERGY FOR RURAL AND ISLAND
COMMUNITIES III

UNCERTAIN POWER: THE STRUGGLE FOR
A NATIONAL ENERGY POLICY

Energy Conversion and Management

Energy Develpments in Japan

Geothermics

International Communications in Heat & Mass Transfer

International Journal of Heat & Mass Transfer

International Journal of Hydrogen Energy

Journal of Heat Recovery Systems

OPEC Review

Previews of Heat and Mass Transfer

Progress in Energy and Combustion Science

Solar and Wind Technology

Solar Energy

*Sample copies available on request



Chapter
Chapter
Chapter

Chapter

Chapter

Chapter

Chapter

Chapter

Contents of Volume I, 1981

Energy Demands

Energy Resources

Energy Consumption by Sector

The Economic Value of Energy Utilization;
Prices for Energy Sources; Investment

Costs; Electricity Costs

Energy-Utilization Efficiencies, Waste Recovery,
and Related Topics

Geophysical Implications of Energy Consumption

The Past Societal Costs of Coal Use in Electricity
Generation

A Commentary on U.S. Energy Policy and
Resource Development

Problems

Index

Xxiii



Chapter
Chapter
Chapter

Chapter

Chapter

Chapter

21
22
23
24

2b
26

Contents of Volume III, 1976

Nuclear Fission Energy

Nuclear Fission Energy:

Breeder Reactors

Controlled Thermonuclear Fusion

Environmental Aspects of Nuclear Power

Applications

Nuclear Strategies

Energy Policies

Problems

Index

XXiv



PREFACE TO THE FIRST EDITION

Volume II of this series of lecture notes is generally
restricted to those aspects of non-nuclear energy technolo-
gies dealing with new developments, which promise to bring
important modifications to our energy-supply base. Well-
developed techinologices are not reviewed. Thus, deep under-
standing of the engineering aspects of coal mining or petro-
leum recovery by conventional means is not assumed and
will not be gained from study of the material contained in
this volume. However, it is the authors' expectation that
the patient reader will achieve considerable understanding
and insight into the nature of developing technologies and
will Tearn to appreciate the enormity of the scientific, tech-
nical, economic, and social problems that form a part of any
scenario leading to greater U.S. independence from foreign
energy supplies.

The authors' personal involvement in some of the
newly developing technologies (e.g., fossil-fuel
developments, OTEC, the hydrogen economy, geothermal energy
generation) is hopefully reflected by comprehensive current
coverage of these topics.

We are indebted to the UCSD graduate and undergrad-
uate students who have helped us with the development of these

XXV



XXVi PREFACE
lecture notes by participating in early courses dealing

with non-nuclear energy technologies.

In order to assist the reader in the use of this volume,
we have reproduced Table 1.2-2 of Volume I on units, con-
version factors, and energy consumption. We have also in-
cluded a set of review problems dealing with energy resources.

The reader should note that reference numbers refer
to individual Sections.

La Jolla, CA, June 1975 S. S. Penner

L. Icerman

In the second edition, we have updated much of the text,
especially the chapters on fossil fuels, solar energy, and
geothermal systems.:

La Jolla, CA, March 1984 S. S. Penner

L. Icerman



GLOSSARY OF SYMBOLS
A = ampecre
a.c. = alternating current
atm = atmosphere
bbl or B = barrel
Btu = British thermal unit
°C = degrees Celsius
cal = calorie
cm = ceintimeter
d = day
d.c. = direct current
ev = electron volt

(e) or subscript e = equivalent energy or electrical energy,
depending on the context

°F = degrees Fahrenheit
ft = foot

g = gram

gal = gallon

h = hour

hp = horsepower

Hz = Hertz

in. = inch

°K = degrees Kelvin

kcal = kilocalorie = 103 calories

kg = kilogram = 103 grams

XXVii
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km = kilometer = 103 meters
kt = kiloton = 103 tons

kV = kilovolt = 103 volts

kVA = kilovolt-ampere = 103 volt-amperes
kw = kilowatt = 103 watts

1b = pound

1bm = pound mass

m = meter

MCM = 103 circular mils

mi = mile

min = minute

mph = mile(s) per hour

MVA = megavolt-ampere = 106 volt-amperes
Mw = megawatt = 106 watts

n = newton

ppm = parts per million

psi = pounds per squarc inch

psia = pounds per square inch (absolute)
psig = pounds per square inch (gauge)

Q = 10'® Btu

rad = radian

rpm = revolutions per minute

sd = standard day or stream day

GLOSSARY OF SYMBOLS



GLOSSARY OF SYMBOLS XXX

second

sec

1]

SCF standard cubic foot
t = ton = 2,000 pounds

(th) or subscript t = thermal energy

V = volt
w = watt
y = year



*
UNITS, CONVERSION FACTORS, ENERGY CONSUMPTION

7 12

1 joule = 10" erg (= 107 dyne-cm) = 6.24 x 107" Mev =
6.24 x 10° Bev = 1.0 newton-m = 0.736 ft-1b =
0.24 cal = 0.949 x 1073 Btu = 2.78 x 107% wh =
3.73 x 1077 hph = 2.78 x 1077 kwh = 2.38 x 10°
ton of TNT equivalent = 1.22 x 10713
energy from the deuterium in 1 m3 of seawater =
1.11 x 10714
of the fission energy of 1 kg of U-235 equivalent=
6.8 x 10723
energy at the outside of the atmosphere of the
carth = 5.8 x 10732
the sun.

10
of the fusion
g of matter equivalent = 1.22 x 10714

of the average daily input of solar

of the daily energy output fron

1 metric ton of coal = 27.8 x 106 Btu (1 metric ton =

1 mt ~ 2,200 1b)

1 bb1l of petroleum =~ (5.60 to) 5.82 (or more) x 106 Btu
(1 bbl = 42 gallons)

1 SCF of natural gas = 103 Btu

1.95 x 107 Btu (1 cord = 128 ft3)

R

1 cord of wood

9,500 Btu (th)/kwhe at 36% conversion efficiency.

1q =108 Btu = 1.05 x 102! joule = 2.93 x 10 Kkwh(th) =

= 1.22 x 109 Mwd(th) = 3.35 x 107 Mwy(th) = 1.7

x 1011 bb1 of petroleun equivalent; 1 y = 8.76 x 10°h

Coal conversion to oil: 22 bbl/mt ( > 42% energy-conver-
sion efficiency)

Note: See footnotes to this table on the following page.

XXX



XXX1
UNITS, CONVERSION FACTORS, ENERGY CONSUMPTION*

*%
Energy consumption estimates:

USA (1970) -- 0.07 Q/y [2 x 108 people, 11.7 kw(th)/p].

(2000) -- 0.16 Q/y [3 x 108 people, 17.8 kw(th)/p].
(2020) -- 0.3 Q/y [4 x 108 people, 25  kw(th)/p].
WORLD (1970) -- 0.24 Q/y [4 x 10° people, 2  kw(th)/p].

(2000) -- 2.1 Q/y [7 x 10° people, 10  kw(th)/p].

(2050) -- 6 Q/y [10 x 10° people, 20  kw(th)/p].

*

*

Table abbreviations used: bbl = barrel; Btu = British ther-
mal unit; cal = calorie; d = day; g = gram; h_= hour; hp =
horsepower; kg = kilogram; kw = kilowatt = 103 watt; m =
meter; Mw = megawatt = 106 watt = 103 kw; p = person;

SCF = standard cubic foot, corresponding to the gas vol-
ume at a pressure of 14.73 psi (= 1 atmosphere) and a
temperature of 60°F; w = watt; y = year; the symbol (e) or
the subscript e identify electrical energy; the symbol (th)
or the subscript t identify thermal erergy. The subscript
e is also used occasionally in place of the phrase "equiva-
lent energy"; the particular meaning attached to e should
generally be clear from the context.

*
Representative estimates from various sources; forecasts
to the year 2000 and beyond are uncertain by factors of
2 or more.



REVIEW PROBLEMS ON ENERGY RESOURCES
Verity cach of the following statements by using the appro-
priate conversion factors.
1. The 1970 U.S. electrical power-generating capacity was
3.40 x 10° M.
(a) Show that the electrical energy generated during 1970,
at a 90% average operating capacity, was 3.06 x 105
Mwye.
(b) Assuming a 33.33% average conversion efficiency,
show that the primary (total) energy required for
electric-power generation was 9.18 x 105 Mwye dur-
ing 1970. Show that this total energy corresponds to
4.70 x 10° (bb1)_ for 1970 or 1.28 x 10° (bbl/d), of

petroleum.

2. The estimated year 2000-U.S. electrical-power generating

capacity is 2 x 106 Mwe, corresponding to an electrical

energy of 1.8 x 106 Mwye at an average use rate of 90%,

and a primary energy requirement of 5.4 x 106

5

Mwyt

for the year 2000 or 7.59 x 10 (bb]/d)e.

(a) The total average continuous input of solar power to
the surface of the earth is 18% of the continuous
solar power at the outer atmospheric boundary of

5.2 X 1021 Btu/y. Show that the total average

yearly input of solar power at the surface of the
XXX11



REVIEW PROBLEMS ON ENERGY RESOURCES AXX111

. average power of 4.41 x 10

0

earth is 9.36 x 102 Btu/y or 1.61 x 1014(bb1)e/y.

Show that this input solar power corresponds to an

11 (bb1/d), .

Show that a utilization efficiency of 0.172% of the
solar-power input to the surface of the earth would
be sufficient to supply the primary power require-
ments for the U.S. electrical industry in the year

2000.

21 8

White has estimated that 8 x 10 joules = 2.5 x 10

Mwy of hydrothermal energy are available world-

22 9

wide to a depth of 3 km; 4 x 10™" joules = 1.25 x 10
Mwy are available to a depth of 10 km. The U.S. is
believed to have between 5 and 10% of the world's

hydrothermal resources.

Assuming that 1% of the world's hydrothermal re-
sources to a depth of 10 km can be exploited at a
25% overall conversion efficiency, show that

1.25 x 10% x 107 x 0.25 = 3.13 x 10° Muy,

are available world-wide from this energy reserve.

If we exhaust this hydrothermal reserve at a uniform
rate in 50 years, show that the corresponding world-

wide electrical power capacity from hydrothermal



XXXV REVIEW PROBLEMS ON ENERGY RESOURCES

energy becomes 6.25 x 104 Mwe. Show that this

capacity corresponds to 3.13% of the estimated U.S.
electrical-power capacity for the year 2000 or to
2.38 x 107 (bb]/d)e of primary energy.

(c) The average outward rate of heat flow of geothermal

energy from the interior of the earth is 1.25 x 10_6

ca]/sec—cm2 = 39.4 ca]/cmz-y. If the surface area

18

of the earth is 5.1 x 10 cm2, show that this aver-

age geothermal power corresponds to 2.01 x 1020

7

cal/y = 7.94 x 1017 Btu/y = 2.66 x 10° Mw. If 1%

of this geothermal power could be converted to elec-
trical power with a 25% conversion efficiency, show
that

2.66 x 107 x 1072

x 0.25 = 6.65 x 107 My
would be generated. Show that this corresponds to
3.32% of the estimated U.S. year 2000 electrical
power-capacity requirement.

(d) The ultimate world capacity for hydroelectric power

6

generation has been estimated to be 2.857 x 10 Mwe.

If the U.S. fraction of this total is 0.0563, show that
the ultimate U.S. hydroelectric capacity is 0.161

6

x 10 Mwe or 8.05% of the estimated year 2000 U.S.

capacity.



