419,00

JU.28,1976
003350

NET ENERGY ANALYSIS:

AN ENERGY BALANCE STUDY

OF FOSSIL FUEL RESOURCES

April, 1976

by

THE COLORADO ENERGY RESEARCH INSTITUTE
//’/4 P.0O. Box 366
/ Golden, Colorado 80401

Thomas J. Vogenthaler, Director

Project Investigators

Albert G. Melcher, Colorado Energy Research Institute,
Project Coordinator

Dr. Kenneth Maddox, Colorado School of Mines Research
Institute

Dr. Charles Prien, Denver Reseérch Institute

Dr. Thomas Nevens, Denvér.Research Institute

Dr. Victor Yesavage} Colorado School of Mines

Dr. Philip Dickson, Colorado School of Mines

Prof. Jackson Fuller, University of Colorado

Dr. William Loehr, Denver University

Dr. Robert Baldwin, Colorado School of Mines

pr. Richard Bain, Colorado School of Mines

Advisory Members of Project Team

Mr. Richard Doran, Denver Research Institute
Dr. John Golden, Colorado School of Mines
 Dr. Jerome Morse, Colorado Energy Research Institute

Editor

Mr. Bruce Polich, Consultant




ort was prepared by the COLORADO ENERGY RESEARCH INSTITUTE (CERI) to advance

This rep
Any opinions, findings,

pment and use of net energy analysis of fossil fuels.

the develo
ns or recommendations expressed in this publication are those of the Project

they do not necessarily reflect the views or policies of the
the State of Colorado, oOr the employers of the Project
nt of the Project Sponsors and the State of

conclusio
Investigators and CERI;
Project Sponsoxrs listed below,

Investigators. The support and encourageme
Colorado may not be interpreted as either approval or disapproval of the report.

The Project Sponsors are:

U. S. Department of the Interior

(0ffice of Research and Development, Contract No. 14-01-0001-2156)

Sun 0il Company

Getty 0il Company

public Service Company of Colorado
Marathon 0il Company

Standard 0il Company (Indiana)
colorado-Ute Electric Association
Gulf Energy and Minerals Company
Cleveland-Cliffs Iron Company
Colorado Interstate Corporation

Rocky Mountain Energy Company

i




1
TABLE OF CONTENTS

ABSTRACT . v
PREFACE vi
ACKNOWLEDGEMENTS vii
INVESTIGATORS ix
LIST OF FIGURES «i
LIST OF TABLES : xii
I. INTRODUCTION I - 1
® References and Footnotes: - Section I I - 3
II.  FINDINGS AND RESULTS 1T - 1
A. General Summary IT - 1
B. Analysis of Findings II - 25
C. Conclusions II - 28
D. Recommendations on Specific Applications _ IIr - 29
® Short Glossary II - 35
IITI. DISCUSSION OF NET ENERGY ANALYSIS AND THE CERI APPROACH 111 - 1
A. Definition of Net Energy Analysis ITT - 1
B. EBconomics and Net Energy Analysis I1IT - 4
C. 1Issues in Net Energy Analysis 11T - 9
D. Boundaries III - 13
E. Accounting Methods: Energy Quantity and Quality ITI - 27
F. Data IIT - 29
G. Intertemporal Flows: Energy Flows Over Time ' 11T - 33
e Reference and Footnotes: - Section III I1IT - 38
Iv. METHODOLOGY OF STUDY ! v - 1
A. The CERI Process iv- 1
B. Assumptions and Ground Rules v -1
C. Study Boundaries ‘ v - 2
D. Methodology v - 3
® References and Footnotes: - Section IV v - 11
V. POTENTIAL NET ENERGY ANALYSIS APPLICATIONS v- 1
A. General Types of Decisions v-1
B. Net Energy Analysis as a Policy Tool v- 2
C. Problems and Caveats v- 8
D. Summary v - 15
® References and Footnotes: - Section V v - 16
I - 1

DISCUSSION AND SUMMARY OF DATA v
A. Recovery of Coal and Natural Gas in the Rocky Mountain Region vi - 1
- ® References: - Section VI-A vi - 4
e Analysis Forms 1 Through 8 Vi - 5
B. Liguid Fuels from Petroleum Vi - 21
® References: - Section VI-B VI - 32
® Analysis Forms 9 Through 22 vI - 33

iii




VII.

C. Coal Liquifaction Systems

e References: - Section VI-Cl

e References: - Section VI-C2

e Analysis Forms 23 Through 25

e References: - Section VI-C3
D. 0il Shale Processing

e References: - Section VI-D

e Analysis Forms 26 Through 30
E. Coal Gasification

e Analysis Form 31

e References: - Section VI-E
F. Additional Findings: Data Acquisition and'Analysis
APPENDIX

® Glossary

iv

VI
VI
V1
VI
VI
VI
Vi
VI
Vi
VI
VI
V1

47
50
54
60
66
66
72
73
81
83
85
85



ABSTRACT

"Net Energy Analysis: An Energy Balance Study of Fossil Fuel Resources"

Colorado Energy Research Institute

Albert G. Melcher, Deputy Director for Operations, Project Coordinator

Energy analysis is a broad field of study dealing with the development and use

of all aspects of energy. Net energy analysis, a more limited field of study,

deals with the analysis of the energy made available to society by energy pro-
- duction processes after thé deduction of energy lost to society as a result of
the processes.

This study examines industrial energy produétion in fossil fuels, emphasizing
those of the Western United States. It accounts for the complete direct and
indirect energies which must be utilized to prbduce energy from fossil fuels.
These include the direct and indirect energies which "drive" or sub-sidize"
the production. It includes those energies sequestered in materials needed to
build and operate the industrial production and transportation facilities
which either directly or indirectly are necessary for energy production. The
study includes all steps in bringing fossil fuels from reserves in the ground
to the point of end use (exploration, extraction, conversion, transportation,
etc.) A given fossil fuel can be directed through a number of different paths

to end users, arriving there in a variety of forms.

Excluded from the study are ecological energy, human metabolic and life style

energy, research and several other flows.

Several energy accounting methods are used to deal with different social or
policy issues. Data are given for about 20 different process pathways for
obtaining gas, liquid, solid and electrical energy from coal, gas, petroleum
and o0il shale. :

Data, methodology, "boundary" gquestions, philosophy, and possible applications

of net energy analysis are covered in this report.




I. INTRODUCTION

It is increasingly important to America that decisions regarding the development and
utilization of fossil fuels be based on more complete information than available hereto-
fore. The complex relationships of reserves, production rates, economics, regulation,
foreign politics, environmental quality and the demand for energy have not received proper
attention until recent years. Now, however, national energy deficiencies - present and
potential - are of great significance to the well-being of the nation. Better information
concerning energy production and utilization must be made available to government,

industry, and public organizations to insure intelligent and accurate policy decisions.

Efficient use of energy resources is becoming more and more mandatory. There is
little doubt that a great quantity of energy has been wasted in the past. Some fossil
fuel resources are dwindling rapidly, thus more efficient use of those resources will
serve to stretch the time before effective exhaustion occurs. Dependence on foreign
energy could be reduced if the output of net usable energy from a given resource quantity
could be increased. Environmental impact reductions could result in some cases if this

output ratio were improved.

In the last several years, there has developed a growing concern about the question
of how much energy is required to produce and deliver useable energy. There is evidence,
or at a least strong supposition, that the energy required to produce and deliver a given
amouht of useable energy is increasing. Now, 0il wells must be deeper, costly off-shore '
drilling rigs are needed, cold-weather engineering feats such as the Alaska pipeline are
required, and synthetic fuels may be needed, which may utilize large amounts of energy

consumed in the chemical, mechanical and thermal stages of the production processes.l

These concerns have arisen from various sources, such as the resource managers,
engineers, scientists and environmentalists, all of whom have become aware of the ex-
ponential rate of increase in the depletion of finite resources. Another group expressing

concern involves those engaged in the science of ecology.2'3'4 Some ecologists have
focused attention on the flow of energy through ecosystems, which include human beings

and industrial society.

These sources have raised the issue of increased accuracy and a possible expansion
of decision-making parameters to include energy analysis. Normal economic decisions do
not adequately identify hidden energy costs or resource depletion factors which are not

measured in a system of monetary transactions.

As a result of these concerns, initial efforts to examine the energy requirements of
5,6

energy production have occurred. Also, several pieces of legislation have appeared

which include references to the efficiency or net energy in energy production systems.7’8'9

Initial discussions of net energy have been controversial, or at least, misunderstood

10,11

and misquoted. Part of the problem is due to the exploratory and experimental nature

of studies in this new field of "energy analysis." There are no well-defined ground rules

or quidelines. Another part of the problem seems to lie in an apparent misunderstanding

of net energy concepts by lay people.




Realizing the prospect of intensive development of fossil fuels in the West, and
having observed the problems associated with public understanding of initial and explor-
atory "net energy"” studies, a group of engineers and scientists were assembled under the
auspices of the Colorado Energy Research Institute (CERI) to conduct this study. It was
decided to initiate research on net energy, concentrating on the energy inputs and outputs
in Western fossil fuel production. (The list of the research team members is given on
Page ,)  The result is this study: "Net Energy Analysis: An Energy Balance Study of
Fossil Fuel Resources.”

OBJECTIVES
The proposed objectives of the project were:
A, to provide reliable, objective, credible information to government and industry

on the net energy inputs and outputs of western fossil fuels energy systems;

B. to provide a workable methodology, which can be used by CERI or others in
subsequent expanded net energy studies, and which is oriented towards the

potential use of net energy information in decisions about resource production;
C. to provide the best possible documentation of data related to net energy;

D. to discuss and describe the usefulness and limitation of net energy studies
and their potential values in decision-making; to discuss philosophy and issues
pertaining to net energy studies.

The CERI study is oriented towards an examination of net energy in the. frame of
reference of the decision-making process. For this reason, neither the study nor the

report are intended for the pure scientist, the physicist, or the technologican.

This study was originally called an "energy balance study." This indicates the
intent of analyzing the balances of energy inputs and outputs in energy processes. The

term "net energy analysis" has subsequently become accepted and will be discussed later.

Funding was obtained from a variety of private industries, and from a contract with
the Office of Research and Development, Department of the Interior. The study was

commenced in April, 1975.
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This article misquoted one energy company, who subsequently refuted the
article, and created an impression that oil shale recovery is "an energy
standoff".




II. FINDINGS AND RESULTS

A. General Summary

Energy analysis is a broad field of study dealing with the development and use of all

aspects of energy in human society and its environment. Net energy analysis, a more

limited field of study, deals with the analysis of the energy made available to society
by energy production processes after the deduction of energy lost to society as a result
of the processes.

This project by the Colorado Energy Research Institute studies industrial energy
production of fossil fuels, emphasizing those of the Western United States. This study
examines fossil fuels from resources in the ground through production processes which
deliver usable energy ready for consumption. It accounts for the complete direct and
indirect energies which must be utilized to produce energy from fossil fuels, including
the energies which "drive" or "subsidize" the production. It includes those energies
used in the prodﬁction of materials needed to build and operate the industrial production
and transportation facilities which either directly produce energy or which indirectly

provide energy or materials to the energy production processes.

. Each step in processing or transporting energy has energy inputs and outputs, as
shown on Figure 1l(a).

The inputs are: PRINCIPAL ENERGY: fossil fuel to be processed or transported.

EXTERNAL ENERGY: energy which is required from outside to operate

the process and to make the materials needed to.
build and operate the processing system.
The outputs are: ENERGY PRODUCT: processed or transported energy delivered from

the process. -

ENERGY LOSS: energy unavailable for further use as a result
of the process; this can include physical losses,
unrecovered resources in extraction, internally

consumed energy, and external energy.

The external energy représents direct energies and materiéls, as well as all the in-
direct energies and materials needed throughout the entire industrial system to eventually
build and operate an énergy production or transportation. process. This is shown concept-
uvally in Figure 1(b).

A number of steps are needed to deliver energy from the ground to the end user.
Hence, a series of steps are linked so that the "energy product" output of one becomes

the "principai energy"” input of the next, as in Figure 1l(c).
The flows of energy at a single step or "module" are shown in greater detail in

Figure 2. All steps in bringing fossil fuels from resources in the ground to the point of

end use including exploration, extraction, conversion, transportation, etc., are shown in

II-1




EXTERNAL ENERGY

INPUT OF EXTERNAL

ENERGY

PRINCIPAL ENERGY: ' ENERGY PRODUCT:

INPUT OF FOSSIL FUEL ENERGY FROM — N WODULE—> OUTPUT OF USABLE ENERGY
RESOURCES OR FROM PRIOR STEP IN , (To NEXT STEP IN PROCESSING
PROCESSING, TO BE PROCESSED OR 47 OR TO END USERS AFTER FINAL
TRANSPORTED ENERGY LOSS PROCESSING) “

OUTPUT OF UNUSABLE
OrR "LOST" ENERGY

A “MODULE” IN PRODUCING FOSSIL FUEL ENERGY

FIGURE 1(a)

INDIRECT INPUTS NEEDED TO PRODUCE DIRECT INPUTS

DIRECT INPUT OF EXTERNAL ENERGY AND MATERIALS WHICH REQUIRE ENERGY IN THEIR PRODUCTION

, v
——p{mobuLE—p>

il

MODULE SHOWING CONCEPT OF DIRECT AND INDIRECT EXTERNAL ENERGY

FIGURE 1(B)

v Avi 4 v »
MODULE 1 —>{MODULE 2 —D{MODULE 3 }—D{MODULE 4 [D>enerey To END USER
I 2 R pE .

L ENERGY OUTPUT OF ONE STEP OR “MODULE"” BECOMES INPUT TO NEXT STEP
IN PROCESSING

MODULE STRING OR "TRAJECTORY”
FIGURE 1(c)

ENERGY PRODUCTION “MODULES”: CONCEPT
FIGURE 1
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ENERGY FLOWS

GENERALIZED MODULE *X"

3RD ORDER (:‘ELS,

ELECTRICITY

IsT ORDER - (EPELS,

EXTERNAL
ENERGY
(RECYCLED PRINCIPAL
ENERGY: SEE NOTE 2) i ‘
- nergy
g? r >
PRINCIPAL ENERGY Energy[ ___ _#_@_ L l Energy Equivalent ENERGY PRODUCT
Module "X" of Byproducts
ﬂ__-_
|

i 47Externa1 Energy

Principal Energy - Internal Consumption
Principal Energy - Physical Loss ENERGY LOSS

Unrecovered Resource (see Note 3)

(1) MATERIALS INCLUDE RAW MATERIALS, CONTAINERS, MACHINERY, CONSUMABLE MANUFACTURED
ITEMS (CATALYSTS, LUBRICANTS, CHEMICALS, PROCESS ADDITIVES, ETC.), TOOLS,
PIPELINES, WIRING, CONSTRUCTION MATERIALS, AND ROAD MATERIALS (ASPHALT, CEMENT,
TAR, STEEL, ETC.).

(2) PRINCIPAL ENERGY CAN BE USED TO OPERATE A PROCESS IN SOME CASES, THEREBY
REPLACING EXTERNAL ENERGY,

(3)  UNRECOVERED RESOURCES ARE IN INITIAL FOSSIL FUEL EXTRACTION ONLY, AND ARE THE
'~ RESOURCES LEFT IN THE GROUND, OR DAMAGED, LOST OR OTHERWISE DEGRADED, GIVEN
CURRENT TECHNOLOGY AND ECONOMICS.

ENERGY FLOWS: GENERALIZED MODULE “X”

FIGURE 2
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Figure 3. A given fossil fuel can be directed through a number of different paths to end

users, arriving there in a variety of forms.

The reader must understand that no fossil fuel process produces more usable energy as
an output than the amount of energy which is input to be processed. There is always some
loss of usable energy in converting, processing or moving energy. In other words, it
always requires more energy input than is obtained as yield. Every process degrades
energy; this is the Second Law of Thermodynamics.

Energy flows through many paths in ecological and human industrial systems. Many of
these paths affect each other, and it may be feasible and desirable to examine them.
However, we decided to select, for this study, a smaller boundary, not including all
possible energy flows. The reason is that this study is intended to be workable for
potential near-term decisions; analysis of macre-systems is very cumbersome and poses

many problems in theory and practice.
ENVIRONMENTAL ENERGY FLOWS

Environmental relationships to industrial energy production and consumption have a
linkage through energy flows, among other links. Usually, energy flows in ecosystems
affected by fossil fuel production systems are very small, guantitatively, compared to the
fossil fuel itself (as in the disturbance of agricultural lands through surface mining
prior to rehabilitation), Some people have advocated that energy should be the primary
"numeraire” or unit of valuation in all transactions, because it is more common to all
components of society and the biosphere than is money or some other unit of valuation.
There are many arguments against this philosophy of the "energy theory of value." However,
energy analysis involving ecosystems and industrial energy flows may add valuable infor-
mation to that which is needed to make responsible decisions about the environment. This
is true in site~specific studies or planning, and in finding how renewable energy can

replace non-renewable energy.

BOUNDARIES

The overall boundaries or scope of this study are outlined in Figure 4. It shows a
number of processes linked into a "trajectory" of steps, as in Figure 1(c), to deliver
energy to a variety of end uses. The boundary of the system of this study is shown.
Ecological energy, human life-style and metabolic energy, research energy and several
other types of energy are excluded. The analyéis of the time periods of energy flows and
of theoretical efficiencies of energy production are not included in the objectives of

this particular project.

The issues of the finiteness of fossil fuel resources and the rate of depletion are
of concern to society. Hence, we have included an initial step in all trajectories which
relates to these issues. It describes the amount of "gross fossil fuel resources" in the
ground which is affected by recovery with present technology and economics. Future gen-
erations may be forced to recover some of the presently-unrecovered resource at a high
cost and energy investment. For today's society, the "capital stock" of fossil fuels is
effectively degraded by the use of part of it; only a portion of the gross energy is
deliverable as net energy.

II-4
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This study assumes current technologies which might be on line in the early 1980's.
The data herein are not site-specific, but are general and for typical processes. They
are derived for the Rocky Mountain region, although the coal gasification data were de-

rived for eastern coal and could apply there.

TRAJECTORY DATA

The selected trajectories represent typical fossil-fuel derived, energy-producing
systems of the western United States (and particularly of the Rocky Mountain region) .
Trajectories in Figures 5(a-k) display the choices made for each module. On these figures,
the upper numbers at each point are the data referred to 1.0 x lO9 Btu as the PRINCIPAL
ENERGY of the fossil fuel reserve; the final ENERGY PRODUCT is some fraction of this. The
lower figures in brackets are stated relative to a final ENERGY PRODUCT output of 1.0 x 10°
Btu, so that a progressively larger PRINCIPAL ENERGY is displayed in moving from right to
left across the diagram. The final output is identified by energy type (gas,. gasoline,
coal, electricity) as a general indicator of the quality of the energy. The figure lxlO9
Btu's denotes one billion British thermal Units (Btu's); 1x10° denotes 1 million Btu's.
"Quality" is a term referring to thermodynamic properties of different forms of energy and
to social value factors such as location, transportability, storability, utility, etc.
Energy qualities are as important as energy quantities. The qualities create the social
preferences which are a cause of variations between dollar costs and net energy yields of
various types of energy with different gqualities. It should be noted that the quality
changes as energy is processed, and that external energy inputs are comprised of different
qualities of energy. Hence, a trajectory represents guantitative measurements (British

termal units, for instance), but is qualitatively a mix of different types of energies.

For some of Figures 5(a-k), two trajectories are actually shown: from the left, the
top line is surface mining, and the bottom line is underground mining. Trajectories for
coal as a solid fuel, surface or underground-mined, can be followed on Figure 5(b) by
using only the two left-hand modules. Thus, these figures represent 20 different tra-
jectories. Transportation distances are assumed and are as shown in the appropriate

modules.

Figures 7(a) through 7{(t) present the data in a dif%erent graphic form.  These
figures are drawn to represent a whole trajectory from beginning to end. Figure 6 is a
"key" for reading them. The numbers represent the sums of the external inputs and of the
losses of all of the modules of a complete trajectory. The figures also represent the
policy issue of the gross energy resource of fossil fuels in the ground. Part of the
fossil fuel is unrecoverable as a result of the extraction, given today's economics
and technology. Hence, Figure 7(h) tells us that, to obtain lxlO6 Btu of gasoline for end
users from surface-mined coal litjuefaction,l.57x106 Btu of coal in the ground will be

" needed and 0.10x10® Btu of external "driving" energy (both energy and energy sequastered

in materials) will be needed from society. The gross energy resource regquirement is
(1.5740.10)x10% Btu of energy to produce a net yield of 1x10® Btu of gasoline. If one

\ 6
does not include the unrecovered resource of surface-mined coal, then 1.49x10 Btu of coal

must be recovered to start off the trajectory.
There are three basic issues for which we have developed data tables. This places

the information of the figures into tabular form. Each issue has an appropriate accounting

method, and each issue relates to a smaller "boundary" than the main boundary of the study.
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In-Place Shale
2.0000 x 10° Btu

[3.16 x 10° Btu]

In-Place Shale
1.2525 x 107 Btu

[1.98 x 10° Btu]

Raw Shal

Extraction 1.0000 x 10’ Btu

Fuels and Electricity
2.24 x 10° Btu
r0. 36 x 10% Btu’

Materials6
3.42 x 10° Btu
10,54 x 10% Btuj

Mining

Loss (50%) T1.58 x 10° Btu

Physical Loss
1.00 x 109 Btu
[1.58 x 10° Btu]

Raw: Shale

Extraction |1,0020 x 109 Btu

(Underground)

e Internal Consumption
2,73 x 10° Btu
0.43 x 104 Btu"

External loss
5.66 x 10° Btu
.89 « 104 Rew)

— Fuels and Electricity
2.04 x 10® Btu
[0.32 x 10% Btu}

Materials
7.77 % 10° Btu
11.23 x 104 Btu.

Loss (20%) [ [1.58 x 106 Btu]

L—pw Physical Loss

250,50 x 10® Btu
[39.54 x 10% Btu}

sedeok

Mining

Mined Shale
0.9973 x 10° Btu, |

OIL SHALE G
OR UNDERGRO!
(REGIONAL E!
PIPELINED 3t
(TYPICAL RE(

Fuels and Electrici
0.65 x 100 Btu
[0.10 x 10% Btu]

Mater13156
4,10 x 10° Btu
[0.65 x 10% Btu

"1.57 x 10° Btu}

BT
= Cru.

0.990¢
.56

Crushing

(Surface)

Internal Consumption
4.66 x 10° Bty
[0.74 x 104 Btu)

b External Loss
9.81 x 10° Btu
.55 x 104 Btu}

Note: [ ] denote numbers normalized to 1.00 x 106 Btu final output.
*% Option 2: Use of external energy in lieu of internally generated energy.
*%% Option 3: Economically optimal (current) combination of internally generated energy and external energy.

SELECTED OIL-SHALE-TO-GASOLINE TRAJECTORY
FIGURE 5(p)

IT~-11

= Physical Los
6.42 x 106 Bt
n.oi x 10t B

External Joss
4.75 x 10V Btu

0.75 x 10% Btul




LINE; AUTOMOTIVE GASOLINE -- FROM OIL SHALE EXTRACTED BY SURFACE (%)

(1) MINING (REGIONAL ESTIMATE) AND CRUSHED RETORTED ABOVEGROUND
MATE), REFINED (REGIONAL ESTIMATE) AT OR NEAR THE PLANT SITE --
MILES (NATIONAL AVERAGE), AND DISTRIBUTED BY TRUCK 70 MILES

Fuels and Electricity
39.32 x 10° Btu
[6.1 x 104 Btul

Materials
8.00 x 106 Btu
.26 x 104 Btu?

NAL CASE)
Fuels and glectricity
16.54 x 104 Btu
f2.61 x 10" Btu]
Materials 6
17.91 x 16 Btu
[2.83 x 10% B}
d Shale R Synthetic Crude
109 Btu Retorting, 10,6844 x 10° Btu
5 ™ Spent Shale - 3
0% Btu) . '1.08 x 10% Btu)
Disposal

I—DPhysical Loss -

141.56 x 10? Btu
22,34 x 107 Btu|

Internal Consumption
164.95 x 10° Btu
26.03 x 104 Btu3

e External Loss
34.45 x 10° Btu
[5.44 x 10% Btu’

¥ lPetroleum Product
0.6346 x 107 Btu

Fuels and Electricity
0.76 x 10® Btu
0.12 x 10% Btu]

Materials
0.39 x 10® Btu
[0.06 x 10 Btu]

Refinery

{1.00 x 106 Btu]

|—> Internal Consumption

49.82 x 10° Btu
r7.86 x 10% Btu]

External I_gss
47.32 x 10”7 Btu
7.4 x 10% Btu]

Gasoline

Pipeline 0.6339 x 107 Btu

Fuels and Flectricity
1.18 x 10 Bt
[0.19 x 10% Btu]

Materials
0.17 x 10® Btu
[0.03 x 104 Btu)

(300 miles) |[1.00 x 100 Btu]

l—b Physical Loss

0.68 x 10® Btu
[0.11 x 104 Bty

External Loss
1.15 x 100 Btu
[0.18 x 10% Btu]

Gasoline
Truck 0.6336 x 10’ Btu
Distribution [1.00 x 106 Btul
(70 miles)

L Physical Loss

0.32 % 100 Btu
0.05 x 10% Btu)

L—p» External Loss
1,35 x 10” Btu
0.21 x 10 Btu]
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INPUT 1: DIRECT AND INDIRECT EXTERNAL

ENERGY REQUIRED FOR MATERIALS INPUTS
DIRECT AND INDIRECT EXTERNAL
ENERGY IN FORM OF ENERGY ll

INPUT 2: RECOVERED I I
FOSSIL FUEL RESERVE

o
INPUT 3:
GROSS FOSSIL
FUEL RESOURCE

LOSSES OF ENERGY

UNRECOVERED RESOURCE

KEY DIAGRAM: ENERGY BALANCE OF TRAJECTORY

FIGURE 6
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For each issue, the appropriate accounting method includes both a total of input and out-
puts, and a ratio of outputs to inputs. Ratios have advantages for comparing trajectories,
and are a standard mathematical approach which tells what one guantity (output) is relative
to another (input). However, they must be used cautiously; for example, a small change

in the denominator makes a large change in a ratio. Also, the use of internally recycled
process energy for plant operation, instead of the use of external energy, can affect

Ratio R-1.

These issues and accounting methods are as follows, (referring to Figure 2 for
terminology). ’

1. Issue: How much energy is required from the industrial component of society to
"drive", or establish and operate an energy production process, relative to the energy
yeild of the process. :

Accounting Methods:
(a) WNet Yield

By subtracting the external energy from the final output, the yield is shown.

This is not a true balance for a module. For comparative purposes between
trajectories, external energy can be compared if trajectory outputs are equal.
(b) Ratio

Ratio Ry: "External Net Energy Ratio"
Total ENERGY PRODUCT out

Ratlo: = F5ta1 EXTERNAL ENERGY in

2. Issue: In extracting, processing and moving fossil fuels to provide energy to
end users, what final yields do we get relative to losses of the total energy of the
recovered fossil fuel resource and of the industrial energy which is needed to establish
and operate the fossil energy préduction systems?

Accounting Methods:
(a) Net Yield

The total of "external and process losses"™ shows how much energy is made un-
available for a given output of energy product. To look at this in another way,
for a given output, one can see what principal energy and external energy inputs

are needed.

(b) Ratio
Ratio R2: "Process Net Yield Ratio"
Ratio: = Total ENERGY PRODUCT out

Total ENERGY LOSS of External and process energy
Commeht: This accounts for all inputs and outputs except for the unrecovered,
lost or damaged fossil fuel resource. It includes the energy reserves and the
energy inputs and losses in the extraction of the reserves.

3. Issue: For a given output of fossil fuel energy for end use, what total amounts
of the gross fossil fuel resources in the ground and industrial energies are necessary to
establish and operate the system?

Accounting Methods:
“(a) Net Yield
The total of "external and process losses and unrecovered resource" shows how

much energy, including fossil fuels in the ground, is made unavailable for a given
output of energy product, given today's technology and economics. Looking at
this in another way, for a given output, one can see what resource in the ground

and external energy inputs are required.
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(b) Ratio

Ratio Ry = "Resource Net Yield Ratio"
Ratio: _ Total ENERGY PRODUCT out
a * 7 Total ENERGY LOSS including "Unrecovered Resource"

Comment: This accounts for fossil fuels which are lost, damaged, or unrecover-

able, given today's economics and technologies, as a result of the extraction and

processing of the fossil fuels. It views the gross energy as the energy resource,

and the net as that which is made available to end users.

Table 1 presents data on input and output totals for 20 different trajectories,
yielding energy of four different qualities: gas, gasoline, coal and electricity. The
table shows data for each trajectory, based on a Final Output of 100 units:

Initial Resource Required (fossil fuel in the ground)
Unrecovered Resource {(made unavailable, given today's technology and economics,
as a result of bringing part of it into use by extraction processes)

e Initial Process Input (the "energy product" of the extractable reserves which

‘ becomes "principal energy" ‘into processing - transporting part of trajectory)

: e Total External Losses ("external energy” input and loss into total of modules in
trajectory)

e Total External and Process Losses: ("external energy" input and lost, and
"principal energies" made unavailable as a result of processing it)

e Total External and Process Losses, and Unrecovered Resource (total losses from

resource in ground to end of trajectory).

Table 1 presents totals of trajectory energy quantities. The data can be used in a
comparative way between trajectories, but one should not compare different columns for
different trajectories, (i.e., "total external losses" of "petroleum-gasoline" compared

with "total process and external losses"” of "oil shale-gasoline”).

Table 2 presents Ratios R-1, R-2 and R-3 for the same trajectories. Table 3 gives

the complete analyﬁical information for all trajectories.

The full methodology which has been utilized in this analysis is described in detail
in Section IV of this Report. Issues and boundary considerations in net energy analysis
and in this study are described in detail in Sections III and IV. The data are discussed

and presented in detail in Section VI.

There are a number of potential applications of net energy analysis. There could
involve a broad range of decisions at Federal and State government levels and in industry.
However, there are also a number of problems associated with applying net energy analysis,
including the cost and personnel requirements for significant implementation of net energy
analysis. The weight to be given to net energy factors in decisions must be thought out.

We recommend that the potential applications of net energy analysis be carefully examined
and demonstrated before any massive use, especially in legislation and regulation. The
entire concept of net energy analysis may prove to be less useful than its most ardent pro-
ponents would lead us to believe. The policy-maker should understand the problems and
short-comings of net energy analysis as well as the potential for revealing new information.

Net energy analysis may be useful to supplement economic and other information.
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Table 2

Net Energy Analysis
Fossil Fuels .
Net Energy Ratios of Selected Trajectories

Primary R, R, Reslzfxrce

Final External Process Yield

Selected Trajectory Product Ratio Ratio Ratio
Natural Gas High-Btu Gas 24.21 4.94 4,84
Coal (S) Gas ) High-Btu Gas 24.75 1.46 1.28
Coal (U) Gas ) High-Btu Gas 25.45 1.47 0.32
Petroleum Gasoline Gasoline 9.61 4.11 0.40
Oil Shale (S) Gasoline Gasoline 6.07 1.18 0.78
Oil Shale (U) Gasoline Gasoline 6.32 1.19 0.41
Coal (S) Liquefaction Gasoline Gasoline 6.41 1.36 1.13
Coal (U) Liquefaction Gasoline Gasoline 6.45 1.35 0.33
Coal (S) Coal 38.61 28.25 8.18
Coal (U) Coal 39.53 25.84 0.64
Natural Gas Electricity Electricity 8.50 0.35 0.35
Coal (S) Gas Electricity Electricity 8.96 0.23 0.22
Coal (U) Gas Electricity Electricity 9.22 0.23 0.08
Petroleum Electricity Electricity 9.67 0.38 0.10
0Oil Shale (S) Electricity Electricity 3.60 0.22 0.17
Oil Shale (U) Electricity Electricity 3.89 0.23 0.11
Coal (S) Liquefaction Elec/tricity Electricity 9.26 0.22 0.20
Coal (U) Liquefaction Electricity Electricity 9.55 0.22 0.08
Coal (S) Electricity Electricity 9.07 0.40 0.36
Coal (U) Electricity Electricity 9.23 0.40 0.13
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1

Energy Requir

1 Perzcent 3 Lni5tial 8 N External
Primary of Trajectory Initial 4 Process 6 7 Process 9

Final Products Resource Unrecovered Input Physical Internal Losses Fuels and 10

Selected Trajectory Product (Btu/Btu) Required Resource (3-4) Loss$es Consumption {6+7) Electricity Materi
Natural Gas High-Btu Gas 83 ne oo 116 1.60 14.01 15,61 0.84 3.2
Coal (S) Gas High-Btu Gas 79 171 8.56 163 26.70 35.95 62.65 1.00 2.9
Coal (U) Gas High-Btu Gas 79 467 244.00 163 26.70 35.95 62.65 0.90 2.9
Petroleum Gasoline Gasoline 46 333 222.00 111 1.82 9.28 11.10 7.40 2.5
Qil Shale (S) Gasoline Gasoline 45 198 39.54 158 23.51 34.63 58.14 9.44 6.0t
0il Shale {U) Gasoline Gasoline 45 316 158.00 158 23.51 34.32 57.83 9.48 5.3"
Coal {S) Liquefaction Gasoline Gasoline 37 157 7.85 149 11.78 37.38 49.16 11.08 3.7¢
Coal (U) Liquefaction Gasoline Gasoline 37 373 224.00 149 11.78 37.38 49.16 10.99 3.7¢
Coal (S) Coal 100 105 5.26 100 eeceemmeeeeaolo 1.54 0. 8¢
Coal (U) Coal 100 250 150.00 . 100 ----- ool oalll 1.48 0. 8¢
Natural Gas Electricity Electricity 59 370 ------ 370 5.12 264.72 269.84 2.71 8. 8¢
Coal (S). Gas Electricity Electricity 53 544 27.18 516 84.79 331.74 416.53 3.18 7.5¢
Coal (U) Gas Electricity Electricity 53 1291 775.00 516 84.79 331.74 416.53 2,87 7.5¢
Petroleum Electricity Electricity 100 1044 696.00 348 4.82 242.86 247.68 3.84 6.2¢
Oil Shale (S) Electricity Electricity 96 616 123.00 493 72.79 319.13 391.92 9.46 16.9¢8
Oil Shale (U) Electricity Electricity 96 984 492.00 493 72.79 319.13 391.92 9.56 14. 84
Coal (S) Liquefaction Electricity Electricity 55 567 28.34 538 32.73 405,75 438.48 4.44 5.91
Coal (U) Liguefaction Electricity Electricity 55 1346 808.00 538 32,73 405.75 438.48 4,12 5.91
Coal (S) Electricity Electricity 100 354 17.72 337 ----- 236.68 236.68 5.20 5.22
Coal (U) Electricity Electricity 100 842 505.00 337 - 236.68 236.68 5.00 5.22

(1) Direct Losses include all direct and indirect energy for Materials.

{2) Indirect Losses are calculated for Fuels and Electricity (column 9).
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Table 3

En’ergx Analysis

Tossil Fuels

ints for Selected Trajectories

Direct Losses ) Indirect Losses (2) Total Losses

g 13 19 23
12 External and 16 18 External and 21 22 R,

External Process Losses, 15 External and External Process Losses, Ry R, Resoufce
11 and Process and Unrecovered External Process Losses, 17 and Process and Unrecovered 20 External Process Yield
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2.99 21.09 243,09 0.42 3.26 5.68 10.41 24.35 248.77 100 9.61 4.11 0.40
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10.45 426,98 1201.98 0.40 7.33 10.24 .10. 85 434.31 1212.22 100 9.22 0.23 0.08
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!

246 .90 751.90 0.61 5.09 15.05 10.83 251.99 766.95 100 9.23 0.40 0.\\3

10.22




The confidence level of this study is not definable by statistical means. A
"standard deviation" or similar mathematical device is not relevant because the confidence
level, or degree of accuracy, 1s dependent upon the assumption. For example, in the re-
finery data, a "typical" refinery is presented, but there is no such thing as a "typical"
or "average" refinery. As another example, a 40% recovery is assumed for underground
coal mining. Hence, the professional judgement of the investigators is important. For
each process, assuming a correctness of the professional judgement of the investigator,
the data accuracy range maybe 3 or 4 percent. The summary of a trajectory is probably
in the same accuracy range. The data are carried to two decimal places for calculation
purposes and consistency, but that does not imply precision to the second decimal. 1If a
number of actual site-specific processes were examined, there would be variation between
them. However, these variations would not be large enough to invalidate the data herein.
As discussed in Section VI, the trajectories are not process-sensitive (i.e., one type of
shale plant versus another) to a significant‘extent for the purposes of our "selected

trajectory" data.

B. Analysis of Findings

Tables 1 and 2 present the numerical information for selected processing sequences
or "trajectories" in developing typical fossil fuel resources. For purposes of comparing
the trajectories, attention is focused on the overall energy input and output totals and

1 R2 and R3.

on the ratios R
It is recognized that, in some of the cases shown, the sequence from fossil fdel to
end product may be (a) of limited practical significance or (b) economically unattractive
for other than energy balance reasons. The energy ratios are still a useful tool, however,
even in such cases, as one component of an overall technical and economic analysis of the
conversion of the fossil fuel to a useful energy form. The "modular" approach of the CERI

study makes it possible for the reader to select other trajectories of his own choosing.

NET YIELDS
Initially we will examine the input-output totals. The issue of external inputs

only is one which this team feels is least important. However, it reveals some interest-
ing information. The external inputs required for an output of 100 energy units are low-
.est for the solid fuel coal. The next lowest are for gas, with natural gas and syngas for
‘surface and underground coal all about equal. Gasoline and electrical systems are in the
same range of external requirements, with the exception of oil shale to electricity, which
is highest. Indeed, it may be significantly high' when an external investment of about 26

units is needed to obtain 100 units of energy.

0il Shale - gasoline requires about 50 percent more external energy than conventional
0il to gasoline (with primary and secondary recovery.) Coal gas-electricity, coal lique-
faction-electricity, natural gas-electricity and coal-electricity all require about the

same external energy.

The "total external and process losses" are more indicative of the effectiveness of
the use of extracted fossil fuel resources. Here, coal is very low: 3 to 4 units are
lost for every 100 delivered to end uses. Surface and underground mining are comparable,

interestingly enough. Natural gas (20) and petroleum-gasoline rank next. Synfuels of
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gas from coal and gasoline from coal or shale are in the same general range of 68 to 85.
Any electrical generation results in the highest losses. These range from 250 for surface-

coal-electricity to 45 percent for the coal liquefaction-electricity trajectory.

In examining the in situ gross resource which is degraded by our present consumption
of fossil fuels, we find an enormous range. This results from the great difference be-
tween surface-minable fuels and underground mining in coal and shale, and from the
relative low recovery of petroleum by.primary and secondary recovery. The next-to-last
column of Table 1 shows this range. Surface coal is very low, as 1is natural gas. However,
in terms of this issue, surface coal to gasoline and to syngas, and surface shale to gas-
oline give better yields than petroleum to gasoline. All electrical trajectories are

higher except those of natural gas or surface coal.

RATIOS

The following observations are pertinent to the energy ratios Rl’ R2 and R3. For
each selected trajectory, the numerical values of the energy ratios decline substantially
from R1 to R2 to R3, as expected from the definitions of each ratio type. Several examples
are perhaps of interest. In the case of natural gas production and distribution, the
energy of the product gas is 24.21 (Rl) times as great as the external energy required to
extract, gather, process and distribute it. But if physical losses, including those in
the total recovery of the in-place resource are included, the energy ratio (R3f is reduced
to 4.84. For coal extraction by surface mining, the two ratios are Rl=38.61 and R3=8.18.

In the case of petroleum to gasoline end-product Rl is 9.61, while R3, due primarily
to resource left in the ground, is only 0.40; i.e., the product gasoline has less energy
than the total system losses, including the unrecovered original petroleum in place. For

gasoline from oil shale Ry is 6.07, while R, is only 0.78, again less than unity.

If society is only concerned with the amount of energy obtained from a fossil fuel
in relation to the external energy that must be provided to extract it, the ratio R1 is
of greatest interest. All processing sequences yield much more energy in their products
than must be externally supplied for the conversion. Coal mining is the most attractive,
with nearly 40 times as much energy in the extracted coal as in the external energy. ‘Gas
production has the next highest ratios, with natural gas and coal gasification to fuel gases
each being in the same general magnitude (Rl is from 24.2 to 25.4).

The conversion of petroleum to gasoline is only about 40 percent as effective in
external energy requirements (Rl=9'6) as natural gas recovery (Rl=24.21) or coal gasifi-
cation to syngas (Rl=24.75). Coal or oil shale (with R1 in the range of 6 to 6.4) are
about two-thirds as energy-effective as sources for gasoline as is petroleum, in terms

of external inputs.

The production of electric power by (a) mining and burning coal directly, (b) first
converting the coal to syngas, or (c¢) first producing a coal liquid, all have about the
same range of external energy input ratios (Rl is from 8 to 9.2). Petroleum and natural
gas for power generation are also within this energy ratio range. However, if the
sequence "oil shale to shale oil to electric power" is used, R, drops to a range of
3,6 to 3.9.
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The ratio R, is a more significant measure of net energy yield than R,y because it
accounts for all inputs and outputs and losses, except for the efficiency of resource
recovery. Coal mining still has the most favorable ratio (25.8 to 28.2) under this method
of energy accounting. Natural gas recovery is again second highest, although only about
one~-fifth as energy productive as coal mining. Coal gasification (R2=l.46)'is only about
30 percent as "efficient" as natural gas recovery due to greater processing "losses"; the

R.'s for these two trajectories were the same.

1
Gasoline production from petroleum is comparable to natural gas recovery if this
energy accounting method is used. But to produce gasoline from coal liquefaction or from

shale o0il is only one-third as energy-efficient as is petroleum-derived gasoline.

The processing sequences which are least attractive solely from an R2 energy ratio
viewpoint are those which involve electric power generation from any fossil fuel source.
The electrical energy produced is only 0.2 to 0.4 of the total energy losses in the system.
These low ratios, of course, in part reflect the low thermodynamic efficiency of electric
power generation (35-40 percent) inherent in producing electricity by burning a fossil
fuel or one of its derived products (syngas, synliquids, shale oil.) The R, ratios in-
dicate that electricity from coal gas, o0il shale, or coal ligquefaction are about 55 percent

as "efficient" as electricity from coal.

It is not to be concluded from the foregoing, however, that electric power should not
be obtained by fossil fuels combustion. Rather, it is necessary to accept.the fact that
if modern society prefers (or requires) electric power, it must accept the lower enérgy
efficiencies involved if it chooses to generate such power from fossil energy resources,
given today's economics and technologies. Improvements in efficiency by using combined
cycles or MHD will change the picture. Similarly, air quality may be more important than
net yeilds, and coal gas to electricity may be desirable on that basis compared to con-
ventional coal-electric plants.

In a real sense, proceeding from R1 to R, to R3 type energy ratios is a guantitative
means to extend a net energy analysis from a short, almost immediate time frame, to those
larger-scale outlooks which encompass society's concern for the maximum utilization of its
finite energy resources, and with depleting the fossil energy supply of future generations.
The R3 energy ratio, therefore, with its emphasis on "unrecoverable" (lost and "damaged")
resources in-place (i.e., the efficiency of resource recovery), has the greatest long term
resource management orientation of the energy ratios. It is also the least pragmatic in
its response to short-term "1985-type” goals of increased energy independence. This is
partially due to the fact that "R3" improvements will require changed economics and

technology from today's.

As might be expected, the most favorable R3 ratios are those for strip mining of coal
(8.18) and recovery of natural gas (4.84), each of which have minimum unrecoverable
resource losses. The two sequences involving the strip mining of coal and its subsequent
(a) gasification to SNG (R3=l.28), or (b) liquefaction to gasoline (R3=l.13) have the
next highest R3 energy ratiqs. These again are primarily due to the associated high

efficiency of coal resource recovery.

The surface mining of 0il shale and its processing to gasoline has the next most

attractive energy conservation ratio (R3=0.78), reflecting the high resource recovery
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possible by open-pit mining. It is interesting to observe that this ratio is in the same
order of magnitude as the underground mining of coal (R3=O.64).

All of the remaining trajectories shown in Table 2 have R, ratios considerably less
than unity (varying from 0.08 to 0.40), thus indicating that substantially less energy
is obtained than is used and left in "unrecoverable" resource in place. Again, however,
this does not mean that some of these processing sequences are not attractive for other
reasons {e.g., conversion of ‘a solid to a “cleaner" gaseous or liquid fuel, or to a more

versatile form: electric power), or that improved technology will not change the picture.

Tt is pertinent to observe that all processing sequences which convert a fossil fuel
to electric power have very low R, ratios. These vary from 0.35 or 0.36 for power gen-
eration directly from strip-mined coal or natural gas, to 0.10 to 0.13 for burning under-
ground-mined coal or petroleum products to produce electricity. And yet, it is these
latter four trajectories that, in spite of their apparent unfavorable energy ratios (a
result of low resource recovery efficiencies and efficiencies in electrical conversion)
are currently the major processes for electrical energy production in the United States.
This may aid in illustrating the care which must be taken in interpreting all energy
ratios, especially those of the Ry type. From a resource-management viewpoint, however,
the "high electrification" scenarios which are often proposed for the U.S. might be
examined in light of net energy data. End use needs for space heat and many industrial
processes can be met by using natural gas (which is in short éupply), coal syngas, fuel

0il or electricity. "High electrification" scenarios usually include large amounts of

‘nuclear power, which has not been examined in this study.

All trajectories must be considered in light of other social needs. For example, the
need to reduce sulfur dioxide emissions is very real. However, if this need is met with
surface coal-liquefaction-electricity instead of conventional surface coal-electricity
production, the "total external and process losses” increase to 489 from 279 units per
100-unit output.

C. Conclusions

General conclusions are as follows. Net energy analysis should be further developed
and tested as a planning tool to provide an additional type of information to supplement
economic, technologic and environmental information. It should be explored cautiously,
so that its value and best uses are ascertained before there is wholesale application of
net energy analysis. It is probably most applicable for Federal decisions. Indsutry may
find it is most applicable when carried out in greater detail on specific processes, to
identify means of improving net yields or to avoid possible ﬁitfalls in energy decisions

based primarily on economics.

Specific comparisons can be made between various types of fossil fuel production pro-
cesses, as discussed in Section II-B above. Care must be exercised in avoiding confusion
between ratios.

Indirect external inputs of energy and energy needed to produce the materials of
fossil fuel systems are quite small (see Column 14 of Table 3). Therefore, expensive and
sophisticated techniques to refine this data for net energy analysis are not warranted,

(although such data may be more useful for non-energy process analysis) .
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The CERI investigators feel that the confidence level of the data which is presented
here is sufficient for the general purposes and typical processes which are described,
although this confidence level may not always be adequate for analysis of a specific

"nontypical®™ module at a given site.

There do not appear to be any significant "hidden subsidies” in direct or indirect
external inputs. Some "subsidies" or impacts on energy flows could be identified in site-
specific studies by changing the boundaries of the system being analyzed, but they will

change the results presented here by very small amounts.

There does not appear to be any reason for either definitely halting or definitely
stimulating major synfuels programs strictly or primarily on the basis of net energy
yvield data. With major programs involving synfuels research, development, demonstration
and commercialization, however, net energy analysis can be used. Its use should be in
engineering and planning to improve net energy yields, and to compare processes and

alternatives.

A conclusion could be drawn that surface-mining of coal should be emphasized, and
that underground mining should be de-emphasized. This would leave the underground coal
to be recovered by future generations. However, several factors must be considered.
Underground coal mining is important right now as for energy. It is a source of employment
and income for many people. It is geographically located near where large amounts of energy
are needed. A primary consideration should be continued research and development of better
means of underground coal recovery, so that less coal is left behind in mining. Further,
it may be desirable to get a maximum amount of coal into production rapidly to reduce the
consumption of natural gas and imported oil. Surface mines can be established more rapid-
ly than underground mines, and some Western surface mines can produce enormous amounts of

coal.

D. Recommendations on Specific Applications

Although this study was not designed or funded to actually apply or test the use of
net energy analysis in actual decisions, comments are offered regarding its potential

applications.

1. Specific Applications at Federal Level
The Energy Research and Development Administration (ERDA) operates under specific
legislation concerning net energy analysis. Public Law 93-577 of 1974, the "Federal Non-

nuclear Energy Research and Development Act of 1974", refers to net energy as follows:

Governing Principles

Sec. 5(a) The Congress authorizes and directs that the comprehensive program
in research, development, and demonstration required by this Act shall be designed
and executed according to the following principles;

(1) Energy conservation shall be a primary consideration in the design and
implementation of the Federal non-nuclear energy program. For the purposes
of this Act, energy conservation means both improvement in efficiency of
energy production and use, and reduction in energy waste.

(2) The environmental and social consequences of a proposed program shall
be analyzed and considered in evaluating its potential.
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(3) Any program for the development of a technology which may require sig-
nificant consumptive use of water after the technology has reached the stage
of commercial application shall include thorough consideration of -the impacts
of such technology and use on water resources pursuant to the provisions of
Section 13.

(4) Heavy emphasis shall be given to those technologies which utilize
renewable or essentially inexhastible energy sources.

(5) The potential for production of net energy by the proposed technology
at the state of commercial application shall be analyzed and considered in
evaluating proposals. -

Tt is our view that ERDA should consider the following in using net energy analysis.

In all major research, development and demonstration leading to commercialization,
ERDA could conduct, or require the use of, net energy analysis. The objectives should be
to find engineering improvements to reduce the external energy inputs (improve Ratio R-1),
to minimize "lost" energy and utilize such energy to the maximum feasible extent (improve
Ratio R-2), and to improve resource recovery and reduce resource degradation (improve
Ratio R-3 for surface and underground recovery of fossil fuels.) Technological research
efforts could have those objectives, along with other objectives, as quiding principles.
The engineering analyses should include economic analyses so that the costs of improving

net energy yields can be determined.

ERDA could organize planning approaches to utilize net energy analysis, especially
data for Ratios R-1 and R-3, in developing alternative scenarios. Such analysis could
use data for Ratio R~1 in net yields over time for alternative growth patterns, some of
which might require high energy reinvestments to achieve the desired outputs. The
Reference Energy System model used by ERDA perhaps could be adjusted to show net yields
and losses. Resource depletion rates could be examined, using data for Ratio R-3, for

various scenarios.

If a proposed commercial application has a highly unfavorable net energy yield, it
should not be encouraged unless there are strong reasons for so doing due to other con-
siderations (economics, national import problems, environmental factors, etc.) By
"unfavorable", we mean that its net energy yields are substantially lower than other
processes which can meet end use needs, and that there is little evidence that significant
improvements in net yields could be achieved. From data of this study, it would appear
that commercialization of o0il shale for electricity generation, should this be proposed,
is not a favorable use of oil shale compared to other uses of shale oil or options for
electrical generation. 0il shale should be used for gasoline, fuel oil and other liquid
products. Technologies involving direct combustion of coal, such as the fluidized bed,
should be stimulated because all three ratios for direct heat for end use from coal are

favorable compared to other fossil fuels.

Research on improved recovery of resources should definitely be stimulated, so that

presently unrecoverable fossil fuel resources can be utilized by future generations.
The studies at commercialization should be detailed and confined to a module, as

discussed in Section VI of this Report. Energy-intensive aspects of the module balance
could be traced in this way.
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It might be advisable for ERDA to codify net energy analysis and adopt a consistent

methodology to avoid confusion and non-comparable results.

Further research and testing of net energy applications, especially in integration
with economics and other factors, should be funded. Section V discusses some concepts

in this reSpect.

Other agencies could use net energy analysis in various decisions. The uses warrant

more exploration, but the following suggestions are offered.

The Department of the Interior should examine major projects and programs in which
significant energy quantities are involved, using net energy analysis. - The Alaska gas
pipeline alternatives could be compared. The pipeline data of this report could be used
and adjusted for lengths of pipelines. The energy inputs and losses of terminals and )
tankers could be identified. We do not wish to comment, at this time, on what weight
should be givén to net energy analysis compared to economics, environment and other
factors. Net energy analysis could be considered as a discrete parameter or as modifier
to economic analysis, as discussed in Section V. .Other major programs could be treated
in a similar way. Also, the Department of the Interior could use net energy analysis in
any overall resource management planning in the Bureau of Mines, U.S. Geological Survey,

and Bureau of Land Management.

The Department of the Interior should explore how net energy analysis could be used
in its energy minerals leasing program. Our cursory examination of the Energy Minerals
Activity Recommendations System (EMARS) for coal leasing indicates that net energy
analysis may be difficult to apply in the decisions and studies made at field level under
the currently-proposed EMARS operation. However, it may be feasible for application at
the Department level in leasing programs, because efficient use of resources is a factor
to be considered at policy and program level. 1If it is to be used in the field offices,
it appears that the Environmental Impact Statement may be a vehicle for its use. However,
further examination of this concept is needed before it can be determined if net energy

analysis should be applied in minerals leasing, and how to apply it.

The Federal Power Commission could use net energy analysis in choices involving major
alternatives, similar to the approach discussed above for the Alaska Pipeline. The dis-
cussion at the end of Section V about an FPC off-shore gas decision illustfates the type
of decision in which net energy analysis may be useful. It appears that net energy

analysis would be more useful than the "Second Law Efficiency" approach used by FPC.

The Federal Energy Administration and the Environmental Protection Agency should con-
tinue efforts to match natural gas to end uses for which the highest Ratio R-2 is obtalned

rather than permitting its use in electricity generation, which has lower net yields.

The Council on Environmental Quality could consider requiring net energy analysis in
certain decisions. One could be an analysis of comparative energy yields in resource
decisions. Another could be in the analysis of environmental impacts from "waste heat".

The Environmental Protection Agency also could be interested in similar matters.

Regardless of which agencies are involved, a wide variety of information can be

derived from the data of this study. A number of questions can be asked and answered
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using the data of the study. As one example, coal-electric trajectories can be re-
analyzed for trajectories not included in our tables and figures to give information on
mine-mouth versus load-center plants. For 1.00 x 106 output, tracing inputs only to,
put not including, the mine, indicates the following for Case A, with a 500-mile rail
haul and 150 miles of transmission line, and Case B, with no rail haul but 650 miles of

transmission line:

Total
Initial Total External &
Process External Process
Case Input Losses Losses Output R-1 R-2
A 337 x 104 11.03 x 104 251 x 10* 100 x 104 9.1 0.40
B 435 x 104 2.58 x 104 355 x 10% 100 x 10% 13.0 0.28

This tells us that Case A requirés about three~fourths as much coal as Case B, but it-
requires an external energy investment which is 1.5 times that of Case B. However, the
external energy investments are very small in either case. Case A requires movement of
more energy units, and one must consider other factors in comparing physical movement of
coal versus transmission of electricity. Other situations could be analyzed, and of

course. the above example and others could be extended back to the resource in the ground.

The small outputs of the selected trajectories of this study can be evaluated to

realistic quantities for actual end use patterns forecasted for future years.

For example, suppose that someone could enéourage a single surface-mine 250-million-

12

cubic foot/day coal gasification plant to deliver 74 x 10 Btu/yr, enough to provide

146 x 106 Btu/year to 429,000 homes for heating and hot water heat; this is Case C.

Compare this with Case D: 429,000 homes requirihg about 100 x 106

Btu/year with electrical
heat from surface-mined coal-electric generation. (The assumed end-use efficiencies are
60 percent for gas heat and 100 percent for electric resistance heating.) For Case D,

about 42.9 x 1012 Btu must be delivered to end use. Comparing these, we have:

Total External,

Total Processes
Initial Total External & Unrecovered
Resource External Process Resource
Case Required Losses Losses Losses End Use Energy
c 126 x 1012 3 x 1012 51 x 1012 58 x 1012 74 x 10°%/yr
D 152 x 10%? 4.7 x 102 108 x 1012 120 x 10%%  42.9 x 10%%/yr

(A1l Figureé at Btu/yr.)

Converting into coal at 10,000 Btu/ib., the first column equals 6.3 million tons/year for
Case C, 7.6 million tons for Case D. The "payback periods" for external energy are 15
days per year for Case C, and 40 days per year for Case C. Other factors will enter the

decision, of course. This example shows the importance of end use efficiencies.

2, Specific Applications Other Than at Federal Level
Industrial use of net energy analysis, both for specific modules and for entire
trajectories whére appropriaté, should be encouraged. The engineering analysis of specific
modules should be at a quite detailed level. It will probably indicate means of reducing
energy losses (and possibly improving economic factors) and source problems of energy
inputs (such as changeable economics or availability).

I1-32




State government use of net energy analysis should be explored in greater detail be-
fore it can be recommended. It may be most useful at broad-brush state energy flow
analysis, where states could consider policies to affect energy flows in their states.

However, the type of applications will vary from state to state.

Multi-industry research organizations should consider using net energy analysis. The
Institute for Gas Technology is conducting studies. These organizations have'a variety

of interests to which net energy analysis can apply.

3. Constraints in Using Net Energy Analysis
There are opportunities along with problems and caveats in using net energy
analysis; problems of institutional and decisional structures are included. These are
discussed in greater depth in the body of the CERI report. However, there are several

key points to be made.

In applying the analysis to any decisions, the boundaries of the compared trajectories
should be identical. If end uses have substitutability, comparisons can be made between
trajectories which yield different qualities of energy. Fossil fuel trajectories can be
compared with non-fossil fuel trajectories in terms of meeting end uses. (example: coal-

electric vs. hydro-electric.)

In using net energy analysis, one must consider the sensitivity of the assumptions
and variables. If the application is to be broad policy planning, large scenarios of
alternatives, siting, or major R, D & D policy, the data of this study should be sufficient-
ly detailed and valid for application. If one is looking at some systems, site-specific
conditions, or particular processes, however, he should make sure that the conditions
approximate those of study before he applies the data of this study. (A lower-efficiency
power power plant might have a low net energy yield, but if it is used only for peaking
power, its presence in the electrical system may be warranted, for example.) The indirect
external energies and materials are of sufficient precision that they do not warrant re-
analysis of a specific process, especially one which may be a major technological depart-
ure from those presented here. )

The transportation and transmission data herein are for assumed distances. These can
be adjusted for other studies simply by multiplying the CERI data by the appropriate ratio
of distances.

If one wishes to adjust the boundaries to reflect specific conditions such as human
energy, this could be done. Howsever, it is our opinion thatvsuch adjustments will generally
add complexity without adding precision. We have excluded such factors because their energy
quantities are numerically insignificant. In other words, we do not feel that overall
trajectories, as presented here, are sensitive to the numerical guantities of the factors
excluded as shown in Figures 4 and 5.

The use of ratios involves a greater sensitivity than the use of numerical net yield
data. Ratios are very sensitive to small changes in the denominator. Ratio R-1 is
sensitive to changes in the process where internally-generated energy can replace external
energy. If a process has this option, it may be wise to develop two accounts for it, with
and without the recycling of internal energy.
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it is clear that factors other than energy balances must influence respon-

Finally,
These factors include:

sible decisions and they will generally carry more weight.

(1) economics, (2) environment, (3) national security, (4) energy mix, end use efficiencies

and substitutability, (5) lead times, (6) transportation capacities, (7) institutional

restraints such as governmental regulations and incentives, (8) availability of needed

materials, (9) available water, (10) local attitudes and socio-economic impacts, (11)

employment needs, and (12) needs for energy.
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Selected Trajectory:

Primary Final Product:

Percent of Trajectory
Products:

Initial Resource Required:

(1)

Unrecovered Resource H

(1)

Initial Process Input :

Physical Losses(l):

(1)

Internal Consumption :

(1)

Process. Losses H

(1)

Direct Losses :

(1)

External Losses :

Indirect Losses(l):

Total Losses(l):

Final Output(l):

Rl - External Ratio(z):
R2 ~ Process Ratio(z):

R3 - Resource Yield Ratio

Primary Final Product at

(2)

Short Glossary

A series of extraction, process, and transportation modules
The
trajectories selected for this table are typical of western

arranged to form an integrated energy-producing system.
energy-producing systems. They are constructed using repre-
sentative energy requirements and energy losses of current

commercial technology.

The trajectory product for which the energy-producing system
is developed.

The portion of total trajectory output that is sequestered in
the primary final product, calculated on the basis of heat
content. The remainder of the trajectory energy is the heat

content of byproducts.

The heat content of in-place resource which must be exploited

in order to produce 100 units of Final Output.

The heat content of energy resource unextractable dde to

current economics and commercial technology.

The heat content of resource subsequent to extraction by
current commercial technology, which is processed to produce
100 units of Final Output.

Process losses due to spills, leaks, vents, flares, disposal,etc.

Process losses due to use of some Initial Process Input to

provide power, heat, etc.

Loss of heat content from the Initial Process Input during

energy production.

Heat content losses due only to energy directly associated
with the energy-producing Selected Trajectory, i.e. goods,
fuels, and electricity consumed by the Trajectory Modules.

Heat content of energy supplied to the Selected Trajectoxry

from other systems as (a) fuels and electricity and (b) energy
sequestered in materials (energy of manufacture and/or heat

content of material goods).

Heat content losses from other energy systems used to support
or supply the Selected Trajectory.

Sum of Direct Losses and Indirect Losses.

the point of end use.
Ratio of Final Output to Total External Losses.

Ratio of Final Output to Total External and Process Losses.

Ratio of Final Output to Total External and Process Losses,

and Unrecovered Resource.
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(L

{2)

For this item any energy unit (Btu, Joule, calorie, etc.) may be used. However, all

items must be assigned consistent units.

Final Output.

Numbers are standardized to 100 units of

See text for fuller explanation of net energy ratios.
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INPUT 1: MATERIALS

ENERGY::::::;m—“]|

INPUT 2:
1.16 x 106 Bru

INPUT 3:

1.16 x 106 Bty

- —G¢———— =

PHYSICAL LOSS INTERNAL
0.02 x 106 Bty  CONSUMPTION
0.14 x
106 Bru

SUMMARY:  NATURAL GAS
FIGURE 7(n)

INPUT 1: MATERIALS

ENERGY ——————\ ”

0.03 x 106 Bru
.01 x 106 Bru

bl
bl
bl
Lo

INPUT 2:
1.63 x 106 Bru

INPUT 3:
1.71 x 10° Bty

OUTPUT
1.00 x 106 Bty

OUTPUT: .
1.00 x 106 Bru

UNRECOVERED RESOURCE ' YSLCAL INTERNAL | 0,03 x 100 Bru
0.08 x 105 Bru (.97 & CO'BS;%PTION 0.01 x 106 Bru
5 .36 X
10° BTy 106 pry

SUMMARY: COAL GASIFICATION (WITH SURFACE MINING)

FIGURE 7(B)
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INPUT 1: MATERIALS
|
ENERGY —\ \ |
|

! OUTPUT:
' 1.00 x

inpUT 20 1,63 X 10° Bru
I 10% Bru

INPUT 3: 4,07 x 106 Bru

PHYSICAL. LOSS | 0.03 x 100
0.27 l 0.01 x 106
INTERNAL CONSuMPTION 0,36 X 106

SUMMARY:  COAL GASIFICATION

(WITH UNDERGROUND MINING)
UNRECOVERED RESOURCE:

2.44 x 106 Bru FIGURE 7(c)
INPUT 1: MATERIALS
ENERGY H
ﬂ

o
I f OUTPUT:
INPUT 2: 1 1.00 x
1.11 x 106 Bru I 106 Bru

v S

INPUT 3:
3,33 x 106 Bru
| 0.03 x 106 Bru
0.08 x 106 Bru
INTERNAL CONSUMPTION
0.09 x 106 Bru
PHYSICAL Loss 0.02 x 106 Bru

IJNRECOVERED RESOURCE
2,22 x 106 Bruy

SUMMARY: PETROLEUM - GASOLINE
FIGURE 7(p)
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INPUT 1: MATERIALS
: ENERGYﬁ::::“) ll

S OUTPUT:

1§f}282§ I I 1.00 x-
166 Bry T 106 ry
INPUT 3:
L8 x L0
106 Bru :
| 0.06 x 106 Bry
0.10 x 106 Bruy
R _ INTERNAL - CONSUMPT ION
N ECOSEZSD R;ggU;CE. 0.35 x 106 Bru
U X T PHYSICAL Loss 0.24 x 106 Bty
SUMMARY: OIL SHALE - GASOLINE (WITH SURFACE MINING)
FIGURE 7(k)
INPUT 1: MATERIALS
ENERGYZZ:::ﬁW }l
I
I I || OUTPUT:
INPUT 2: no 1.00 x -
1,58 x TRl 106 Bru

106 Bru

INPUT 3:
3.16 x
106 Bru

|  0.05x 106 Bru
0.10 x 105 Bru
INTERNAL CONSUMPTION

0.34 x 106 Bru
PHYSICAL LOSS

0.24 x 106 Bru

UNRECOVERED RESOURCE:
1.58 x 105 Bru

SUMMARY: OIL SHALE - GASOLINE (WITH UNDERGROUND MINING)
FIGURE 7(F)
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INPUT 1: MATERIALS

ENERGY:_\—‘__‘W_W|

INPUT 2: THERL OUTPUT:
1.49 x 106 Bru THERL 1.00 x
TR 106 Bru

INPUT 3:
1,57 x 106 Bru

<
0.04 x 106 Bru

UNRECOVERED RESOURCE  pPHYSICAL INTERNAL
.12 x 106 Bru

0.08 x 106 Bru  LOSS  consumPTION:
0.12 x 0.37 x
106 Bru 106 Bru

o=

SUMMARY: COAL LIQUEFACTION - GASOLINE (WITH SURFACE MINING)
FIGURE 7(a)

INPUT 1: MATERIALS

ENERGY%—W ‘

I
[ 11 OUTPUT:
I

1.00 x

INPUT 2: 1.49 x 106 Bru 106 Bru

77

iNPUT 3: 3.73 x 100 BTu

<
0.04 x 106 Bru

l 0.12 x 106 Bru
INTERNAL CONSuUMPTION 0.37 x 106 Bru

PHYSICAL Loss 0.12 x 106 Bru

UNRECOVERED RESOURCE
2.24 x 106 Bru

SUMMARY: COAL LIQUEFACTION - GASOLINE (wWITH UNDERGROUND MINING)
FIGURE 7(w)
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INPUT 1:

MATERIALS
ENERGY ———————\ '

INPUT 2: I
1.00 x 106 Bru | OuTPUT:
1.00 x 106 Bru
INPUT 3: | |
1.05 x 106 Bty
UNRECOVERED RESOURCE : | 0.01 x 106 Bru
0,05 x 106 Bry 0.02 x 106 Bty
SUMMARY:  COAL (wITH SURFACE. MINING)
FIGURE 7(1)
INPUT 1: MATERIALS
ENERGY
R
.I ! .
INPUT 21 | I OUTPUT ! :
1.00 x | | 1.00 x 10° Bru
106 Bru !

INPUT 3:

2.50 x
106 Bru,

0,01 x 106 Bty
02 x 106 Bru

%

UNRECOVERED RESOURCE:
1.50 x 106 Bry

SUMMARY:  COAL (WITH UNDERGROUND MINING)
FIGURE 7(u)
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INPUT 1! MATERIALS

ENERGY—;%—W]

o
, ‘ Tl / QUTPUT:
INPUT 2: ’ BRI 1.00 x 106 Bru

3,70 x 10° Bru ~
INPUT 3:
’ |
0.

0.07 x 106 Bru
03 x 106 Bru

3,70 x 106 Bru

PHYSICAL LOSS:
0.05 x 106 Brtu INTERNAL CONSUMPTION:
2.65 x 106 Bru

_SUMMARY: NATURAL GAS - ELECTRIC
"FIGURE 7(x) ’
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INPUT 1: MATERIALS
ENERGY:::::::h “

OUTPUT:
1.00 x 106 Bru

iNPUT 2@ 5.16 x 106 Bru

| -0.08 x 106 Bru

0,04 x 106 Bru
INPUT 3: 5.44 x 106 Bru

INTERNAL CONSUMPTION:
3,32 x 106 Bru

PHYSICAL LOSS:

UNRECOVERED 6
RESOURCE : 0.85 x 10° Btu

0.27 x 106 Bry

SUMMARY: COAL-GAS-ELECTRIC (wITH SURFACE MINiNG)
FIGURE 7(L)
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INPUT 1:

MATERIALS

ENERGY;;;;;;;;;%;‘~—<ﬂ

INPUT 2: 3.48 x 100 Btu

INPUT 3: 10,44 x 108 Bru

UNRECOVERED RESOURCE: 6.96 x 106 Bru

SUMMARY:  PETROLEUM-ELECTRIC
FIGURE 7(n)
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PHYSICAL LOSS:
0.05 x 106 Bty

§ I

OUTPUT:
1 I 1.00 x
N 106 Bru

<

| 0.06 x 106 By
0.04 x 106 Bru

INTERNAL CONSUMPTION
2.43 x 106 Bry




INPUT 1: MATERIALS
ENERGY—____—ﬂ H

Tl OUTPUT:
I 1.00 x 106 1

iNPUT 2: 5.16 X 106 Bru

0.08 x 106 Bru
0,03 x 106 Bty

ineuT 3: 12.91 x 106 Bru

INTERNAL CONSUMPTION 3,32 x 106 Bru

PHYSICAL LOSS:
0.85 x 106 Bru

UNRECOVERED RESOURCE: 7.75 X 106 Bru

SUMMARY: COAL-GAS-ELECTRIC (WITH UNDERGROUND MINING)
FIGURE 7(m)
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INPUT 1: MATERIALS

T OUTPUT:

il
iNeuT 2: 5.38 x 106 Bru , 0 o ibgOBiu

| 0.06 x 106 Bru
0,05 x 106 Bru

INPUT 3¢ 5.67 x 100 Bru

: INTERNAL CONSUMPTION:
PHYSICAL LOSS: 4,06 x 106 BTy
0.33 x 106 Bru

UNRECOVERED RESOURCE:
0.28 x 106 Bru

SUMMARY: COAL LIQUEFACTION - ELECTRIC (wITH SURFACE MINING)
FIGURE 7 (@)
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INPUT 1: MATERIALS

ENERGY::::::::W l

2: 5.38 x 106 Bry

~3: 13.46 x 106 Bru

—

-

UNRECOVERED RESOURCE:

Y: COAL LIQUEFACTION - ELECTRIC (WITH UNDERGROUND MINING)

FIGURE 7(r)
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PHYSICAL LOSS:
0.33 x 10° Bru

8.08 x 106 Bru

I
I OUTPUT:

1.00 x
o 106 Bry

| 0.06 x 106 Bry
0.05 x 106 Bry

INTERNAL CONSUMPTION:
4,06 x 106 Bru




INPUT 1: MATERIALS

i

TT
1] i
“ i OUTPUT:

INPUT 2: 1.00 x 106 Bru

3.37

o H
. i
x 106 Bru Aﬁ\w
INPUT 3:
3,54 x 106 Bru

0.05 x 106 Bru
0.06 x 106 Btu

!

UNRECOVERED RESOURCE:

0.17 x 106 Bru INTERNAL CONSUMPTION
2.37 x 10° Bty

P

SUMMARY: COAL - ELECTRIC (WITH SURFACE MINING)
FIGURE 7(s)
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INPUT 1: MATERIALS

o
Hol

QUTPUT:
1.00 x
106 By

\

| 0.05 x 106 Bru
0.06 x 100 Btu

INPUT 2: 3.37 x 106 Bru
INPUT 3: 8.42 x 106 Bru
UNRECOVERED RESOURCE
SUMMARY: COAL - ELECTRIC (WITH UNDERGROUND MINING)

FIGURE 7(1)
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III. DISCUSSION OF NET ENERGY ANALYSIS AND THE CERI APPROACH

A. Definition of Net Energy Analysis

Because it is a new concept and analytical technique, "net energy analysis" does not

have a history to help in understanding what it is and what it is not, or what it tells us.

In the simplest terms, net energy analysis is an analytical tool for assessing the

amount of energy required to produce and deliver energy.

"Energy analysis” is a broad term which we can apply to a number of types of energy
studies. These could include national, regional or state floﬁs and systems of energy
production, distribution and consumption. They could include manufacturing processes to
determine the guantity of energy sequestered in products, such as steel or automobiles.
Examples of national energy analysis include the Reference Energy System and the Project
Independence Evaluation System. The former, developed by Brookhaven National Laboratories
and used by the Energy Research and Development Administration, traces energy from re-
source to consumption through the many intertwined pathways which comprise a total systemfl)
It gquantifies flows and efficiences in energy conversion and transportation; The Project
Independence Evaluation System is a linear programming model which has been developed by
the Federal Energy Administration to assess domestic energy production, consumption and
import alternatives for a comprehensive array of energy types under varying assumptions

(2)

of price.

At the state government level, a number of analytical tools have been developed, and '

assessments made of state energy flows. These latter studies are sometimes called "input-

w(3)

" “output analyses. Usually, they examine imports, production, exports and consumption

patterns of the total energy flows of a state.(4)

States have analyzed the dollar trans-
actions of their economies for a long time. Now, it is recognized that they must know
more about their energy. However, these studies have not, in general, examined indirect

flows or "net yields"™ of energy. Many types of energy analysis models exist.(s)

Net energy analysis does not apply to the manufacturing of non-energy products. For
this purpose, various people have developed an approach known as "process analysis." It
examines the entire sequence of steps leading to a product, and accounts for the energy
used in each of these steps. For example) the manufacture of aluminum uses energy in:
bauxite mining, caustic mining and steam production in the Bayer process; cryolite and
anode preparation in electrolytic reduction; transportation of materials, etc. All of

the energies involved in these steps are identified and quantified in "process analysis.“(6'7)

Energy analysis also covers the study of ecological energy flows, many of which are
becoming more useful to industrial society. These include solar, wind, ocean, biological

and other "natural" energies. It is also an analytical tool used in ecology and environ-

(8)

mental analysis. Energy transactions between the human population and its total

environment are the concern of this type of energy analysis.(g'lo'll)
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Energy analysis has developed in the last few years as society suddenly became aware
that the days of cheap and plentiful energy are numbered. The energy costs, in monetary
terms, of goods and services and "life styles" has been only a small percentage of over-
all costs in the past. The finiteness of fossil fuel resources has not been widely recog-

nized until recent years.(lz)

Now, as energy analysts have noted, "Energy may become a
real limiting factor in many vital sectors of society because the resources are limited
and because the extravagant use of energy may have unbearable consequences. The continuing
energy crisis is leading to a new awareness that we need to know how much energy is used

in producing goods and services”. (13)

Tn contrast, "net energy analysis" has a narrower definition. It is limited to energy

production and conservation. The "Stanford Workshop" on Net Energy Analysis, noted that

the field of energy analysis generally is directed to the computation and measurement of

14)

energy flows in society. Net energy analysis is more restricted, being directed to
the energy required to deliver a specified energy product to a selected point or stage

of use.

Net energy analysis deals with the total energy investmeﬁt which society must make to
produce energy. Using physical units instead of monetary units, it leads to the identi-
fication of all the inputs, direct and indirect, involved in every step of the process of

extracting, converting and distributing energy.

The indirect energy which must be drawn from society and nature to produce energy has
attracted the attention of net energy analysts. The direct energy to operate a process
in the production of energy may be readily discernible. For example, a refinery requires
energy from some source for cracking, pumping, etc. But that energy alone does not enable
petroleum products to be made available to society. Also required was energy to build the
refinery. Energy was used to produce the steel from which the refinery was built, and to
produce the catalysts needed for continuous operation of the refinery. Also, energy was
used to extract, mill and smelt the ores which were the sources of the steel and the

catalysts.

Net energy analysis asks questions such as these: Are indirect inputs large or small;
do they vary significantly between alternatives which may be available for delivering
various forms of energy to the end users? Recognizing the finiteness of some energy
resources, and the possibility that the output of energy may require increasingly large

total inputs of energy, can the net energy resource made available to society be analyzed?

The monetary costs of all the direct and indirect inputs into the refinery can be
accounted for, but what percentage of these dollar purchases are laboer or materials, and
what amounts are allocated to direct or indirect energy? What energy occuring in the

ecosystem is involved in the refinery example cited above?

The difference between net energy and efficiency are important. The difference can
be illustrated by a simple analysis. Figures 8(a) and 8(b) show the energy efficiency
and the net energy analysis of a hypothetical process; the process is represented by the
box, with inputs and outputs. The first figure, "efficiency," shows only the ability of
the process to change energy from one form (or place) to another. It measures the direct

3

output as a percentage of the direct input of the energy which is processed. This
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EFFICIENCY:

/,—(ANY PROCESS)

5.17 x 105 Bry v 3.44 x_10° Bry
—_——— e - - - = = |—
PRINCIPAL ENERGY i ENERGY PRODUCT

INPUT $

1.73 x 106 Bru

ENERGY PRODUCT.
PRINCIPAL ENERGY INPUT

EFFICIENCY

3.4 - 655 or 66,57
5,17

EFFICIENCY cAN NEVER Exceep 1.00 or 100%

FIGURE 8(a)

NET ENERGY
2.64 x 105 BTu EXTERNAL ENERGY

(anY PROCEss)~\\\\ l

5,17 x 100 Bry v 3,44 x 10° Br
—_— o — _—— - +>
PRINCIPAL ENERGY r_ | | ENERGY PRODUCT
INPUT 47 L
: l LOSSES = INPUTS NOT MADE
AVAILABLE AS USABLE ENERGY
1.73 x 10° Bru PRODUCT

2.64 x 104 Bru

ENERGY BALANCE: INPUTS = OUTPUTS, OR (INPUTS) - (oUTPUTS) =.0
. NET = OUTPUTS -~ LOSSES
(.44 x 106) = 1(1.73 x 105 + (2.64 x 101

OR
b
RATIO = QUTPUTS - 3.44 x 10 = 1.96
LOSSES (1,73 x 106) + (2.64 x 104

NET ENERGY AND EFFICIENCY
FIGURE 8(B)
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of goods and services are under consideration. We cannot compare apples and oranges
directly, but when we know that oranges are worth $.05 and apples $.10, we know that the
value of an apple is the same as that of two oranges. (We hope that economics and energy
analysts will not be disturbed by the use of "apples and oranges" in this example.)
Furthermore, if we had 10 oranges and five apples we could say we have one dollar worth
of fruit. This one-dollar worth of fruit could then be compared to other items measured
in dollar terms and used to judge the options available for spending or not spending the

one dollar.

We say that prices reflect the "value" of things because, in a smoothly functioning
price system, the resources which are devoted to the production of one item could have
been directed to the production of other items. Resources devoted to apples could be
reallocated to produce oranges and vice versa. ~This may not always be the case and to
the extent that it is not, problems creep into the price system. Given the example above
when we say that two oranges are worth one apple, we are saying that we could reallocate
resources from orage production to apple production. In the process we would lose two
oranges and gain one apple. If this were not the case the prices of each item would
change so as to make it the case. For example, suppose that resources were reallocated
from oranges to apples and in the process only one orange had to be sacrified for each
apple gained. Remembering that oranges cost $.05 and apples $.10, persons performing
this reallocation are able to gain something (one apple) worth $.10 by giving up some-
thing worth only $.05. The incentive is there to perform the reallocation. But it can't
go on forever. As fewer oranges are produced they become in short supply in orange markets
and their price rises due to the simple forces of supply and demand. Similarly, as apple
supplies expand their price falls. If nothing else happens, the price of oranges will
rise and that of apples will fall until they are equal. At that point the price ratio

(one:one) becomes the same as the technological relationship in production (also one:one).

Incentives for the reallocation of resources might originate in a change in society's
tastes rather than in a mere discovery that gains can be had from a reallocation alone.
For example, assuming the original prices used above for apples and oranges, suppose that
people changed their tastes soO as to prefer more apples to oranges than was formerly the
case. A shift in demand has occurred so that at the old apple price of $.10 more apples
are demanded.  This is an indication that the social value of apples has risen and by
expressing value in dollars we can say by how much the social value has risen. Since it
takes time for more apples to be supplied the price of apples rises, to say $.15 each.
Producers look at the old technological situation where resource reallocation allows a
gain of one apple when two oranges are sacrificed. Now the sacrifice of two oranges
(worth $;10) is justified to gain one apple {(worth $.15). As more apples are thereby
produced, and fewer oranges, the price of apples falls, and that of oranges rises until
they again are in a 2:1 relationship to each other both in terms of price and technological
possibilities.

This example is complicated, but not changed, by what economists refer to as increas-
ing costs. That is, as resources are transferred it may become more and more difficult
to produce apples from the resources which formerly were used to produce oranges. In any
event, it is the technology of production combined with the forces of supply and demand

which keep the system in balance.
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We should note here that while supply is determined by technical relationships (which
give rise to costs), demand exists either in the minds of final consumers (in the case of
final consumer goods) or in the need for the items as inputs into further production. But,
since further production is eventually determined by the consumer demand for goods and
services which require higher levels of processing we can say that demand is a reflection
of the tastes and preferences of society. This is where social values come in. These
values can only come from the minds of the people who make up society, and in the economic
realm these values are reflected in demand. One should note that demand for something may
exist even though the item is not produced. This is a result of high costs on the supply
side. So, it is a combination of technology and the tastes and preferences of society
combined which determine the economic value we place upon something. Changes in either

can change the price charged for any given item in the market place.

Energy flows within an economy reflect mainly technological relationships relative to
tastes and preferences. We must clearly distinguish between demand for energy per se and
demand for the things that energy provides. For example, people demand clean and conven-
ience home heating systems. The cleanest and most convenient happen to be those powered
by natural gas or electricity. The demand for natural gas aﬁd electricity is therefore
(in part) determined by people's demands for certain types of heating systems and not
because they have some innate love for natural gas, etc. Further, the preferences of the
public for a clean environment, and the willingness to pay something for it, have entered
the decision process. If other fuels provided exactly the same guality heat, at the same
cost,_people's attitude would be indifferent among these fuels and the primary ones in
current use. We should also note that price makes a difference. Electric heat is some-
what more convenient and cleaner than natural gas heat. Despite its higher cost, some
people prefer it because they prefer the added quality. Others compare the costs with
the relative merits of both and choose the cheaper natural gas. The point remains that
it is the final product (heat with certain qualities) that is demanded and it is tech-

nology that determines how the final product is produced.

On occasion, technological changes which involve energy, and relative changes in
tastes tend to move in opposite directions. In agriculture, for example, production has
become much more energy-intensive over the recent past as chemical fertilizers and mach-
inery have become much more important in that sector. Nevertheless, the prices paid for
many agricultural commodities are lower now than they have been for thirty years. At the
same time the proportion of National Income (similar to GNP) generated in the agricultural
sector has declined in dollar terms dramatically -- from about 9 percent in 1940 to about
3 percent now. Thus, in the case of agriculture we see, over time, an increase correla-

tion between energy content and either relative value of output or price.

Net energy studies are new and thus definitive statements are difficult to make about
how net energy vields and economic costs have correlated in the past. There is intuitive
appeal and some scattered empirical evidence that the energy "subsidy" to energy production
(18,19)  qpat is, as increased demand is coupled with reserve depletion,

increasingly poorer quality reserves must be brought into production. The energy input

has grown over time.

into extraction of power from these reserves must therefore rise to offset this poorer
quality.

Economic or dollar costs of energy and other natural resources, however, appear to have
declined at the same time that the amount of energy needed to exploit that resource or

III-6




energy has risen. Barnett and Morse attempt to determine whether, during periods of
rapid growth in the U.S. economy, resource scarcity effects were felt in the form of
rises in the felative prices of the products of extractive industries.(zo) Their sta-
tistical procedures show that with few exceptions technological change has continually
outpaced deteriorating resource quality. Prices not only did not rise, but actually fell.
Similar findings by Krutilla and by Nordhaus confirm the observation that since 1900, the
relative direct cost of production of natural resource products - including coal and
petroleum - have fallen over time despite diminishing resource quality.(21’22) Nordhaus
raises the question as to whether this trend can be expected to continue and projects that
relative prices for energy in the long-run (50 years) are likely to rise on the order of
2.2 percent per year. (By relative prices, we mean the price of energy relative to the

price of other things - in this case relative to the general price level.)

The ratio of energy consumption to GNP has fluctuated since 1900, according to Cook.(23)
It increased rapidly from 1900, has generally declined since, and has risen slightly since
1965. Cook notes that the ratio tends to be low when GNP is large and energy is being
used efficiently, as was the case during World War II.

Over a relatively long period of time therefore a negative correlation appears to have
developed between energy cost and the economic cost of energy production. This has been
possible through the rapid technological progress that has taken place in the U.S. economy .
It is entirely possible that technological progress has permitted the extraction of energy
from poorer quality natural resources and at a lower energy cost. No systematic research
has been done on this point, and the argument presented by Odum (1971) that energy sub-
sidies are on the rise cannot be fully acceptable until it is done. TFailure to récognize
this point has led some persons concerned with energy to attribute economic feasibility
to energy costs, Gilliland makes this error in attributing economic feasibility in oil
shale to the energy subsidy required in production from shale as opposed to other pet-

roleum sources.(24)

Her reasoning that shale is now becoming an economically feasible
source of o0il because the energy subsidy required in other forms of petroleum production
has risen is clearly erroneous. Only recently has shale approached economic feasibility
because of the jump in o0il prices caused by the OPEC activities. However, the amount of
energy required to produce a fixed amount of Mideast o0il has not changed significantly,
even though the price of the product has gone from $2.00/bbl to $12.00/bbl. Rising

prices have made all forms of energy production more economically feasible.

While over time there is little reason to expect energy content to correlate closely
with price or total value, there is even less reason to expect goods ranked in order to
total value to correspond to goods ranked in order of energy content. All different goods
are produced by combining a wide variety of resources in different ways and energy is just
one of the many resources. Some goods are indeed more energy-intensive than others; but
since they all require inputs other than energy, it is not possible to say whether or not
energy-intensive goods will have higher or lower value, relatively or absolutely, within
the economy.

While economic analysis is much more comprehensive than energy analysis, it neverthe-
less has weaknesses which are inherent in any measure which in some way expresses the
impact of a variety of forces, One of the main weaknesses of the price system as an

indicator of social value is that there occur what economists call "externalities."
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Fxternalities are changes in the costs or benefits felt by some secondary elements of
society due to the production and/or consumption of the externality-producing item. For
example, our use of the services of our automobile produces pollution, an externality
because it imposes a social cost (an "external cost") upon other members of society who
have to breath the exhaust. The value of the external cost or benefit is not reflected

in the price system. We are not forced to compensate persons who are bearing part of the
social cost of our driving a car. Similarly, firms hiring skilled labor, trained by some-
one else, are not forced to pay for the entire "cost" of that labor since they avoid the
cost of training that labor themselves. Therefore in the cases where externalities exist,
the price of an item which is established by some market mechanism does not necessarily
represent a true social valuation of the items concerned. The market-determined cost of
driving a car appears too low in relation to social cost, and the cost of labor appears
too low to firms hiring ready-trained workers. In the case of these "market failures”,

information in addition to market prices is needed to arrive at an estimate of what the

true social value of an item is.

Prices which do not represent true social value can evolve for reasons other than the
existence of externalities. So-called "market imperfections“ can be present which permit
neither the free allocation of resources nor the smooth adjustment of prices as was used
in the earlier apples/oranges example. Government regulation, labor contracts, minimum
wage laws, etc., all act so as to 1imit the extent to which prices are allowed to vary.
An example was the recent administered price system for "old oil" produced domestically.
While the legal price was $5.25 per barrel, the true social value is closer to twice that
amount since if the oil was not forthcoming from old wells it would have to be pumped
from new wells or be imported. The price of oil from the latter sources (which is much
freer to fluctuate) is in the range of $11-$12 per bbl. Indeed the o0il prices determined
by the OPEC membership represent another form of market intervention which does not permit
free price adjustment. Other forms of "market imperfections" can result from the exist-
ence of some monopoly power on the part of producers or consumers, imperfect information,

technical inability to substitute productive inputs for each other or merely tradition.

How do economists concerned with public policy handle the appraisal of projects which
entail market imperfections? Market prices are only a starting point, and must be ad-
justed up or down depending upon whether the true social value is determined to be higher
or lower than the market price. The most commonly used practice is to determine what are
called "shadow prices" or "accounting prices." These are the prices which, if they

(25}

existed, would represent true social value. We will use the term "accounting prices”

+to refer to these rather than the other, more ethereal term.

How do we arrive at accounting prices? Unfortunately, at this point, we must resort
to procedures which combine science with judgment. On occasion we do have rather precise
information which allows us to estimate what prices would be in the absence of market
failures. On other occasions we must make judgments based upon whatever information is
available to determine the true social costs and benefits of a project. In the recent
past we were presented with the ever more costly pollution produced by our economic devel-
opment projects. Ten years ago public projects were evaluated without making any adjust-
ments for the social cost of pollution. Now all projects are evaluated, in part, with
this consideration in mind. Concern with pollution led to the incorporation of the costs

of all forms of environmental degradation in the calculation of the accounting prices

'
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used in public projects. How economic values are placed on considerations which normally
have their impact outside the economic system, and therefore have no market established

prices, is described by Kneese et. al.(26)

Assignment of non-market recreational values
(27) '

. 28

are described by Capel and Pandey and Pope( ). These are no works which are com-
parable for the subject of net energy analysis. Society may choose, in the future, to
incorporate into economic decisions certain energy considerations which have no market

mechanismg for their establishment.

The above discussion leads to the conclusion that there is no reason to expect dollar
and energy flows to coincide. By knowing only the dollar flow within an economy or within
say, an industrial project, we cannot say much, if anything, about the flow of energy
through the system. To determine the latter, we need to know much more about the specifics
of the case. What kind of project (or economy); what technology; what cooperating
resources are, etc. are all relevant questions (and, in fact, the ones being asked by
CERI necessary to the determination of what energy flows are. Energy flows are an integral
part of the technological interaction of all productive inputs in any given production
process. Dollar flows not only help coordinate the combination of energy and other
resources, but facilitate the coordination of .society's tastes and preferences with the
technological possibilities that society has at its disposal. Dollar flows are more com-
prehensive than energy flows as indicators of social value and‘quality since their eventual
magnitude is a result of a wider variety of interacting forces. Money gives a méasurement
of both quantity and quality (including the social value of energy quality); the physical

unit of energy measurement does not do this.

Could a process which has a small energy yield be economically feasible? Clearly, the
answer is yes. This is due to the basic fact that all Btu's are not equal in their social
or economic value. It is also true because of arbitrary price controls imposed by govern-
mental actions. Every day we produce vast amounts of electrical power (high value) from
other sources of power (coal, oil, etc.). In the process we use up many more Btu's than
we produce, but the process is economically feasible because each Btu input is worth much

less than each Btu of electrical power produced.

Questions have arisen which relate to how energy balance corresponds to economic
feasibility in the empirical sense; how net energy has influenced past energy development,
etc. None of these questions can be answered in anything more than a speculative way
since energy balance studies are just now being done. Thus, we are only starting to have
the empirical evidence upon which to base a statement. Also, as we have found in this
study, intensive analysis of economic-energy flow and value relationships would be needed

to make correlations for all the modules of this study.

C. 1Issues in Net Energy Analysis

There are a number of issues associated with net energy analysis. These can be
categorized as:

e Energy and resource issues to which net energy analysis might be applied;

e Issues within the confines of net energy analysis itself, such as boundaries,

analytical techniques, and accounting systems.

These two broad categories obviously relate to each other. Each will be discussed,

and an effort will be made to correlate the internal analytical issues with the broader
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issues. In some of the discussion which follows, it will be quite apparent that the CERI
team has arrived at certain findings or opinions. These then form part of the framework

for the analytical methodology of this study.

1. Net Energy Analysis Relative to Energy Issues
As stated in the Introduction and in the discussion of the definition of net energy
analysis, there are several general issues to which net energy analysis relates. Indeed,
the existence of the issues has led to the concept of net energy analysis. At the broadest

level, these are:

® Resources are limited; extravagant use of resources will lead to very serious
consequenceé; v

@ Technological-industrial societies are becoming very energy-intensive without
adequate regard for efficient use of energy;

e Human communities, industrialized or not, are part of ecosystems involving a
complex network of energy flows with vast amounts of natural energy which has
potential application for human use;

® Socio-political economic decision processes heretofore have not paid adequate
attention to energy, its flows and its social costs; as a result, society now

faces "energy crises" of various kinds and magnitudes.

Resource depletion has received a great deal of attention in the last five to ten years.
Some of the studies dealing with the problem have been controversial. However, there ap-
pears to be general acceptance of the conclusion that present trends of resource consumption
will result in effective exhaustion of global supplies of petroleum and natural gas, some-
time within half a century to a century. Coal supply may be available for a much longer
time period but is still finite. Uranium ores in North America may be in potentially
short supply, depending on given prospective demands, at reasonable price levels. The
rationale for synthetic fuel development is given as the need to develop a replacement

for U.S. petroleum, partially to reduce dependence on foreign supplies.(zs)

Environmental impacts associated with resource extraction and production are of con-
cern along with depletion. These impacts are directly related to the amount of resource

extraction and production activity.

The total use and use rates of resources are of concern. Given a certain level of
end-use of energy, and a certain mix of energy products (gaseous, liquid, solid, and
electrical energy) for final consumption, the amount of energy resources used could vary
with the net energy of the overall system. A numerically significant change in resource
use could occur if the final mix were varied. For example, simple analysis reveals that
massive electrification using fossil fuels would require about three times as much fossil
fuel resources as direct combustion of those fuels for heat, if end-use efficiencies were
equal.

However, end-use efficiencies are not equal, and there are possibilities for major

improvements in them.(zg)

Furthermore, the end-use objective is not the consumption of a
particular form of energy per se, but the result of the use of energy. Warm buildings,
removal of heat by air conditioning and refrigeration, heat for smelting or melting, power

and motion in machines, light, information - these are some of the reasons for the trans-
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formation of energy. Changes in end-use patterns, traced back through production systems
and considering direct and indirect energies, will obviously have major consequences on

resource depletion.

Resource extraction results in some of the resources becoming lost or effectively
unavailable to society. If the resource in the ground is viewed as capital stock, the
mere process of bringing it into productive use may cause a partial loss of the stock.

Tt could be said, then, that the "net" of the system varies with the amount of loss at

the capital-stock end of the system. This concept considers the quantity of the resource
in the ground (in the case of energy minerals) or the potential energy in hydrological
resources as an integral part of the overall human system of energy. Inasmuch as wastage
or recovery of this "capital stock" enters into economic decisions about energy production,
it seems logical that it sould enter into energy analysis of energy production. The

fossil fuel resources in the ground are the "gross energy" from which we get a net yield.

A host of questions arise. Can the mix of production trajectories from resource
extraction to the point of end-use be affected with the resulf being less resource con-
sumption? Can the net energy yields of the overall system, including the raw resource,
be improved by reducing the amount of raw resource which is lost, wasted or made unrecov-
erable as a result of extraction? The National Environmental Policy Act calls for "wise
stewardship” of the nation's resources; can net energy analysis help achieve "wise

stewardship"?

Technological efficiencies, and efficiencies of energy use by industrial societies,
have not represented a major concern until the last few years. Engineers have devoted
attention to the problems in design, to a limited extent. However, decisions are gener-—
ally made on an economic basis, and if a more energy-efficient process has been less
economical, it generally hasvnot been adopted. As has been noted, the energy sequestered
in products or services are not explicitly identified.(30) A major cause of this situation
is the low cost of energy relative to labor, materials, interest and other costs in the
production of goods and services. In some cases, the energy costs may be artificially
low because of regulation, or because their true social costs (such as environmental
impacts) are not internalized. Given the possibilities and limitations in our capabilities
to substitute end-uses of energy, can the overall system of industrial society be altered
to produce a given amount of goods and services with less total energy consumption and
resource impact? Are there theoretical maximums of efficient use of energy which can be
achieved in accomplishing tasks or improving net energy yields? Do geographic and loca-
tional parameters affect net energy yields, i.e., are facilities situated because of k
economics, labor‘supply and politics to thé detriment of the net energy yields of the
system? Are there net energy benefits or disbenefits due to the scale of facilities?

In energy production systems, how can the direct and indirect "driving energies," whether
procured from outside the processes or from inside them by tapping produced energy, be
reduced?

There are additional issues relating to time relationships, and flows over time, called
"intertemporal flows." Does discounting, as is done in economics to determine present
worth of future benefits, also apply to net energy analysis? What are the time and re-
investment relationships for diverting energy into energy production instead of into goods
and services?
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Ecological relationships of man and his environment involve energy flows. This is
true for all organisms, as energy is the essence of life. Primitive societies depend
almost entirely on rather short-time flows: solar energy to vegetation to man, or
vegetation to herbivore (and sometimes thence to carnivore) and to man. Industrial man
now multiplies energy through machines. He obtains most of the energy to build and oper-
ate the man-made part of his complex environment from fossil fuels - the solar energy of
hundreds of millions of years ago. Just as his economics have ignored energy accounting,
his economics have not always included transactions between man and his natural environ-
ment. The technological and population explosions have caused man/environment transactions
which have overstressed the environment in places. Hence, in recent years, "environmental
accounting" has found its way into decision-making to compensate for deficiencies in the
economic system, and to identify the means by which man can develop a sustainable relation-

ship with his environment,

Because this sustainable relationship includes the depletion and impacts resulting
from the consumption of energy resources -.- especially the "paleosolar” energy of fossil
fuels - and because energy transactions or flows link all living organisms together, there
is some thinking that the energy should be the dominant unit to represent all transactions.
This school of thought is called “energetics" and is based on a theory, sometimes called
the "energy theory of value."

The concepts and methodologies of the school of "energetics" are not widely accepted

either by ecologists or by students of net energy analysis.(32X

However, it is well
recognized that industrial energy production involves natural energy flows. A conspicuous
problem has been waste heat from power plants, with some examples of severe disruptions

of the ecosystems of receiving waters caused by waste heat. The ecological principle of
"]limiting factors" is one reason why disruption occurs: organisms have a limited range

of tolerances. Other disruptions from pollutants and usurpation of habitat occur as well.
If the ecosystems arevproduCing food for man, the energy flow relationships become more
direct. This would occur if a power plant disrupts an estuary, or a mine takes agricul-
tural land out of production. There are potentials and actual examples of using "waste

heat" to increase food production.(33)

These ecological energy transactions are legiti-
mate issues, and are being examined in the better studies being conducted according to
the requirements of the National Environmental Policy Act. Now, there are many studies

underway to utilize ecological energy to replace our diminishing supply of fossil fuels.

These issues of resource depletion, technological efficiency and ecological energy
flows can involve net energy analysis. If this analytical tool is useful, we must con-
sider how to use it, and how government should apply net energy analysis. Should govern-
ment foster or discourage various energy systems, developments or policies using net
energy yvields as a consideration? This is the obvious implication of PL 93-577 of 1974,
"The Federal Non-Nuclear Energy Research and Development Act of 1974," and an implicit
concern of PL 93-438, thé "Energy Reorganization Act of 1974" with its phraseology about
efficiency in energy extraction, conversion,/transmission and utilization. There may be
other areas of Federal decisions which could produce benefits by the use of net energy
analysis. State governments cduld bring net energy analysis into their decisions.
California requires the analysis of net energy in consideration of the issuance of
siting permits. ’
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There could possibly be established a minimum threshold of net energy yields which
would provide a cut-off point for any sort of governmental approval. Guidelines could
be established for actual use by various agencies of government. Or, perhaps all aspects
of net energy analysis should be left to industry, which is making rigorous efforts to
improve its energy efficiency. Factors other than net energy must be considered in dec-

isions; how much weight should net energy yields have relative to these other factors?

Last, but not least, should the entire matter of "energy costs," in whatever form,
be left to traditional economics?

2. 1Issues Internal to Net Energy Analysis
In August, 1975, The Institute for Energy Studies of Stanford University, and the
TRW Ssytems Group, conducted a Workshop on Net Energy Analysis, sponsored by the National
Science Foundation. The Report states: "...(This summary's)... lack of specifiés is
probably a fair reflectidn on the state of energy analysis as an emerging discipline.
Persons looking to this report as a ‘'cookbook' of instructions on how to do it may be
disappointed. The participants, however, knew from experience the pitfalls of simple

recipes and were very reluctant to proliferate them."(34)

The gist of that statement is that there are unresolved issues about the methodologies

of net energy analysis. In general, these are:

e what are the boundaries of the system to be analyzed?

e what "accounting methods" are appropriate?

e to what extent should the analysis be made using the properties of chemistry and
thermodynamics?

e what data, including the use of economic data as a surrogate for physical energy
data, are needed and available?

@ how are time dynamics to be handled in the methodology?

This section will discuss some of these issues and will present some recommendations

and our findings.

D. Boundaries

1. General
System boundaries have varied in different studies which have been made. The
CERI team has spent considerable time in discussions of this problem in this research
project. Imprecise boundary definition, and public misunderstanding of the boundary
issues, has caused a lot of confusion about energy analysis.i Whether one approaches the
question from the purely technical side or the philosophical side or the "policy issue”
side, this central problem of boundaries becomes a critical matter.

Boundary identification must deal first with the comprehensiveness of the system, and
second with some specific inclusions and exclusions if a less~than~-comprehensive system
is defined. The concept of "net energy analysis" does not preclude the examination of

very large systems including a variety of types of energy flows.

Dealing first with the larger systems, refer to Figure 9, which shows a number of

components of an industrial culture. All of these components are related: farm, factory,
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forest, field, fossil fuels, housing, highrise offices, hydrological cycles, and the sun.
Energy is one of the flows which link the components. Figure 9 shows some energy flows

along with some materials flows. Figure 4, presented earlier, is a simplified represent-
ation of Figure 9. The following discussion will address boundary problems pertaining to

this comprehensive system relationship.

2. Ecological Boundaries
An issue in boundary definitions is the question of whether to include all of the
important components of the entire ecological system. One school of thought in net energy
analysis states that the boundary must include all of the linked components of the entire
system to be valuable in decision-making; ergo, other approaches will not be valuable.

It is worthwhile to examine this approach.

This school of thought generally considers energy to be the sole "numeraire" or unit
of valuation of the system. This approach is called "energy theory of value." Within
the urban-industrial component of the system,  for instance, money would be replaced by
energy as the numeraire for transactions. ~The premise is that the only common flow within
and between all components of the universe is energy. Money flows and energy flows would
be related, but energy would primarily describe the system behavior.

However, energy flows as energy are not the only linkages. Materials cycle through
these components. Some combine to fix energy as chemicals, and other materials may be
disruptive of energy fixation. Some of the material cycles are related to energy flows
only in an extremely indirect way. An example of a disruptive material flow is the 502
from burning of coal, which may cause "acid rain" that alters the environment to which
certain primary producers are adapted. Changes in the alkalinity of crop environments
are another example of a materials flow which disrupts energy flows. The biogeochemical
cycle of the entire Colorado River Basin, where alkali from upstream causes downstream
crop losses, is one example; it also illustrates an indirect relation of two energy flows

linked by materials flows.

Energy flows are critical throughout the system; but they do not, as a "single
numeraire,"” describe or define the functioning of a system.

Ecosystems have many functions such as transformers, materials cyclers and sinks,
habitats and climate and hydrology modifiers. They have many values, tangible and in-
tangible, to humans. When an industrial system depends on these ecological factors, the
inputs from ecosystems are 'sometimes called "subsidies." Obviously, for a primitive
society, this ecological "subsidy" is practically the entire total énergy subsidy. For
an industrial society, it is much lower and may be less than the "subsidy" returned from
indsutry to further energy production (see Figure 4). However, the matter of “energy
quality” still must be considered. As the system becomes larger and more diverse, the
"qualities” of energy become more varied and diverse. Therefore, the reduction of all
qualities to a single numeraire leads to more and larger distortions of reality. These
problems exists even in analyzing a system such as the industrial fossil fuel production
system. A Btu of electricity is not equivalent to a Btu of coal or a Btu of natural gas

in thermodynamic properties, utility, or social value.
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There are a number of pragmatic reasons for excluding ecosystem energy flows from a
generalized study of industrial energy production. First, energy flows in ecosystems may
be numerically insignificant. For example, consider the 10-year loss of primary produc-
tion of an irrigated alfalfa field if it is disturbed to recover a 15-foot seam of coal
and then restored to alfalfa production. This loss is, in a sense, a social subsidy of
the fossil fuel system. However, as in Figure 5, the fossil fuel system also "subsidizes"
the agriculture system. The energy from the coal is about 100,000 times that lost in the
10-year disturbance of the alfalfa (fOr coal at 13,500 Btu/lb.)f35) This quantity will
be lost in the numerical "noise" or deviations in the industrial system numbers. (Decision-
making based on energy values alone would always lead to the loss of the alfalfa field,
thus ignoring‘the need for the energy qualities of alfalfa and the other values associated
with the alfalfa field.)

Second, ecosystem energy disruption is highly site-specific. Primary production

3

varies from 0.5 x lO3 Kcal/mz/year in a desert to 20 x 10 Kcal/mz/year in some estuaries

and wet broadleaved evergreen forests.(36)

Changes in ecosystem energy flows should be
analyzed in site-by-site ecological studies associated with specific energy development
proposals. The energy flows should be analyzed in the context of the ecological analysis,
and concepts such as beneficial use of "waste" heat could be considered.(36) Detailed
process and ecological studies of the site and a specific proposed energy industry would

be needed.

Third, distance and time factors are highly variable. An energy industry in the
Piceance Basin of Colorado may cause energy disruptions in Mexico due to ecological links:
this disruption could be minimized by manipulating farm—~caused salt loads from a completely
different tributary of theé Colorado River. Disparities in time as well as in large geo-

graphical boundaries are difficult to deal with.

Fourth, ecosystem energy disruptions may be the result of cumulative effects from
many sources. Also, they can be assessed for different conditions: for existing con-
ditions, for conditions under ecosystem management for increased productivity, or for

natural successional or climax stages of the ecosystem.

Lastly, the energy produced from a mine or power plant will vary greatly per unit of
land surface affected. Coal seams vary significantly, for example. Thus, site specificity
becomes highly important to any meaningful analysis. This problem becomes infinitely
complex when an entire trajectory of energy production is examined from the mineral

/

resource to the point of end use.

Environmentalists and humanists have worked diligently to expand the factors in dec-
ision-making from a single numeraire - the dollar - to a more comprehensive set of Qalues,
including intangible values. For example, water resource planning procedures have de-
parted from strict dollar benefit-cost calculations to the new "Principles and Standards"
issued in 1973 by the Water Resources Council. These new guidelines require quantitative
and qualitative description of a number of social and ecological parameters. No single
numeraire is relevant to all these parameters. For example, the dollar as numeraire
cannot describe the value of a rare and endangered species such as the Peregrine Falcon.
The use of an energy unit would be no more appropriate as a numeraire for such values.
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The findings and conclusions of this discussion are as follows, If there are various
factors of major significance (materials cycles, energy qualities) in analyzing links
between components of a system, or values associated with a system, then a single numeraire

-is unrealistic. If this is the case, then:

e It will be more helpful to limit analytical boundaries to a discrete subsystem
where an assumed numeraire is of primary significance;

® It will be unwise to use large system boundaries without a workable analytical
process which includes all the major variables relevant to the operation of the

system.

Further research on large systems involving many flows is needed. Models of such
systems should replicatethe real world and should be aimed toward assistance in decision-
making. At present, it appears that the best use of analysis of ecological~industrial

systems may be to:

e Find how renewable energy can replace or supplement non-renewable energy;
e Avoid or minimize impacts of industrial processes;

® Use industrial heat to augment natural heat in ecosystems.

3. Human energy
Human energy is another factor which must be included or exclused from the system

boundary. Similar considerations apply in this case as in the matter of natural ecosystems.

The energy assignable to a given energy alternative should be the metabolic energy of
the workers allocated to that alternative in proportion to the difference in its net
energy from that of the alternative to which it is compared. ' (Metabolic energy is that
which is used directly and internally by the human organism.) In other words, if Process
A needs 50 workers'energy output, and a less labor-intensive Process B has 40 workers for
the same output, then the human energy assigned would be that of 10 workers. (The meta-~
bolic energy, rather than "life style" energy, should be assigned, The "life style“enérgy
of an individual should not be assigned entirely to his job.) Life style energy includes

the entire urban infrastructure and services consumption of energy.

As with ecosystem energy, the human’energy will be insignificant compared to industrial
energy. One study states that the inputs to an ammonia process may be 40,000 Gigajoules
(GJ) per day compared to the worker household energy use of 0.22 GJ/day (80 GJ/year) per

worker; for 200 workers, this is 44 GJ/day.(38)

13 Btu/year,

For a strip mine with 50 men producing 1 million tons/year, or say 2.2 x 10
the metabolic energy would be 50 men times 12,000 Btu/day x 365 days/year = 2.2 x 108 Btu/
year. This assumes 100 percent of the human energy assigned to mining and none to any
other aspects of the workers'’ lives, such as recreation or procreation. Therefore, the

coal energy output exceeds the human energy by five orders of magnitude.

Another estimate of the magnitude of energy consumption is the following example: 1In
1967 gross energy consumption divided by value added for all U.S. manufacturing was 59,223
Btu/dollar. Labor accounts for approximately 23 percent of the cost of manufactured goods.

Personal energy usage per dollar in excess of the poverty income level is approximately
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17,000 Btu/dollar. Approximately 50 percent of an average worker's income is in . excess
of the poverty level.(39)
the order of 023 x 50 x 17,000 Btu/dollar or 1955 Btu/dollar. This is only 3 percent of

the gross energy consumption in Btu/dollar identified above.

Therefore energy consumption by labor due to employment is on

Energy analyses are often employed for comparison of activities. Thus the energy
requirement differences and ratios of products or of services are unlikely to be much

altered by omission of small and probably similar labor-energy consumption.

Energy equivalents for other effects, such as interest on borrowed money, taxes and
basic research are essentially economic transactions divorced from physical transfers.
In each case one can follow money flows throughout society, but the result does not seem

useful for energy analysis.

One further point concerns the problem of separating producers from consumers.
People "wear both hats." All energy which is consumed by society is in some sense pro-
duced by society, either by extracting fuel reserves from the earth (mining coal, pro-
ducing 0il) or by harnessing energy which is available on the earth's surface (hydropower,
animal labor). Thus while on the average one person consumes a certain amount of energy,
he also, on the average, directly or through the stimulus which his activities provide,
produces the same amount of energy. The money which he pays may be regarded as buying
energy, a consumption, or as indirectly stimulating energy production. We arrive at an

impasse from which no useful information can be obtained.

On the other hand, there does appear to be a justification for examining the human
energy associated with certain energy production. The Alaska pipeline construction, for
example, will undoubtedly require a higher per capita energy use than a comparable Texas
pipeline. The difference between per capita Texas energy consumption and per capita
Alaska consumption, times the worker-years, could be assigned. However, the ratio of
this energy to the energy delivered through the pipeline would probably be very small.

We have not examined this in our project.

4. Research Energy
One more boundary inclusion or exclusion matter which has been controversial is

research energy. Energy research per se is not directly intended to produce energy. It

is usually intended to lead to an energy production improvement or a new process; these
latter are then intended to produce energy. Much research is dead-end; that is the nature
of research. Also, research résults are transferred. For instance, Rankine cycle engines
were not thought up for "bottoming cycle" use in solar thermal-electric plants, but they
may be so used. The fluidized bed was invented for making coke,(40) but is used in many
other processes such as refineries (fluid-bed catalytic cracking). How much of the fluid-
ized bed research energy should be assigned to coke and how much to other processes?
Further, if such an assignment‘were made, the amount of energy would probably be negligible

compared with other energy inputs and outputs.

Also, if research energy is to be allocated to some ultimate production, then one

must have some idea of what the ultimate quantity of that future production will be.

For these reasons, it seems proper to exclude research energy costs.
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5. 1Indirect Industrial Energy
The above discussions on ecological flows, human energy, and research energy can
relate to both the direct and indirect flows into the energy production system. As pre-

viously discussed, net energy analysis by definition deals with the indirect and direct

energy required to produce energy. Therefore, it is necessary to trace this and include
it in the accounting methods. The means of accomplishing this are discussed in Section

IV. The basic approach for accomplishing this analysis is becoming known as "process

analysis."(4l)

An example of the reason for examining indirect energy in general has been developed

by Dr. Kenneth P. Maddox, of this research team, in a recent publication.(42)

A first attempt at energy analysis considers only the fuels and the
electricity directly used in the process studies. This is defined as first-
order analysis. For example, the energy requirements for an electric wall
clock can be estimated by multiplying the clock's wattage by the amount of
time the clock operates. This calculation indicates energy consumption in
watt-hours, an energy unit which can be converted to any other energy unit
(e.g., 1 watt-hour = 3,412 Btu).

The advantages of using direct energy inputs are (1) simplicity and
(2) accuracy of input data. For our clock example, the energy consumption
calculation is easily made by multiplying wattage by operating time.
According to published information (Rocky Mountain Electrical League 1975)
an average clock requires 2 watts during 8760 hours per year, or about
17,500 watt-hours (17.5 kilowatt-hours) per year.

Has our calculation accounted for all the energy required for the clock?
No. We have neglected the energy which was used to manufacture the clock and
we have also omitted the energy lost during the generation of electricity.
Both these energy requirements are significant. Electricity is generated
at efficiencies of less than 33 percent, that is, more than 2/3 of the energy
from coal, petroleum, natural gas, or uranium that is used to power steam-
electric turbines is lost. Therefore, in order to calculate the total energy
for running an electric clock, we must consider what energy is required to
generate electricity. Also, we should determine how much energy is used to
make the clock materials and to fabricate the clock. If we fully account for
all the energy that went into making and running the clock, we find the total
energy requirements to be more than 4 times our original calculation, or more
than 75 kilowatt-hours (almost 256,000 Btu) per year.

This example illustrates the errors inherent in using a direct energy-
use methodology. There are serious omissions. Direct energy accounting is
like computing the cost of owning an automobile as only the amounts paid for
gasoline and oil (other important costs ~ depreciation, taxes, insurance,
and maintenance - being neglected). In energy accounting, the omission of
secondary energy requirements can lead to poor results. Consequently, directly
energy methods have limited value and cannot accurately address most of the
problems fdr which energy analyses are useful.

A refinement of the first-order (direct) energy method is to consider
one more step in the manufacturing chain - the energy required to produce
directly used energy and the energy required to produce materials directly
employed in the final process. This type of analysis is defined as second-

order analysis (Fig. 1). In our wall clock analysis, we now include the
energy required to generate electricity and that directly used to make
the clock.

According to data of the Federal Power Commission (1974), electricity
is generated at fossil-fueled steam-electric plants with an efficiency of
about 32 percent. Of the electricity generated, about 91.5 percent is sold
to ultimate consumers, that is, 8.5 percent either is lost during transmission
of represents an excess of supply over demand. Therefore the percentage of
electricity actually received by a consumer to fossil-fuels energy burned at
a power station is 32 percent x 91.5 percent = 29.3 percent. Thus for 293
energy units received by a consumer, an additional 707 units are expended
during electrical generation and transmission. For the approximately 60,000
Btu (17,500 watt~hours) of electricity directly used by the clock, 145,000
Btu more were needed at the power plant.
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specific process such as an oil-shale plant in isolation.

A completely accurate account of the energy required to manufacture an
electric clock would require a thorough energy analysis. For the purpose of
this illustration, we shall use an approximation. According to a recent
study (Herendeen and Bullard, 1974), an electric clock reguires about 49,000
Btu per dollar of purchase price. If we assume a cost of $10 and a lifetime
of 15 years, the clock's yearly energy consumption attributable to its manu-
facture is 49,000 Btu/dollar x $10 + 15 years = 32,667 Btu/year, or approx-
imately 33,000 Btu/year. :

At the second order of analysis we find:

Direct electrical energy 60,000 Btu/year
Energy loss to power plant 145,000
Energy used to make the clock 33,000

Total : 238,000 Btu/year

Our first-order analysis calculated an energy requirement of about 60,000
Btu/year. The second-order analysis has yielded 238,000 Btu/year, or nearly
four times as much energy.

6. Resource to End Use: The "Length" of the System

A number of special-purpose "net energy" studies have dealth with a single and
(43,44) The boundary begins and
ends immediately at the fence of the module. This leads to a study of limited value. It
may be useful in a process analysis of a specific process to identify potential energy
inefficiencies or high-Btu direct and indirect inputs. This may assist in pinpointing
some potentiél energy input problems or costs which could be masked by pure economic

analysis.

However, it ignores the fact that a single process does not stand by itself in the
"assembly line" of energy production. To bring a mineral resource to the end users, it
must be extracted, processed to produce different qualities and forms of energy, and
moved about quite a bit to get it to the various processers, distributors, and end users.
Each step requires energy. Also, since one resource may move through several different

trajectories, any comparison of alternatives or options must consider the entire trajectory.

The inclusion of the resource which is effectively lost due to production is another
boundary problem. Does the unrecovered or lost resource lie within the system boundary
or not? A case can be made for either point, depending upon which issues one is address-
ing. However, it is diligently incumbent upon the analyst who includes gross resources
within his system boundary to advise his audience of his assumptions and of some hazards
which he has created in comparisons of different trajectories. An "unrecovered resource"
assumes that present technologies and economics will prevail. Changes in economics and
technologies may lead to the future recovery of some of the resources which are unrecover-
able. An example might be future in-situ recovery of shale o0il in the pillars left in
place in oil shale room-and-pillar mining. '

The resource not extracted may not be damaged or permanently lost to future genera-~
tions. In petroleum extraction, that amount left in the ground after primary and secondary
recovery is still petroleum. The U.S. Geological Survey identifies it as a "resource",
but it is not a "reserve" accbrding to the U.S. Bureau of Mines classification system.

See Figure 10. It is subeconomic, but it is there. Even if tertiary recovery were to
become economical and lead to the production of about half the petroleum of the field, the

remainder is still petroleum. It might be "lost" to this generation because of our
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economics and technology, but it might not be lost to future generations. The only pet-

roleum which is lost to all generations is that which has been extracted and consumed.

This issue is sufficiently important to warrant adequate discussion. The following
quotation from the report prepared by the Committee on Natural Resources and the Environ-

ment (COMRATE), of the Commission on Natural Resources, National Research Council, is

relevant.(46)

TWO POINTS OF VIEW

Minerals are the staff of civilized living, and growing concern with their
continued availability and efficient use was the impetus for this report. 1In
the course of its study, the Committee on Mineral Resources and the Environment
(COMRATE) recognized that two increasingly polarized schools of thought are
becoming entrenched concerning the future adequacy of the world's mineral
resources and the environmental costs of winning them. The study of the
general issues involved -- demand, supply, technology, and environmental impact
of production -- by the four COMRATE panels has resulted in findings which may
go some way towards reconciling the two extremes.

The "doomsters" see a future in which catastrophic exhaustion of resources
is inevitable unless drastic measures are taken to reduce economic growth. In
opposition, the "cornucopian" view maintains that mineral resources are econom-
ically, and, for any future that may concern us, physically infinite. This
unresolved conflict in economic thought was represented within COMRATE panels
as well, and is illustrated by the dissenting opinion attached to the Report
of the Panel on Demand for Mineral Resources (Section IV). :

There are fallacious assumptions and potentially dangerous consequences
inherent in both extremes. The "doomsters" pay too little attention to the
adjustment potential of the market mechanism, and generally fail to understand
the distinction between "reserves" and "resources." Their gloomy outlook is
based on a "fixed" supply of materials and fails to recognize that the supply
available changes as price rises and technical advances make lower grade
resources economically and physically more accessible. The danger of this
approach lies in its encouragement of alarmist overreaction on the part of
policymakers, which may in turn have unnecessarily disruptive effects on the
economy and society as a whole.

The "cornucopians,” on the other hand, rely too heavily on the market
mechanism for inducing the transformation of "infinite" resources into almost
infinite reserves, and on the technological miracle for providing the physical
wherewithal. Their hypothesis insufficiently represents the increasingly
large capital costs of technological advance, the long lead times involved,
the "net energy" factor (the energy cost involved in the technology of in-
creasing production), and the fact that although technology has always come
up with an answer in the past, its solutions have always had their social,
environmental, or economic costs. These costs can no longer be ignored and
are in fact setting a practical limit to the economic/technologic transfor-
mation of resources into reserves. More importantly, the economic/technologi-
cal basis of the cornucopian argument is derived from the very assumption
its adherents are concerned to disprove: it is shortages and public awareness
of shortages which provide the incentive for increased production, techno-
logical solutions, and increased efficiency of use. The paradoxical result
of the cornucopian message may thus be the fulfillment of the Cassandras'

. prophecies: in the relaxed climate fostered by anticipation of plenty, there
will be no apparent urgency for setting in motion the economic and techno-
logical machinery for maintaining that plenty. This is a particularly impor-
tant problem for the United States where maintenance or attainment of self-
sufficiency in mineral resources is concerned. COMRATE believes that the
United States will face serious difficulties in attempting to increase some
supplies of energy and mineral raw materials from domestic sources. Indeed,
COMRATE believes it is doubtful whether even current levels of supply can be
maintained for all materials.

To view the problem moderately, we must draw,together the valid arguments

of both schools of thought. The overall conclusion that has emerged from
this study is by no means a counsel of despair. But separate consideration

I11-22




of the complex problems involved underscores the need (1) to husband resources,
(2) to generate information in areas where it is inadequate, and (3) to tackle

immediately problems where there is adequate information to form a basis for
new action or for augmenting existing efforts. Such actions should always be
designed to conserve resources and increase efficiency in their use.’

GENERAL CONCLUSIONS

Some general conclusions emerged from the panels' separate deliberations.
Although the time span for this first COMRATE report has not allowed all-
encompassing conclusions to be drawn, those conclusions that have been drawn
have many implications for policymakers.

1. Mineral resources become available for man's use by a complex and
lengthy process which, on a worldwide scale, related intimately (a) natural
process, (b) man's knowledge and technological ingenuity, and (c) man's
economic, social, and ethical concerns. Efficiency in use and avoidance of
waste in both mineral resources and their end products are essential if we are
to avoid preempting the resources needed for future generations. Policy-
making at all levels should recognize interdependencies within the materials
cycle, among nations, and among the various users of mineral commodities.

But, above all, we should adopt a conservation ethic that has at its heart
avoidance of waste and more efficient use of materials.

2. Widely divergent methodologies, based largely on individual judgment,
are used both in forecasting demand for, and in estimating supplies of,
mineral resources. There are currently no standardized techniques for making
either long-term demand forecasts or resource estimates nor are means avail-
able to assess adequately the accuracy of the existing methods."

A recent net energy analysis by Development Science Inc., has dealt. with the subject

as in the following selected quotations.(46)

"The following report is written with the objective of defining a method-
ology for making net energy estimates and applying them to several technologies
to see if the law of diminishing returns applies to the technologies over the
near time horizon. As will be seen in the report itself, the answer is that
the next technologies and fuels America will call on, for all their other
problems, do not yet cost more energy subsidies from other fuels than they
give in return. The so-~called diminishing return occurs, in effect, as an
accelerated depletion of reserves, not in subsidies from other sources.

"The method chosen here avoids a single number to describe net energy in
favor of a disaggregated set to give information for a number of decisions.
In so doing, the really quantitative energy impact isn't that net energy is
negative, but that the amount of unused resource left behind by extractive
technologies is several times what can be economically taken today. Of course,
this is not a new fact and as prices go up, more complete use of the reserve
will also go up. While it takes more than twice as much energy to use
tertiary crude oil extraction techniques, there still is a net energy benefit
on that incremental investment. If the rate of depletion of fossil resources
is considered, the new and proportionately larger penalty may be justified
in the name of using more of the resources in the ground.

"If we have a policy of husbanding the remaining fossil fuels, then the
questions raised by the in situ resource affected analysis need to be
applied to the scheduling of resource utilization over time, to R&D priorities,
to additional information on technological forecasting in the extractive
industries, and especially with an assurance that there will be fossil fuels
enough to make a transition to other sources. The comparative resource .
affected data should fit into these additional contexts."

The "unrecovered resource boundary" is analogdus to the Second Law of Thermodynamics,
which states that energy is degraded (or increased in entropy) as work is preformed by
that energy. The increase in‘entropy can be theoretically defined; the usable work
achieved varies with technology and economics. By analogy some energy is used and some
is degraded, given today's technology and economics of the in situ fossil fuel when it is
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exploited by man. We are not saying that the second law applies to resource extraction

efficiency, but that an analogy exists.

The maximum recovery of reserves is both a social and economic issue. There are
serious research and development efforts in underground mining to improve the amount of
coal recovered, for economic reasons if for nothing else. Social issues may prevail if
surface disturbance is involved. Given a certain level of demand for coal, if more coal
can be recovered per unit of surface area (be'it auger mining or strip mining), fewer
acres of surface disturbance will occur. Appalachia is grim testimony to this issue.
Montana has enacted a law which gives articulation to this social concern. If the
surface is to be disturbed, every effort must be made to recover all seams of coal under
that surface. As few acres of surface as possible are to be disturbed, and even then, the

disruption should never be inflicted on the land and its ecosystems more than once.

In general, it is safe to assume that more energy will be required by future genera-
tions to recover the "lower grade" or presently uneconomical resources. Cheap and readily
available resources are exploited first. This is one of the basic philosophical concerns
which helped to start the concept of. net energy analysis. But few people have prop&sed
any deliberate interference with normal market economics to force the immediate recovery
of expensive reserves, so that future generations can have cheap and readily available

energy or better net energy yields than we have in this generation.(47)

7. 1Internal and External Energies
A refinery can be run on process gases generated in the refining of petroleum, or
it can be run on natural gas purchased from outside. This same condition applies to a
number of the steps and processes which are part of the trajectories of energy production.
Coal trains could run on the energy which they are transporting, as they did 50 years ago,

rather than on 0il from outside of the coal transport process.

Some of the previous studies have utilized different boundaries regarding internal

(48) The difference is illustrated in Figures lla, 1l1b and 1llc. The

and external energy.
first process, Figure lla, is driven with external energy. The second, Figure 11b, is
operated on internal energy. It never appears outside the boundary and therefore is not
accounted for. This makes the net energy yields look very favorable, because it reduces
the external energy which is acquired to drive the process. Figure llc, in effect, takes
this same internal driving energy ontside the boundary and then returns it as a net energy

deduction.

This is a problem of accounting methods as well as boundaries. 1In all the cases of
Figure 11, the same amount of energy is needed ﬁo operate the system. Figure 1llb merely
disguises the driving energy by hiding it inside the boundary; also, if one wants a
"balance", this energy must be shown as the loss shown in Figure 1lc. The CERI accounting
method avoids this particular pitfall of boundaries.

8. Air and Water Inputs .
Some energy-producing systems require combustion air, cooling air and water, water
for hydrogenation and other purposes. Inasmuch as they have no enthalpy of combustion, it

(49)

is realistic to exclude them from the calculations. However, it is proper to include

the energy required to move them so that the production process can operate.
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9, Time Boundaries -

Time, the fourth dimension, can be considered as another boundary. Referring
back to Figure 4, the many flows do not all occur at the same time. The energy which
produced the industrial plants, produced the materials which have gone into our specific
power plants that process energy may have occurred decades ago. The energy output from
our plant which is recycled back into future energy production will involve additional
time flows. One can display a "static" condition which recognizes and accounts for var-
jous time flows and boundaries. On the other hand, there are ways in net energy analysis
to deal explicitly with the time dimension and to display it. The essence of the point
is that in net energy analysis the fourth dimension boundary is a very real matter and
can be handled in several ways. Some issues cannot be handled only with static analysis.
This will be pursued further in Sections III-E and III-G. This CERI study has utilized

only a static method.

10. Miscellaneous
Byproduct outputs may be included or excluded from the boundary and the account-
ing of energy. Some processes may be intended to put out only one product; others may
be deliberately designed to produce various energy products.‘ For example, a power plant
could supply heat from its boilers to a number of buildings for house heat and hot water
heating. This "waste heat" would be a valuable by-product in this case. It would be
feasible to use it because of the proximity of the plant to potential end users of heat

of lower quality.

If all energy by-products, or magerials by-products which represent the seqguestering
of energy in their manufacture, are not included in the analytical boundary and accounting,
then the energy inputs proportional to their share of the total output should be excluded.
The data and accounting problems which apply to net energy analysis in general are also

applicable to by-products.

11. Criteria for Selecting the Boundary
In summary, the person conducting a net energy analysis will have to select a
boundary. He might apply the following criteria to the boundary options previously

discussed:

Social issues involved;

Desired level of specificity;

Potential use in decision-making;

Limitations in time and cost of study:;

Decay of effects and magnitudes of inputs and outputs of system selected;
Availability of data methodologies;

Comparability, compatability of data;

Ability to make valid assumptions on real world behavior within system
boundary and about limitations of inputs and outputs;
Speculation about future technologies, life styles, politics, economics;

e Realism of time frames in terms of technological and other dynamics (the
"fourth dimension" boundary);

e Site-specificity of concerns and -proposals to be analyzed.
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E. Accounting Methods: Energy Quantity and Quality

Net energy analysis can present quantitative results in several ways. Each way will
relate to certain broad social or policy issues, and each will give different numerical
answers. There is no single standard accounting system at present, and those involved 1n
net energy analysis recognize that different accounting methods are all appropriate. Ag
a result, it becomes extremely important for the accounting to identify what method he
has used in arriving at numerical results, and what issues are addressed by the particular

accounting scheme.

Acceptance of several accounting methods, and rejection of a single scheme, was evident
at the Stanford Workshop: "Focusing on a single value or ratio was compared in one sub-
group to attempting to assess the economic viability of a corporation from a single number,

w (50)

such as an accounting profit. The CERI study team arrived at a similar conclusion

early in their research.

As has been discussed, the accounting method must account for all indirect and direct
energy inputs into, and "driving" energy of, an energy-producing process or string of
processes. 1t must account for the energy sequestered in the direct and indirect materials
which are utilized. The data and analytical approaches of the study must identify and
quantify these energies; the accounting methods must display them. This becomes apparent

in referring back to Figure 4.

A single unit must be used to describe quantities. The question of energy quality
has been previously raised and will receive subsequent discussion in this report. The
single, assumed unit of measurement has the disadvantage of masking various energy qual-
ities in the direct and indirect energy. The quality of energy has significance in a
thermodynamics sense: a Btu of heat at 1000°F is not of the same quality as a Btu at‘80°F.
It is a Btu, but when it is degraded or dissipated at ambient environmental temperature,
it no longer represents the same potential for work. Quality also has significance in a
social sense as well: its location, form, time, convenience, substitutability, trans-
portability, storability, resource scarcity, and several other factors affect its social
and economic value, as has been noted. Hence, we'construe quality to connote more than
the thermodynamic concept of quality and more than the limited engineering concept of
"Available Work." i

Regardless of the use of the narrow engineering definition or broad social definition
of "quality," there is a problem of concealing energy qualities in accounting. This is
‘true for both inputs and outputs. If one takes a common descriptor such as "electricity"
for a qualitative catch-all 1dent1f1er, the one who is even slightly knowledgeable about
energy can visualize quite a bit about the quality. If his net energy analyst tells him

that the output of a process is "electricity," qualitative connotations are evident to hlm.

The inputs, however, may be very complex and the masking of quality by the use of a
single quantitative numeraire may have some hazards. A power plant may obtain direct
energy from gas or coal; the former has significantly different social quality because
of relative scarcity. The single numeraire does not reveal the form of the various inputs.
This hazard has not been surmounted by energy analysis in general. The accountant should
make this problem clear to his client.
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OQuantitative designation may be any common unit of energy" the British Thermal Unit
(Btu), the joule, the equivalent of a fossil fuel (such as barrels of oil), are all

acceptable. The "Quad," (one quadrillion Btu's, or 1015

Btu) is becoming common in
national energy planning. (A smaller unit, one billion Btu's, or a "microgquad,” might

be a manageable unit in net energy analysis.)

The following quote is an excellent statement of the problem of quantitative measure-

ment. (51)

What is Energy

Like money, the unit of energy account is not as simple a concept as it
might at first sight appear. We can, of course, speak of some physically
definable energy unit like the joule or kilowatt-hour, but we are still left
asking "a joule of what?" For many workers it has been enough to define "what"
as the calorific value of a given fuel, that is, the enthalpy of combustion of
the fuel. Enthalpy is the thermodynamicist's description of heat, but to
analyze the production of a good or service in terms of heat can in certain
circumstances be dangerously misleading. There is almost certainly more heat
in the Atlantic Ocean than in the enthalpy of combustion of the 0il in the
middle east. It is some other quality than heat that makes oil an attractive
fuel for driving the economic process. That quality is "free energy."

As is clearly enunciated in the first law of thermodynamics, Energy is
always conserved. It is never lost. 1Its gquality is merely degraded. The
driving force for transformations, however, is not heat but thermodynamic
potential, Free Energy. Free Energy is irrecoverable, and diminishes every

time a fuel is burnt or a nucleus fissions.

The workshop considered what should be the relevant unit of .account,
examining Enthalpy, Free Energy and Availability. It concluded that there
was no unique input, and that it was necessary to adopt a convention. It was
agreed, however, that the unit that best expressed the objectives of Energy
Analysis is Free Energy (G) rather than enthalpy (H) but noted that for most
intensive fuels (high free energy potential/unit mass) (oil, coal, etc.) the
error in taking Enthalpy rather than Free Energy was of the order of 10%.

For many processes it is rather difficult to compute the Free Energy changes."

At the NSF-Stanford Workshop, the following two statements were submitted by

participants:

i "Not all forms of energy are equal in quality. There exists a chain of
increasing energy quality with the low quality, dilute energy of the sun
developing food in plants which is subsequently upgraded to wood that is in
turn converted into coal and then through power plants into electricity, etc.
A few calories of higher quality energy have the ability to determine the
time and place of work of a layer flow of low quality energy through feedback
pathways." :

"The question of consistency in units naturally arises when considering
transformation within the system, or inputs and outputs of the system. This
must be handled by assuming an equivalency (e.g., the mechanical equivalent
of heat, or electrical equivalent of heat) and an efficiency of conversion.
This assumption of efficiency becomes arbitrary, but may be based on prior
experience and will be related to the particular system and its elements.
The use of consistent units -- by common practice, a thermal unit of energy
-- will, by providing a common denominator, permit more ready comparison of
the performance of one system against another."”

Accounting can be done through summations, ratios, percentages, or intertemporal
relationships such as "payback period." Various possible accounts relate to issues and
therefore to boundaries. As has been stated, accounting systems must at least different-

jate between the major types of inputs and outputs of a process. Based on the generalized
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process in energy production which is shown in Figure 4, various types of accounting
systems and the boundaries and issues relevant to them are described in Figures 12, 13
and 14.

The energy flows through the boundaries include the "lost" energies. The external
"driving" energies flow into and out of the process boundaries without becoming part of
the usable energy product in general. This is not universally true, as some processes
actually retrieve a portion of the external energy as usable output. The energy being
processed flows in two directions: out as usable energy product, and down (in the figures)
as unusable loss or waste. To account for all energy flows, and to simplify the expfes—

sion of ratios, it is necessary to use the lost energy as a term in the accounting.

As shown, the figures deal only with static, not dynamic or intertemporal conditions.
Factors which involve a time flow or time disparity are shown as a static condition. For
example, if a plant has a 20-year life, the figures display the external energy of the
initial capital investment as a single-period "amortization payment" at the year "x",
which is an average of the production life of the plaht. Some of the indirect flows of
energy sequestered in indirect materials may have occurred years ago, but are shown as

occurring in year "x".
F. Data

Some of the problems with net energy analysis methodologies are associated with quan-
tity and quality of data. In theory, net energy analysis should utilize only actual
energy data for all indirect and direct inputs and outputs. In practice, this is not
possible. It may be necessary to infer some data, such as indirect energy sequestered in
materials from national energy consumption statistics related to output of various in- '
dustrial sectors. An assumption might have to be made that industry-wide or geographic
averages can be applied to a geographic-specific industry. It may be necessary to assume
that certain data represent a realistic average when, in actual fact, the determination
of a technically accurate average (and deviations) could be a major project in itself.

It is impossible, given constraints of time and money in any net energy study, to trace
all the direct and indirect energy flows, and especially, it may be impossible to normal-

ize them all to a qualitative-gquantitative unit of measurement and description.

The types of data needed include:
® Fnergy produced;
e Byproducts produced and their energy content, for equivalency of
"sequestered energy";
External "driving" energy required;
Direct materials for construction and operation;
The energy sequestered in the manufacture and transport of those materials;
The materials sequestered in the production of direct external energy inputs;

The energy sequestered in the materials and transport of (6) above;

The further indirect energies sequestered in the materials and transport of

(7) above, and so on in indirect levels of input until these become insignificant;
The inputs of energy which is to be processed by the step in question;

The actual measurement of all losses would be good data to have.
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ACCOUNTING METHOD 1
FIGURE 12
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EXTERNAL ENERGY

(DIRECT AND INDIRECT ENERGIES AND
ENERGIES SEQUESTERED IN MATERIALS)

(INTERNALLY RECYCLED ENERGY)——3£:k__m___~_SL :
L ENERGY PRODUCT

(PRINCIPAL ENERGY)———————~_—£>_r"r4 _____ + N

(LOSSES)

(EXTERNAL ENERGY)
(PRINCIPAL ENERGY - INTERNAL CONSUMPTION & LOSS)

ISSUE: WHAT FINAL YIELDS OF ENERGY PRODUCT DO WE GET RELATIVE TO THE TOTAL
SOCIAL LOSSES OF RECOVERED RESOURCES AND INDUSTRIAL ENERGIES FROM
OUTSIDE THE PROCESS?

ACCOUNTING: (1) as RATIO: Ry = EMERGLPRODUCT
(2)  As sum: So = (PRINCIPAL ENERGY) - (LOSSES)
= NET YIELD
COMMENTS: (1) VARIATION BETWEEN EXTERNAL ENERGY AND RECYCLED INTERNALLY-

GENERATED ENERGY DOES NOT AFFECT THE ACCOUNTING, AS BOTH OF
THESE ENERGIES END UP AS LOSSES.

(2) THIS ADDRESSES IMPACTS ON RESERVES OF FOSSIL FUELS, AND
COULD BE USED IN INTERTEMPORAL ANALYSIS WHICH EXAMINES
DEPLETION RATES.

ACCOUNTING METHOD 2

FIGURE 13
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EXTERNAL ENERGY

(DIRECT AND INDIRECT ENERGIES AND
ENERGIES SEQUESTERED IN MATERIALS)

(INTERNALLY RECYCLED ENERGY)

A r ENERGY PRODUCT
(PRINCIPAL ENERGY, P i
INCLUDING RESOURCE OF ——————{Sq4-—7————+ N
FOSSIL FUEL) | L_"1‘_“_‘H
| | '
(LOSSES)

(EXTERNAL ENERGY)
(PRINCIPAL ENERGY - INTERNAL CONSUMPTION & LOSS)
(RESOURCE UNRECOVERED, LOST OR DAMAGED BY EXTRACTION)

ISSUE: WHAT TOTAL LOSSES OF EXTERNAL ENERGY AND FOSSIL FUEL RESERVES AND
RESOURCES OCCUR TO ACHIEVE A CERTAIN OUTPUT OF ENERGY PRODUCT?

ACCOUNTING: (1) As RATIO: Ry = ENERGE ERODUCT
(2) As sum: Sz = (PRINCIPAL ENERGY) - (LoSSES)
= NET YIELD
COMMENTS (1) THIS GIVES A MORE ACCURATE PICTURE OF RESOURCE STRESS THAN

METHOD 2, AS 1T DISPLAYS THE RESOURCE WHICH IS NO LONGER
AVAILABLE TO SOCIETY, GlVEN TODAY'S ECONOMICS AND TECHNOLOGY,
ONCE THE PROCESS IS IN OPERATION,

(2) COMMENTS (1) AND (2) FroM METHOD 2 appLyY.

ACCOUNTING METHOD 3

FIGURE 14
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It is evident that this poses an immense data problem in real life. An important
tool is the economic input-output (I-0) matrix. I-0 analysis in economics tells us,
normally in dollar terms, not only the inputs which are directly required to produce a
given output of something, but also the inputs into the inputs, etc. For example, if
we are examining the output of cars, I-O analysis allows us to see how much input in the
form of plastic is needed to produce a given number of cars. Also, we can note the pet-
roleum input (and all other inputs) into the plastic; machinery input into the petroleum,
etc., etc. Inputs produced and used within one industry can also be seen,some plastics
might be used in the production of other plastics, for example. I-O analysis calculates
automatically the limit to this process, allowing us to see all inputs, no matter how

far removed from the final production of machinery.

The CERI study has made use of I-0 data developed by Dr. Robert Herendeen and Dr.
Clark Bullard.(53) The Depaftment of Commerce I-0 data are expressed entirely in 1967
dollars. Herendeen and Bullard's task was to obtain similar data in energy terms (Btu's).
Thus, they performed mathematical manipulations which allowed them to observe the energy
inputs into all 357 sectors (five sectors are energy sectors). These energy inputs in-
clude both primary or direct energy ihputs, as well as the secondary, tertiary, etc.
inputs or indirect inputs. Dollar figures which were then converted to physical units
using 1967 price indices, then conversion was made from physical units to Btu's. As a
result, they present a matrix which shows the Btu input (direct and indirect) from five
energy sectors, into each of 357 major industrial classifications in the U.S. Their
data appear in terms of Btu/$ of output in 352 sectors and Btu/Btu in the five energy

sectors.

This provides assistance in net energy analysis. However, it does not supplant the
need for accurate engineering data for direct inputs and outputs. Because indirect in-
puts decay rapidly in magnitude, the less-accurate I-O data is suitable at an indirect

level of application.

In actual practice, the collection of data may involve the investigator in a number
of minor assumptions and professional judgments. He must be careful of a number of
pitfalls, such as "double-counting." The discussion by the CERI investigators in Section

VI illuminates some of these matters.

G. ‘Intertemporal Flows: Energy Flows Over Time

Although the CERI team decided not to analyze time flows and time relationships of
energy, the subject is very important. Some have concluded that intertemporal consider-
-ations lie "outside the discipline of net energy analysis," and that the "sole inter-
temporal objective of net energy analysis is to provide as clear and complete an aécounting
of the energy inflows and outflows over the life-cycle of a particular technology as

w(54) Others recognize the time spacing of inputs and outputs which occur in

possible.
real life. They feel that net energy analysis should examine these factors, especially
when energy quantities and mixes are in a dynamic situation. In a policy context, it is

legitimate to ask, "if we do this now, what are the net energy implications in year n?" °

Intertemporal flows can be dealt with in various ways. A relatively simple question
is a life-cycle matter of the payback period of an energy investment. How long does it
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take in production to recover the energy investment which establishes the process, de-
ducting energy operational inputs during the operations phase? This relates to the
accounting issue ratio R-1 previously discussed. Figure 15 shows the concept of payback
period. For the fossil fuels examined in this study and reported on herein, it is obvious

that the payback periods will be very short.

A second and related approach would be concerned with the investment to feed new
growth in a situation which found energy production increasing rapidly. There must be a
certain increment of energy production assigned to establish the next unit of energy
production. If growth is very rapid, in theory, all energy production could be devoted
to building additional units for production. No energy would be available for end uses.
One could even hypothesize a situation where an outside energy subsidy plus the full
increment of each new unit of production would be needed to sustain energy growth.

Figure 16 displays the concept.

As a corollary, technological improvements in energy production could change the
shape of a time-net yield curve. A Btu of shale 0il used as "driving" external energy
for present shale processing may not generate the same net yield as a Btu of shale oil
after the technology is improved. Curves of anticipated improvements versus time yields
could be constructed to compare technologies.
pr. John Price of England has examined this situation for nuclear energy in England.(ss)

Critical factors, he found, are the ratio of output/input and the rate of plant construct-

p ion. He concluded that the doubling times for production capacity of perhaps four years
d cannot be sustained for nuclear power, due to its low output/input ratio. This situation
' could occur, he felt, if continued exponential energy growth and a shift from fossil fuels
{ to nuclear energy were to occur. It is not our purpose here to examine Dr. Price's

; methodol?g%)or conclusions, but we wish merely to invite the reader's attention to the

\ subject. The problem of how much productive capacity to devote to capital increases

|

versus consumer goods is a classic problem of every developing country.

A third type of analysis deals with discounting: determining the present worth of
future benefits or costs. Section V of this report deals with this concept. It is
essential to note that some students of net energy analysis are willing to assign values

|

i

% to energy units, i.e., a Btu at present is not valued the same as a Btu at some other

h time. However, a Btu is a Btu; human preferences and economic practices may change its
|

|

value but will not affect the enthalpy or free energy.

A fourth intertemporal consideration deals with depletion of resources. The account-
ing methods of Ratio R-2 and Ratio R-3 relate to this type of concern. The previous
discussions on accounting methods, and the quotation from The National Academy of Sciences

COMRATE report, illustrate this general point.

A fifth intertemporal consideration concerns ecological flows and analytical systems
which attempt to integrate energy flows throughout many subsystems into a single system.
In the environmental study of a site-specific power plant or mine, there are a number of
intertemporal flows, such as ecological succession or cooling rate/time/distance of cool-
ing water, which may have to be analyzed. These relate to industrial facility life and

operations; for example, it may be desirable to inflict a small reduction in the net
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TIME FLOWS OF ENERGY:
THE “PAY BACK PERIOD”

FIGURE 15
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Q = ENERGY QUANTITY

Qc = CONSTRUCTION ENERGY
Qp = PRODUCTION ENERGY TO PAY OFF Qc
CASE 1: ch IS SMALL, BUT GREATLY INCREASING TOTAL Q REQUIRES A LARGE
NUMBER OF QP’S To BE ASSIGNED TO NEW Qc’s., THIS REPEATS FOR
EACH NEW Qc,
; CASE 2: Qcy IS LARGE, NUMBER OF QC’S IS SMALL: - THE MAGNITUDE OF Qr
f MUST BE LARGE FOR A POSITIVE YIELD.
CASE 3: Qc IS LARGE AND NUMBER OF Qc'S IS LARGE.

CASE 1 ' CASE 2 GROSS
GROSS/”47 Qr's
* Qp's
NET NET
—_ ch ch

CASE 3

INTERTEMPORAL FLOWS
THREE CASES

FIGURE 16
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energy yield of a power plant by using to a cooling tower instead of flow-through cooling
if the heat dissipation rate of the receiving waters cannot tolerate the higher heat load
without unacceptable ecological change. In the larger "energetics" system, time dynamiés
are. important. Again, our purpose is merely tc identify that intertemporal considerations
exist, rather than to deal with the substance of them.
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Iv. METHODOLOGY OF STUDY

A. The CERI Process

The basic approach of this study was to have specific investigators deal with specific
fossil fuels, with other members being responsible for overall integration and attention
to such matters as economics and the environment. The team met frequently as a group. A"
one-day workshop was held with outside participants several months into the study. At
this time, the methodology, philosophy and initial data approaches were discussed with
the workshop participants and input was obtained. The team members, individually or in
groups, attended or participated in other conferences on net energy analysis, including:
the Eighth 0il Shale Symposium of the Colorado School of Mines in April, 1975; the NSF-
Stanford Workshop in August, 1975, and the Americam Institute of Chemical Engineers Annual
Conference, November, 1975. Also, team members, individually or in groups, met with other
people involved in net energy. The team reviewed a great deal of literature, and met in

small groups to exchange data common to the more than one investigator.

After the team agreed upon the overall methodologies, boundaries and approaches, in-
dividual members collected data, primarily from various industries which are actually pro-
cessing or transporting energy. The data were aggregated and the report was drafted and
reviewed. The great majority of the time and expense of this study has been devoted to
data acquisition and analysis, which is summarized in Table 3 for the methodology dis-

cussed in this section.

B. Assumptions and Ground Rules

Prior to commencing the stﬁdy, the CERI team spent some time in reviewing literature
and in team meetings to define the study scope and general methodology. As a result, the

ground rules and assumptions were established as follows.

1. Entire trajectories or pathways from resource extraction to the point of end use
should be examined;
2. End use efficiencies, or energy analysis of end uses, should be excluded; the
study should be confined to the production system. End uses are highly important regarding
efficient resource use, but this can be separated in terms of studies. End use analysis is
very complex, and it was decided to limit the scope for reasons of time and budget. This
does not imply that attention to the consumption of energy may not be much more important
than analysis of energy balances in production;
3. The study should analyze energyiflows in scientific and engineering terms, and
should obtain the best technical data on energy flows;
4. Indirect, as well as direct. energy inputs should be included:
® FEnergy needed throughout the various sectors of industry to ultimately produce
and operate the energy production system should be included;
® The energy ﬁeeded to produce materials used throughout the various sectors of
industry to ultimately produce and operate the energy production system, or
enable direct and indirect energy to be delivered which ultimately enables the
energy production system to operate, should be included.
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e An examination should be made early in the research as to the rationale and
feasibility of interrelating many other forms of energy; ecological flows,
human labor or "life style," research, and other types.

5. A Western focus would be emphasized as it regards fossil fuels. It was assumed
that a national importance could be attached to such a study because of the increasing
significance of Western energy production.

6. Technologies which exist or which may be on line by the early 1980's should be
included. Technologies for which research and development is in early stages should be
excluded at this time, because data are weak and decisions on their implementation are not
imminent. This assumption is an important one, and has obvious ramifications to the use
of a boundary which includes "unrecovered or lost resource."

7. The energy inputs and outputs of the production system should include environmental
control equipment as an integral and necessary part of the system. Environmental gquality
control should be a requirement in all aspects of energy production.

8. The study should not examine other concepts such as theoretical limits to effic-
iencies in extracting, transporting or processing fossil fuels, or intertemporal flows and
accounting. While such studies have validity, the CERI study would confine itself to the
actual direct and indirect energy flows, examined as a static'condition.

9, The team would make no value judgements about society's demand for various types
of fuels. It would assume that fuels of various qualities are needed by society. "Quality"
as used here is a loose term covering such factors as usability, utility, timing, trans-
portability, location, form of energy, and other non-quantitative descriptors. Quality

has a thermodynamic meaning, also: the ability of energy to do work.

C. Study Boundaries

The CERI purpose is to determine data and facts for any possible direct use in the near
future. Therefore, boundaries for this study were eventually drawn to include discrete
systems for which valid data can be analyzed. If the purpose were to understand large,
complex systems involving money, energy and materials (along with other social and natural
variables), the boundaries would be larger. There is unquestionably a need for research on
the broader systems, but there is also a need for research on hard data in discrete

subsystems.

The boundaries of this study include:
e Fossil fuel Industrial System;

e American fossil fuels, with western emphasis;

e Technology available in mid-1980's:;

e From resource to péint of end use;

e Life-time of processes (approximately 20 to '35 years);

e Static, not dynamic (i.e. not including long-term trends, except as discernable
from comparison of various static trajectories or intertemporal flows);

e General geographic rather than site-specific geographic scope;

e Energy and the energy-equivalents of materials, as inputs; -

e Actual, not theoretically-feasible, energy flows;

e By-products of energy processing.

Environmental assumptions which relate to boundary conditions of the energy system and
its outputs were based on the principle that the technologies will be "environmentally




acceptable." While that may mean different things to different people, in the context of
this study it means such things as:

@ Mining will be done where rehabilitation is feasible, outside of river bottoms

and unsuitable physiography, without disruption to aquifers, rare and endangered

habitats, etc.;
Waste disposal will be handled to minimize impacts; this includes waste heat;
Pollutants will be controlled to meet current air and water quality standards;
synfuel processes will produce fuels which can be used within environmental
standards;

e Massive cummulative changes can be avoided or controlled perhaps by limiting
the magnitude of development in any given area consistent with any "“carrying
capacity" which can be defined.

While these criteria do not mean "no impacts,"”

they assume that impacts and changes
are acceptable or else society will prevent the development, through the mechanisms of
clean air and water legislation, NEPA, land use controls, politics and other mechanisms.

For pragmatic reasons, ecological flows were not included in the boundary.

International movements of energy were not studied, due to data problems. End uses
were not included because of the complexity of issues, data and systems pertaining to end
uses (considering various forecasted needs, changes in end use technologies and the inter-

relatedness of end use politics, economics,. technologies, life styles and impacts).

Non-fossil fuels were excluded because of time and budget limits and technological

uncertainties.

Some energy and non-energy parameters relating to site-specific conditions were ex-
cluded. ' If they had been included, the number of factors and trajectories would multipy

beyond a manageable level. The time and costs of obtaining site-specific data are pro-

hibitive for a study of this type. An example would be the energy costs of all alternatives

for obtaining cooling water.

Human energy and research energy were not included within the boundary. The reasons

are found in the discussion in Section III.

D. Methodology

1. General ‘
Energy-producing systems generally can be divided into steps. For our analysis

eight steps were chosen. As shown in Figure 3, they are:

Extraction loss

Extraction (including exploration and development)
Transport I
Process
Transport II
Conversion I

Conversion II

Distribution
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To clarify each step, consider a particular example; Suppose the energy~producing
system is strip-mined coal converted to a.liquid boiler fuel for electric power plant use.

The system contains the following steps:

A 5% extraction loss

Strip mining with short distance (less than 10 miles) truck haulage, and crushing
Railroad haulage (600 miles)

Coal Ligquefaction

Liquid Pipeline

Electrical generation
e Electrical transmission (150 miles)

“

(This example is in fact one of the systems studied herein.)

Energy-producing systems not only have similar steps; they also often contain the same
processes. For example, raw coal which is gasified and raw coal which is liquefied both
may be extracted from a surface mine. Also, it is difficult to separate natural gas -
extraction from petroleum extraction, since both products may be produced from a single
well, and since gas and oil exploration and development are iﬁdistinguishable. These kinds

of redundancies occur many times among energy-producing systems.

The commonalities of energy-producing systems naturally lend themselves to division
by process. For this reason we have chosen to analyze energy-producing systems as series,

or trajectories, of process modules. We have called this technique "linear-modular analysis."

A module trajectory is a combination of each process step normalized to form an inte-
grated energy producing system. By normalized it is meant that the inputs and outputs of
modules in a trajectory are adjusted so as to correspond to proceeding modules. Figure 3
is a display of some of the possible module trajectories of fossil-resource, energy-

producing systems.

The chief advantage of using module trajectories to describe energy-producing systems
is flexibility. If one wants to alter some part of a system, he changes only the approp-
riate modules, subject, of course, to technological feasibility. Substitution of one pro-
cess for another, variation of transportation or distribution distances, and revision of
input or output data can all be performed without necessarily affecting the basic structure
of the module trajectory. For example, if for a site-specific case, the energy require-
ments of one petroleum refinery were different from those of an average refinery, the
specifically appropriate data can be substituted without changing data for any other
module in the_petroleum system. (However, other modules would have to be normalized
relative to the new refinery outpyts.) The flexibility of linear-modular analysis allows

easy application to a wide range of energy systems.

Each module of an energy-producing system was analyzed separately. A generalized
module is shown in Figure 2. Modules were later combined to form trajectories typical of
érojected energy-producing systems in the western U.S. Other trajectories can be construct-
ed using data gathered in this study.

A module is characterized by its energy inputs and its energy outputs. Inputs are of
two basic types: (1) Principal Energy, which is energy to be processed by the module, and
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(2) Energy Loss, which is the sum of losses from Principal Energy and from External Energy
during the module process. Losses include degraded energy, physically lost and other

unused energy.

The characteristics of Principal Energy affect its processing by, the module. For
example, heat content per weight of fossil fuel determines energy units of Btu/ton mile.
sulfur content may affect energy requirements for petroleum refining, for coal liquefaction,
for coal gasification, and for electric power plant uses. Moisture content of natural gas
determines its processing in a gas liquids plant. These effects interact to produce

variations in Energy Product and in Energy Loss.

Direct External Energy is a sum of energy (electricity, petroleum fuels, natural gas,
and coal) and of energy-equivalent of materials (the direct energy required to manufacture
materials used directly by the module process). In fact, energy-equivalent of materials
is a second-order energy input, as is the energy necessary directly to support first-order
energy input (éee Figure 4). Second order analysis includes: (1) direct/energy to Module
"A", (2) energy equivalents of materials used in the process (both directly used to sup-
port the process), and (3) energy required to produce energy. However, second-order
analysis fails to consider all important energy inputs, as previously discussed.

There are several ways to organize energy analysis for orders above second order. Four
of these possibilities are: (1) an iterative technique which uses data for each fuel source,
for electrical generation, and for materials; (2) alternate means of determining energy
conversions such as use of input-output matrix equivalents, construction of a small energy
input-output matrix, or employment of sensitivity analysis to yield an estimated error
range; (3) estimates of materials energy and estimates of multiplying factors for fuel and
electricity; (4) a continuation to third, fourth, etc. orders combined with an analysis of
total effect in an effort to establish a cutoff level.

A combination of (1) and (2) was selected for this analysis. Since all the common
fossil fuels are included in our study, external fuels and electricity inputs were analyzed
by iteration. Accuracy of results was as good as or better than the more involved tech-
nique of (4), because each fuel result was determined by the team member specifically
assigned to that fuel, rather thanvrequiriﬁg all members of the team to investigate all
the common fossil fuel chains. Thus both efficiency of effort and accuracy of results

were improved.

Direct fuel and electricity inputs were iterated using data from our final sample
trajectories. There are five common fossil-fuels derived enefgy inputs -- coal, petroleum
products, natural gas, electricity, and materials. The number of inputs which must be
determined at order "n" (where n = 1,2,3,...) is 5%. Conseguently, direct computation

quickly becomes unmanageable, and therefore we used approximations for orders above order 2.

Indirect energy supporting direct material inputs was calculated using conversion fac-
tors reported by Herendeen and Bullard (1). Their Btu-to-dollar equivalents appear to be
as accurate as any other method for determining a wide variety of material energy-equivalents.
However, their data, obtained by substitutions into the national economic input-output matrix,

and by subsequent matrix algebra, were not considered to be reliable enough for first-order

inputs for the following reasons:




e I-0 data contains inaccuracies due to lack of information, proprietary
restrictions, and data collection inconsistencies of time and of methods;

° >Information relates to producers rather than products. Thus different products
from the same company are summed up as production of the company's primary
product;

e Capital goods, which can be significant energy consumers, are not included in
the interactive section of the I~O matrix. Thus the energy attributable to
plant buildings and equipment is not calculated directly from input-output
analysis;

® Aggregation of data by industrial sectors leads to imperfect conversions to
physical terms. For example, two items may vary considerably in price due to
design features, although the energy required for each item is approximately
the same. Conversion using an average Btu/$ factor distorts the energy require-
ment for each item. Also, different technologies which produce similar products
are averaged, despite large possible differences in energy use;

® The interactive coefficients in an I-0 model are assumed to remain constant
with time. In fact, these coefficients change, sometimes significantly. Large
errors can arise from changing coefficients, and this problem is likely to be
particularly acute in the direct energy sectors due to rapidly changing fuel
prices, to fuel substitutions, to pollution control requirements, and to energy
conservation;

e Physical losses in manufactured products are not always accounted in economic
data. Thus, the coal lost during coal processing may or may not be recognized
in the input-output interaction, although considerable energy may be involved;

e A new technology sector is difficult to add to an extensive I-O table. A new
addition requires development of the entire set ofvinteractive coefficients.
(The addition of one sector to the 357-sector .national I-0 table would require
an additional 715 coefficients). The alternative -- adding new technology to
an existing economic sector -- presents the difficulty discussed above in point
4. Furthermore, the output from new technology is so small as generally to be

insignificant in aggregate with an established activity.

In addition to these seven qualifications there seems to be substantial differences in
results for the base years 1963 and 1967 used in the Herendeen and Bullard study. Repro-

duced in Table 4 are results for the sectors most used in our study.

Differences between 1963 and 1967 data generally vary over an acceptable range of 10%-
20%, but the large ( 30%) differences for three of the five energy sectors indicate serious
reliability problems with the I-O technique, at least for energy sectors in direct energy.

Although our confidence level in the I-O conversion factors was not as high as we
wished, the I-0 factors are the best cﬁrrent method for determining energy equivalents of
material products. An energy-content handbook constructed from specific investigations of
the most important industrial sectors would be a very valuable tool in energy analyses.

We suggest that a handbook .should be made using linear-modular analysis or a similar

technique.

All energy inputs -- Principal Energy and External Energy (including direct fuels and

electricity and indirect energy for fuels, electricity, and materials) are divided among
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Table 4

1963 1967
Primary Primary . Difference
Sector : Fuel Fuel R
700 Coal Mining 1.0142 . 1.0068 -52
800 Crude Petroleum & Gas 1.0403 . 1.0568 +41
3101 Petroleum Refining Products 1.2010 1.2082 + 4
6801 Electric Utilities 3.8887 3.7963 -3
6802 Gas Utilities 1.1606 1.1005 -37
1102 New Const. Non-~Residential 76294 67206 -12
1103 ; New Const. Public Utilities 86929 79610 - 8
1202 Maintenance Const. Other 80046 57108 ~29
2701 Inorgans-~Organic Chem. 347918 281962 -19
2704 Misc. Chem. Products 315968 183464 -42
3201 Tires 114102 99053 -13
3701 Steel Products 313193 267425 -15
3703 Iron, Steel Forging 199336 170894 -14
3902 Metal Barrels 159216 141180 -11
4006 Fabricated Plate Work 135647 105163 -22
4208 Pipe 85945 74272 -14
4302 Internal Comb. Engines 67519 61751 -11
4501 Construction Machinery 84700 68040 ~20
4502 Mining Machinery 73560 71376 - 3
4503 0il Field Machinery 84661 72338 ~15
4604 Industrial Trucks 74113 59190 -20
4901 Pumps, Compressors 66853 55256 -17
4907 General Industrial Mach. 72225 64383 -11
6103 Locomotive . 65879 54421 -17
6104 Railroad Heat Covs 131163 109725 -16

Energy Use By Sectors, 1963 and 1967

the energy outputs -- Energy Product and Energy Loss. That is, Ein=Eout’

requirement, that there be a balance of energy, avoids confusion as to how to account. for

This fundamental

internally derived energy. Referring to Figure 11, one can see that internally consumed

energy must be counted as part of Energy lLoss in order that outputs equal inputs.

Energy Product is comprised of a primary energy form (that became Principal Energy for
the next module in a module trajectory) and of the energy equivalent of byproducts produced
by the module process. There are two kinds of energy byproducts -- secondary fuels and
byproduct materials. For example, a coal liquefaction facility may produce both pipeline-
quality gas and sulfur as well as hydrocarbon liquids. Byproduct energy equivalents are

considered outputs of the module and are credited the same as the primary energy product.

Energy Loss has three parts. It consists of External Loss, the sum of losses from )
External Energy inputs; of Physical Loss, leakage, spillage, or disposal of Principal Energy
(e.g., venting or flaring of natural gas, oil pipeline spillage, disposal of incompletely
retorted oil shale); and of Internal Consumption, the use of Principal Energy for power or
for other chemical reaction in the module process (e.g., powering an o0il refinery with part
of the product slate). Often the difference between Physical Loss and Internal Consumption
is indistinguishable in practice. For example, incomplete combustion of a fuel results in
some physical loss as unburned hydrocarbons are emitted in the stack gas, but the fuel is

used for internal power, and so the total may be counted as internal consumption.

Many processes can be run either by external energy or by internal consumption. O0il
refineries can operate on part of the product slate or on natural gas, or on coal, for
example. In those modules where technical options are currently available, the assumed
option is noted (in Section VI.)
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Data were gathered in raw form and then reduced to a standardized Principal Energy of
lO9 Btu. An analysis form was used to report data, for each module. (This is summarized
in Section VI.) The left column of the analysis form was completed; conversion factors
were applied to obtain all inputs and outputs in Btu's. Our conversion factors for fuels

and electricity were as shown in Table 5.

Table 5
Form Standard Units Btu Equivalent
Electricity KwH 3,413
Natural Gas scf 1,032
Coal Ton 20,000,000
Crude 0il bbl. 5,800,000
Gasoline gal. 125,000
Diesel gal. 139,000
Fuel 0il gal. 139,000
Residual gal. 150,000

Conversion Factors

Energy equivalents for materials were computed by first deflating to 1967 dollars and
then employing the conversion factors derived by Herendeen and Bullard as discussed pre-
visouly. When materials or supplies were not specified by kind, a standard conversion
factor of 70,000 Btu/19673% was used. This féctor is an approximate median for the
Herendeen and Bullard data. Conversion factors for physical loss and for internal con-

sumption were the estimated heat values.

2. Computation of Indirect Energy
Because we were studying the principal fossil-energy-producing systems, we could
rely on our selected trajectories to provide data; thus, we were able to compute second
order energy directly. However, since the number of data rises as 5n, where n is the
order, we elected to use an approximation to include all orders above second order. This

approximation was derived in the following manner.

First, using data from our sample trajectories, we developed Table 6.

Table 6
External External Energy External, Process
Energy Process and Extraction
Energy Form Only Losses Losses
Electricity 0.15 2.70 4,20
Petroleum 0.10 0.21 2.40
Gas 0.04 0.20 0.20
Coal 0.02 0.02 0.08

Direct Energy Requirements to Support Energy Producing Systems

(These numbers are relative to trajectory output of one unit.)
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Electricity is a weighted average, assuming: (1) coal~electric 55%; (2) petroleum-
electric 19%, and (3) gas-electric 26%.

The national energy use is given in Table 7.

Table 7
Electricity 9%
Petroleum 53% B
Gas 30%
Coal 8%

National Energy Use Percentages

Combining Tables 6 and 7, we have the weighted averages shown in Table 8.

Table 8

External External Energy External, Process

Energy Process and Extraction
Energy Form Only Losses Losses
Electricity 0.01 0.24 0.38
Petroleum 0.05 0.11 1.27
Gas 0.01 0.06 0.06
Coal 0.00 0.00 0.01

Total 0.07 0.41 1.72

Weighted Averages of Direct Energy

Requirements for U.S. Energy System

(Numbers relative to one unit of output of trajectories)

The totals of Table 8 represent the average direct energy requirements to support
energy-producing systems. The results are that on the average one unit of energy produced
by fossil fuel systems require 0.07 units from other systems, lose 0.41 units of energy
during processing, and suffer an additional loss of 1,31 units (1.72 - 0.41 units) of
energy during extraction. In order to find the sum of all energy requirements we must

iterate. We solve the following series:

o First, 0.07 + (0.01% + (0.07)% + ... = L s = 0.0752 which is rounded to 0.08.

e Next, 0.41 = 0.07 + 0.34. Only the 0.07 representing energy from other systems
is iterated, since other process losses suffer no additional losses. Then =
0.34 + 0.07 + 0.07 (0.41) + (0.07)2(0.41) + (0.07)3(0.41) + ... = 0.34 + 0.07

(0.07) -
+ 0.41 m‘j—)- = 0.44,
e 1.72 = 1.31 + 0.45 + 0.07. Again only the 0.07 need be iterated. = 1.31 +
' 0.34 + 0.07 + 0.07(1.72) = (0.07)2(1.72) + (0.07)3(1.72) + ...= 1.72 + 1.72
(0.07) - .
(1-0.07) - *-8

We constructed Table 9 which lists the additional indirect energy, beyond direct energy
inputs, required to support energy-producing systems.
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Table 9

External External Energy External, Process
Energy Process and Extraction
Energy Form Only Losses L.osses
Electricity 0.01 0.07 0.28
Petroleum ' 0.01 0.04 0.18
Gas 0.00 0.02 0.07
Coal 0.00 0.01 0.04

Average Indirect Energy Requirements

(Fraction) To Support Energy-Producing Systems

Then, we developed Table 10, which includes both direct and indirect energy required

to support energy-producing systems.

Table 10

External External Energy External, Process

Energy Process and Extraction
Energy Form Only Losses Losses
Electricity 0.16 2.77 4.50
Petroleum 0.11 0.25 2.58
Gas 0.04 0.22 0.27
Coal 0.02 0.03 0.12

Average Direct & Indirect Energy Requirements

: (Fraction) To Support Energy-Producing Systems

Energy multiplying factors are determined merely by adding the energy produced (1.00)
to each number in Table 10. To check our numbers derived by this method we compare the
multiplying factors including both External and Process Losses with those (which correspond)

derived by Herendeen and Bullard using I-O data, as in Table 11.

Table 11
Herendeen and Bullard
Energy Form CERI 1963 1967
Electricity 3.77 3.8887 3.7963
Petroleum 1.29 124130 1.2650 Y
Gas 1.22 . 1.1606 1.1005
Coal 1.03 1.0142 1.0068

(1) Obtained by adding Crude Petroleum to Petroleum Refinery Products.

Comparative Data: Energy Reguirements Multipliers

The agreement for electricity, coal and petroleum is very good. Agreement for gas is
not good, but neither is it between data of the two base years 1963 and 1967 of Herendeen
and Buallard. Overall there seems to be reason for good confidence in the results derived

here.
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V. POTENTIAL NET ENERGY ANALYSIS APPLICATIONS

A. General Types of Decisions

"It seems that there is almost no energy policy problem to which energy analysis and

net energy analysis cannot be applied," reported one subgroup at the NSF-Stanford Workshop.

Since net energy analysis is not locked into a single rigid boundary and accounting system,

this sanguine statement may be valid. The discussion in Section III of this Report ex-

plored issues and problems to which net energy analysis relates.

There are various types of decisions in which net energy analysis might be used.

These are as follows:

1. Federal Government

Research, development and demonstration projects, as stated in Public Law 93-577;
Programs and projects involving direct Federal funding and action, such as

water resource projects or transportation facilities; net energy analysis is
applicable only if the product of the action is to be energy (hydropower,
thermal electric power, etc.) but energy analysis may be useful in general;
Control and regulation, such as permits by the Federal Power Commission or
leasing programs of the Bureau of Land Managément; the "Energy Minerals Activity
Recommendations System" (ERMARS) might be a prime candidate for the use of

net energy analysis; V

Planning: overall national energy and resource planning; regional energy
studies such as the Northern Great Plains Resources Program; importation
policies for energy; "energy park" planning; and

Fiscal actions: taxation, price controls, and "subsidy" programs such as the

synthetic fuels commercialization program.

2. State Government

State actions: these are few in comparison with the Federal public works
programs, but both general energy analysis and net energy analysis could be
applied;

Control and regulation: permits and licenses for gas and oil production;
facilities siting; utility expansion or change of service area;

Research, development and demonstration: although this is also limited in
comparison with the Federal Government, there may be greater State involvment
in the future. The State participation may be in issuing bonds for facilities
to be built by private industry. Ohio's legislation could be an example of
potential application to ensure that bonding capacity is wisely used;
Planning: State energy policy planning; State participation in Federal
planning, should this become meaningful and properly organized; and

Fiscal actions, especially taxation, which can be a powerful tool at State

level.

3. Industry

Multi-industry research and development through industry organizations such as
the Electric Power Research Institute, the American Petroleum Institute, the
American Gas Association, or the Institute for Gas Technology;




e Individual industry: siting; energy mix decisions by utilities, base load vs.
peak load alternatives; new process Or Process expansion {such as a refinery)
to identify factors not revealed by purely economic analysis; conservation and
efficiency engineering; energy supply variables pertinent to industries which
produce energy intensive products (for example, should Detroit build cars to
use shale oil products, methanol, diesel o0il, electricity, etc.) l)and

e Multi-industry development such as electrical transmission grids, power

plants, energy parks.

The mechanisms by which net energy analysis might be applied to these types of dec-
151ons could include: siting studies; environmental impact studies; technology assessments;

energy models such as the Reference Energy System, and general policy and supply- -demand

analysis.

The technigues for applying net energy analysis are varied. Some examples which we

suggest for further exploration are as follows:

B. Net Energy Analysis as a Policy Tool

We now realize that some energy resources are in short supply and that the current
market prices of energy resources probably do not reflect their true social value. Account-
ing prices must therefore be assigned to elements of projects related to energy production

and use to take into consideration this divergence between market and social value.

This is the point at which net energy analysis may be of some help. Our interest here
is in explaiﬁing how net energy studies might be of use in public policy. It is clearly
a political decision as to whether they should be and will be used. We have chosen four
major areas in which net energy analysis may be of use in policy decisions. These are
in the general areas of:
e Cost-Benefit Analysis

e Taxation
e Evaluations of Technical Change

e Models of Resource Exploitation

Others may soon become obvious as this kind of work continues. The examples and dis-
cussion which follow are, at this time, theoretical. CERI has not, in this study, actual-
ly applied the following concepts, and therefore suggests that they may be valuable as

tools for use in decision-making after further exploration of these concepts.

1. Cost-Benefit Analysis

Let us use an example of a public decision to support or deny support to energy-
producing projects. Assume that there are more potehtial projects than can be supported
and therefore cost-benefit analysis is being used (this is standard practice)} to help
choose those projects which are most deserving of public support (if any are at all).
Suppose that there are two projects which have the same economic rate of return when
proper accounting prices are used on all inputs and outputs, but where no adjustment has
been made for energy balance. Assume further that Project A has been shown to have an
energy input-output ratio of 0.5 while Project B has one of 0.25 (using any ratio dis-
cussed in this Report). If the projects are otherwise equal, Project B should clearly be

chosen because it economizes best in the use of energy resources. Standard cost-benefit




analysis would leave public officials indifferent between the two projects, but if we
assign a higher weight (i.e. raise the accounting price) to the output of Project B, as
we apparently should in this case, then Project B would be clearly superior. Here any

extra weilght assigned to Project B's output would show it preferable.

But most project choices are not like the one illustrated here. Rarely are both
projects equal in all respects other than in their energy balance. The trick is to come
up with specific weights which bear a relationship to the energy balance and which are

used to adjust the accounting prices of the projects' outputs.

Suppose, for example only, we chose to weight the net output of each project by the
inverse of their energy input-output ratio. Thus, the net output of A would be multiplied
by 2 and that of B by 4, so that the output of the most energy-efficient project receives
extra weight. Now, even in some cases where the net benefits of B, calculated in the
traditional way, are less than those of A, B will be shown to be superior when output is
adjusted by the energy balance weighting system. Some projects which would not have re-
ceived public support before considering energy input-output weights may be shown superior

after such weights are attached.

Exactly what weights are to be used? We are not prepared to say. To some extent
such choices will be arbitrary and could be established by legislation. Economic research
into the true social value of energy should probably be done to serve as a guide. This
again is standard procedure. For example, the Bureau of Outdoor Recreation (BOR) has
established accounting prices to be used in the assignment of value to various types of

outdoor recreation: hiking, fishing, boating, etc.,(2'3)

and thus, no market prices are
available at all. The BOR was guided in the determination of the values used by research
done by economists and sociologists. There is no reason to think that assigning weights
to different energy intensities is in principle any different from the assignment of
weights by the BOR and many other Federal and State agencies, to benefits for which no

market determined prices exist.

One could argue that there is in fact no need to change the way in which cost-benefit
analysis is normally done and that it would indeed be best left as is. One could still
incorporate the information gained in energy balance studies but in a more revealing way

from that suggested above. The main concern lies with the fact that all Btu's are not of

equal value. Society simply does different things with different fuels and each has its
corresponding value. This point is often missed by persons advocating the wide use of
energy balance studies in public policy decisions. Slesser,(4) for example, considers it
a "difficulty" that "energy sells at widely varying prices." Difficulty or not, it is a
fact that prices differ for different forms of energy because all energy is not alike.
Higher quality (i.e., an ability to do the work demanded by consumers in the manner pre-
ferred by them) forms of energy carry higher prices than those of lower quality. Any
abstraction which ignores the basic qualitative differences among energy sources severely

distorts an analysis of what is ultimately human values, which are in part dependent upon

thermodynamic realities.

Thus, one should collect and account for all energy input and output in an energy
production system but, as previously discussed, energy from different sources (measured

in say Btu's), if added together, has the qualitative differences concealed. These




energies are each essentially different in value. 1In cost-benefit analysis the economist
would know at what point a specific energy input or output occurred and the form in which
the energy entered or left the system. He could then assign an accounting price to them,
add them in with other inputs and outputs and then calculate the net present value of the
project. In this way all inputs can be considered simultaneously and all can be valued

in conformity with social preferences. No problem of discounting occurs since all would
be expressed in money terms and spread over time in such a way that discounting can pro-

ceed as usual.

Using the method suggested above avoids creating dual criteria by which projects must
be evaluated. Rather, we use a tried and accepted method which very easily handles our
concern with energy scarcity. The energy analysis is integrated into cost-benefit analysis;
if a project passes the cost-benefit test then the project is worthy of public support.
If cost-benefit and energy balance studies were conducted separately there are no clear-
cut criteria for project selection. A project might look acceptable from a cost-benefit
point of view but unacceptable from the energy balance side. The question thenm must
center upon priorities. Which criterion becomes overriding? If the two criteria con-
flict is there a tradeoff, what is it and who determines what it is? The maintenance of
two (or more) separate criteria for project evaluation is clumsy and, in our mind, un-
necessary since energy considerations can be integrated easily with normal cost-benefit

calculations.
This example involves time flows, or intertemporal flows of money and energy.

The question of discounting has arisen. We do not believe that it is necessary to
discount energy flows in net energy analysis. Energy values (Btu's) are simple, physical
facts, which hold across time. A Btu now wiil be physically identical to one ten years
from now. What will be different is the social value of a Btu ten years from now. But
the social value is derived from more than physical data. As we have discussed elsewhere,
the social value, reflected in prices, is derived from a combination of physical relation-
ships (technology) and society's tastes and preferences. Since both technology and tastes
and preferences change over time, the social value of things (e.g. energy) change over
time. It is this social value which must be discounted, not physical Btu's.

One economic tool which might be useful is the concept of “"internal rate of return,"
which is similar to discounting. The internal rate of return is that discount rate which,
if applied to net costs and benefits, would make the present value of the project exactly
Zero.

Assume Project A has the following characteristics:

Period 1 2 sees e 10
Energy input 1,000 100 ...... 100
Energy output 0 265 ...... 265
Net -1,000 165 ‘ 165
Project A
(107 Btu)

Assume the present cost of a project is "C". Assume that in each year of the project

there are net benefits of "Bj" where "j" indicates the year and "j" = l...n. The present




be shown to be:

Btu
per
Its

input is 1.25).

year for 9 years.

different time period:

counting.

2. Taxation

Committee.

at the source.

value (V) of a unit amount which occurs in "m" years when the discount rate is "i",

choosing an appropriate "i".

after which an operating input of 100 x 10

energy balance. is 1900 x 109 Btu compared to 2385 x 109 out.

The latter relates to present value of some future amount.

return is the return on an investment - in this case, an energy investment.

ation to achieve greater economy in fuel consumption.

that a Btu tax be instituted to secure energy independence in the U.S.(5’6)

used outside the energy production sectors.

not be given the same tax treatment.

the energy inputs into production in order to determine the overall impact of the tax.

can

1

VE{a+nm

Thus we can find the present value of each Bj(i.e. Vj). Then make the subtraction by

These calculations are available in tabular form in most

books of standard mathematical tables.

The project requires one year to put in operation with an energy cost of 1,000 x 109

? Btu results in an output of 265 x 109 Btu

The internal rate of return on this project is (roughly) 7 percent.

(Ratio of output to

This could then be compared to Project B which is strung out over a

Period 1 2 3 Ceee. 20

Energy in 1,000 1,000 50 e 20

Enerqgy out 0 0 252 Ceeean 252

Net -1,000 -1,000 202 202
Project B
(10° Btu)

Project B has an energy balance of 2900 x 109 Btu in and 4536 x lO9 Btu out. The out/
in ratio is 1.56, which on the surface would make it look better than Project A. Its

internal rate of return, however, is only about 6 percent.

Philosophically, the internal rate of return concept is slightly different from dis-

Internal rate of
It tells us

the rate at which energy is returned to us relative to the original investment, if we

invest a certain amount of energy and we get energy in return.

One potential application of the methods developed by CERI is in the area of tax-

Hudson and Jorgenson have proposed
The tax

recommended by them is a uniform rate of tax levied on the energy content of all fuels

Such a tax was proposed in The Energy Revenue

and Development Act of 1973 and has since been under consideration by The Senate Finance
While their tax is assumed to be levied on fuels as they leave the fuel
.sectors, there is no reason why the taxation of energy inputs into energy production could

The tax is translated into an increase in the selling

price of fuels and these markups vary for the fuels considered since the Btu content of
each dollar of fuel output is different for each fuel.

Thus, the tax would be lower per

dollar's worth of electricity than per dollar's worth of natural gas since the latter
contains a greater Btu value.

Clearly implementation of the proposed Btu tax requires considerable information about

It

would not be necessary to tax each user of fuels separately since taxation could be done

Presumably the tax would be used to meet certain specified objectives such
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as found in "Project Independence,”" etc., and meeting these objectives could not possibly
be analysed without knowledge of the way in which energy was used_in each production
sector and the impact that the tax-induced price rise would have upon energy consumption.

Price rises do affect economy in energy use: see Hudson and Jorgenson(7), Griffin(a),

(9), and Erickson et al(lo).

Davidson et al.
The Hudson-Jorgenson model uses only nine productive sectors to represent the U.S.
economy. Their results can therefore be considered only approximations until more dis—
aggregative procedures are used. Nevertheless, they estimate that a tax of $.50 per
million Btu's would cut energy inputs in the U.S. by about 7.8 percent by 1980, with the
largest cut being made in personal consumption (9.5%) and in the service sector (7.1%).
Smallest cuts are in the electrical generation industry (2.1%) which is much more closely

confined by technological considerations than are the other sectors used in their model.

As mentioned above the Btu tax would raise the prices of the different fuels by
different amounts depending upon the energy content per dollar's worth of each fuel. The
percentage rise in prices from the base price (1973) for two different tax rates: $.30

and $.50 per million Btu, for four fuels are as follows:

Tax Rate
$.30 $.50
Coal 16.9 - 28.3
Refined Petroleum ' 13.7 22.8
Electricity ‘ 4.0 6.6
Natural Gas 14.6 23.4

Changes in price from 1973 base (%)

Whether or not the rates suggested by Hudson and Jorgenson are appropriate can easily be
questioned. (This is not to criticize their method since their objective is to economize

on fuel use and not to differentiate among the fuels.)

Coal prices rise more than any of the others (though its absolute price remains lowest)
despite its relative abundance in the U.S. Thus, if an additional objective were.added
to the tax measure, that of economizing most on those fuels which were most scarce, we
would want to tax coal proportionately less than the other fuels. Secondly, the tax
rates used here do not reflect the energy input into the production of the fuel sources
listed. Clearly the energy input into electrical generation, relative to the fuel value
of the electrical output, is most unfavorable. Yet the price of electricity is raised
least by the proposed tax. Hudson and Jorgenson simply do not have the information to
make this adjustment but it is this information which is generated in this study. Thirdly,
the breakdown into only four fuel types is inadequate since there are several ways to
pfoduce~each of the fuels listed and each technology implies different energy intensities
to deliver each dollar's worth of fuel to the fihal consumer.

Net energy analysis is particularly well suited to contributing to solutions of the
second two criticisms listed. Assume that the tax rates should in some way represent the
energy input into fuel production. We could rank the various fuels by the energy inten-
sity of their production. Using this information, tax rates per Btu could be devised

which penalize those energy forms which are most energy intensive in their production.




3. Assessment of Technological Change
One straight-forward application of energy balance studies is in its ability to
aid in the evaluation of technological change as it affects energy use. Traditionally,
economists have considered technological change as a process which allows a given output

to be produced at a lower cost.(ll)

"Cost" however refers to total cost and does not
distinguish among the various components of "cost", i.e., between energy cost and all other
costs. Hordhaus' (1974) work shows that in the 1900-1970 period the cost of energy (as

well as other minerals) declined relative to the cost of labor.(l2)

It is a basic tenet

of economic theory (and substantiated by empirical evidence) that as the price of one
input into‘a production process rises relative to other inputs, there occurs a substitu-
tion of the now relatively cheaper input for the relatively dear one. Thus, as energy
becomes relatively cheap by comparison with labor we would expect energy to be substituted

for labor so as to accomplish a given amount of output.(l3)

This substitution can lower
total costs (and in fact will not be done unless it does) and thus "efficiency" goes up.
But this is by the conventional definition of efficiency and does not speak to the fact -
that energy efficiency has declined. Indeed economic "efficiency" relates costs to out--

put and an improvement in efficiency is defined as decreasing cost for a given output.

Clearly over the past seventy years "efficiency" in terms of total cost per given
unit of output has increased. But due to the probable substitution of energy for other
inputs, labor being only one of them, energy efficienty may have declined. Now that we
have realized the important role of energy in our society and have become painfully aware
of the limited supplies of it, concern is shifting in order to distinguish between over-
all efficiency and energy efficiency. The methods being developed by CERI are particularly
well suited to evaluations of the latter. A monitoring system which periodically recorded
the energy balance for a given production process would allow us to see how energy
efficiency is faring over time. These data have not been collected in the past and thus
estimates of energy efficiency in the past can be made only by inference. 1In the future,
however, we can begin to rely upon energy balance studies to evaluate technological
changes as they occur.

4. Models of Resource Exploitation
One of the major problems in economic models which analyze the optimal rates for
resource exploitation is that they do not take into account the finite resources with
which the world is endowed. Most of these models deal only on the micro level, such as
that of the firm engaged in resource exploitation. These models deal only with such
variables as price, capital costs, costs of exploration, technical progress (as convent-
(14,15,16,17) It

has been clearly pointed out, however, that on the macro-level greater attention must be
(18)

ionally defined above) and others, which are of relevance to the firm.

paid to the finiteness of our natural resource, and particularly energy endowment.

Georgescue~Rogen clearly points out that "available" energy (available to do work) comes
from two sources: (1) the stock of energy locked up in the earth's minerals and (2) the
flow of energy from the sun. Modernization throughout the world has shifted man's source
of energy from the sun (infinite energy) to the finite sources of the earth's crust. The
"modernization" of agriculture is. probably the most vivid example of this trend. As we
"use up" the finite stock of energy in the earth (raise its entropy) we approach the
point where the sun will constitute the only source. Simply, if the stock is "S" and the

rate of degradation (maximization of entropy) is "r", the stock will last for S/r years.




More rapid economic growth implies that "r" rises and thus the shorter S/r; i.e., the

life-style of the human species as we know it. R

Some economists have been comfortable in the short run belief that somehow the tech-
nological change that we have experienced in the past will bail us out again as resource
scarcity increases.(19> Macro-level analysis can produce fairly accurate projections of
energy demands. For example, the Paley Commission, created in 1952 by the Truman adminis-
tration to project resource demands for the 1970's, estimated a 97 percent increase in
energy demand by the mid-1970's. The actual demand increase was 112 percent. This small
error occurred because the Commission was rather pessimistic in its expectations for

(20)

Nevertheless, none of these analyses consider the finite resources
(21)

economic'growth.
with which we are working.
account in any empirical sense since calculations of this sort would regquire: (1) know-

What is worse, none of these models can take this into

ledge of resource availability which we do not now have, and (2) knowledge of future tech-

(22) _The energy balance analytical methods

nological change (which we do not have either).
of this study cannot provide for these missing ingredients. However, these methods can
help us evaluate technical progress while it is occurring and perhaps help foresee pro-
gress which will occur in "new" energy areas such as oil shale exploitation, coal gasi-
fication, etc. While we still may not know total resources available worldwide, we know
that they are finite and that reducing their rate of degradation will prolong human

society as we know it. The energy balance calculations speak directly to this rate.

The application of this point could come about through modification of models used

by ERDA, FEA and others, or through the development of entirely new models.

As an example, in a recent study by CERI, results made it possible to envision a very
plausible scenario for growth of electricity production. This scenario would be based
on high population growth, shifts to electricity in end uses, and more rapid development
of energy-intensive industries. Various mixes of electricity generation and of Colorado
coal production and exports can be considered. If 40 million tons of coal were being
produced in Colorado by about the year 2000, then the present reserves of surface coal
could be exhausted by perhaps year 2010. Figure 17 illustrates this potential growth
and alternatives. However, if coal syngas were to meet the inherent demand for energy
and shifts to coal-electric did not occur due to constrained gas supplies, the coal
reserve depletion would be reduced. Figure 18 illustrates the concept, which needs more
exploration. The policies of FPC and Congress would affect the decisions; the State

government could play a role.

C. Problems and Caveats

In discussing the potential applications of net energy analysis, we have thought about
a number of reservations and caveats which should be mentioned whether one is talking

about public policy or energy company use of net energy analysis.

Energy balance studies are not easy to conduct at this time. They will become easier
because of this study and perhaps others, so that ground rules, methodologies and data
are readily established. Then, a single company could, in general, do an energy balance
study fairly easily. There would be some cases where an energy balance study would be
difficult, but a company would have the data at hand and would not have to dig it out
as the CERI team has done. |
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If companies do such studies, they will have to decide whether to do them on complete
trajectories, or only on the portion of the trajectories over which they have control.
It might be impossible for them to analyze a complete trajectory, as they may lack infor-
mation on the behavior of the trajectory before or after the energy enters their part of

the trajectory.

Legislation may be difficult to enforce or monitor. At the State level, this might
not be too difficult or costly if the State has some existing mechanism, such as Montana's
Energy Facilities Siting Act or California's Energy Conservation and Development Commission
and its staff. If a special body had to be created simply to handle the monitoriné of
energy balance studies, the wisdom of such a use of State financial and personnel resources
is guestionable. The mechanisms and reports needed for monitoring would probably be a

burden.

At the Federal level, the monitoring could be done for programs or projects. At the

project level, no single agency has control authority over all types of energy development,
so project net energy review would reside with various agencies. This means, that even if
there were a common codified set of ground rules, interpretation and utilization would
vary from agency to agency. Again, at the project level, ground rules would be needed
to decide if the analysis were confined to the facility in question or on a while tra-

jectory or trajectories.

At the Federal program level, a single agency could have comprehensive energy systems
review authority for net energy, or different agencies could deal with the various aspects
of energy in different programs. If only monitoring/review/non-regulatory roles were en-
visioned for Federal programs, then ERDA might well assume all responsibilities. It
could utilize net energy analysis to seek technological improvements through Rs&D. Taxa-
tion and benefit-cost analysis, as discussed, could be done by various branches of

government.

Enforcement at State or Federal level is another problem, if it is to be considered.
There would have to (a) established net energy balance procedures, or (b) minimum

acceptable ratios of net yields.

The rapidity of technological change militates against the establishment of minimum
threshholds. These would have to be established for every type of energy needed for end
uses. They would vary from type to type, and could change every year or two as tech-
nological improvements occur. It could actually be counter-productive to lock in any
standards, as these might become the maximum for which a company would aim. The entire
mechanism for legal adoption and enforcement could be cumbersome and unwieldy, given

requirements of due process of law.

One possible use of net energy analysis in the regulation or control context would be
in a permit process. A company could be required to show that it had used "best practicable
means" to minimize input of .energy, minimize or utilize waste energy, etc. - This could be
similar to the air and water quality control laws. Again, questions of the responsible

agency, how to enforce, and other matters are relevant.

Legislation on net energy analysis may not be the best way to achieve the objectives

underlying such analysis. Administration of such legislation would require money and

v-11




people, as noted. This could be counter-productive as noted in "(3)" above and might
direct attention from larger objectives and solutions. It could burden a company with
reports, permits, controls, etc., few of which might add to national productivity. There
is, however, a strong potential case that company overhead devoted to improvement of
energy balances would increase national productivity. If companies (and government) were
forced to take a look at the inputs and outputs of energy and energy equivalents of

materials, it may well be that significant improvements in productivity could result.

It might be a better use of personnel and money to directly attack issues of waste

' 1life style, etc., without burden of massive net

heat, end use efficiency, "energy parks,"
energy legislation and monitoring. Legislation could perhaps be oriented towards other
goals than doing net energy analysis, for instance, towards stimulating renewable energy
sources through tax incentives or assisting in creating new industries to provide the
incentives to create them. It could stimulate technological changes such as "bottoming
cycles," perhaps with economic incentives such as fast tax write~offs for the equipment.
These may be more productive than rigorous governmental requirements for energy balance
studies, considering the use of personnel and money. Net energy analysis could be used

as a tool, but not necessarily in a legislative or regulatory manner.

A critical question legislators or regulators would have to face is in selecting the
issues they wish to address, in order to decide on system boundaries and accounting
methods. There is no reason why several boundaries/accounting systems could not be
included. To do so, however, would increase'the complexity of the legislation/regulation

and would create more debate in operating the legislation or regulation.

Another important question regarding legislation on project-level net energy analysis

is: would decision-making be altered? Aspects of this have been discussed above. Other

aspects are:

e Would companies be forced to alter decisions in a manner contrary to the
economics which must be the most influential aspect of their decisions? This
might vary with the tYpe of company (regulated utility, partially-regulated
o0il and gas firm, coal mine, etc.). Some could pass costs on to consumers if
. they were forced to spend money to improve energy balances. Others could not.

e Would companies go through the motions of a study without actually using the
study to improve energy balances? Would they do this if there were no

economic incentive to improve energy balances?

"Program-level"” (such as mineral leasing programs) net energy analyses would usually
be governmental. If used to compare alternative types of energy production, it must be
decided how the comparisons should be weighted between energy balance, economic impact,
end use needs, environmental impact, foreign policies and economics, capital needs,

materials needs, manpower needs, resource depletion and other factors.

Program-level analysis could become more political than technological if a study of
comparative net energy analysis showed one alternative as "more favorable" but this al-
ternative would result in economic or environmental implications to one state or region.

The study itself could be misused and challenged, and would end as a political football.

The comparison of actual vs. theoretical efficiencies, as used by the Federal Power

Ccommission in one decision and BAmerican Physical Society, is one approach. Should it be
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utilized in preference to net energy analysis?

2 decision involving the Federal Power Commission illustrates the complexity of issues.
The FPC decision involved an application for use of off-shore gas as refinery fuel in
southern Louisiana, The application was denied; the decision variables included the
efficient use of fuels and the input-output factors of the refineries. "Science" stated
that this is "perhaps the first example of government order" incorporating the input-

output guestion.

The FPC case in Opinion No. 727, "Tennessee Gas Pipeline Company, a Division of
Tenneco, Inc., et al.," Docket No. CP72-6 et al, dated April 17, 1975. The basic issue
was approval or denial of a request to transport 77,000 Mcf/day of natural gas from off-
shore Louisiana to refineries. The refineries, existing and in planned expansions, de-
gired to use natural gas, along with by-produce gas, as fuel in steam cracking furnaces,
gas turbines and engines, feedstock, process furnaces, steam and electrical generation,
and other similar uses. The companies provided estimates of their costs to convert to
0il, which would cost from $3.0 million to $33.5 million and would result in lost product-
ion time and revenues. Also, increased air pollution and decreased thermal efficiency

would result.

The producers stressed their ownership of the natural gas, the costs of conversion of
facilities to use alternate fuels, the efficiency of refinery use of natural gas, the
increased operating expenses that would be incurred in using alternate fuels, and the
adverse impact that the use of alternate fuels would have upon the environment. Opponents
contended that all offshore gas should be reserved for the interstate pipelines, with ﬁhe
refineries and chemical plants securing such gas from a pipeline subject to Commission
priority and curtailment policies. Also, it was contended that to grant the current
applications would permit these individuals to obtain firm gas, and avoid Commission cur-
tailment priorities. The FPC contended this major use of natural gas for expanding in-
dustrial use is improper in time of shortage, and oil should be used instead. FPC noted
that, if pipeline supplies are curtailed, pieplines cannot operate at the highest load
factors and efficiency and this will cause higher rates to their customers. Factors
which were considered were the use to which the gas is put, the need of the user, pros-
pective alternative uses, whether alternate fuels were available and at what cost, the
efficiency of the proposed use of the gas, the effect upon the public of devoting or not
devoting the gas to the proposed use, as well as any other. factors which bear upon the
desirability of gas going to one user rather than another. 1t was argued that refinery
use of gas is so great that it would reduce interstate reserves; this argument was un-
convincing to FPC. Refineries, unlike most industries, convert fuel to useable forms as
well as consume it, thus somewhat offsetting the reduction in gas reserves. FPC found
that the use of gas by the producers in their own refineries in the present case did not
amount to unlawful discrimination against independent refiners or producers and there was
no unlawful discrimination or violations of anti-trust laws. It was contended that
environmental considerations dictate that the certificates be granted, and that they be

denied. There was evidence. to support either action.

Two types of efficiency were discussed. Witnesses testified that the furnace of
"stack" efficiency in the refineries was 79 to 85 percent, and the industry, in general,

had an "efficiency" rating of about 84 percent, measured by the ratio of total energy




input, including feedstock, to the energy contained in the product output of the refinery.
Neither of those measures of refficiency" of fuel use provides a reliable basis for com-
paring efficiency of the refining industry with the fuel use efficiency of other industrial
processes. FPC said that a more meaningful basis for comparison can be drawn if the theo-
retical new energy required to effectuate the chemical process in the feedstock is related
to the actual process energy that is used. This approach employs the concept of efficiency
pased upon the theoretical minimum energy required to perform the chemical reactions of

the refining or other process. This did not suggest to FPC that the theoretical minimum
can be attained in practice. However, it defines a fundamental expression of efficiency
that is independent of the use that is made of the fuel, and hence, direct comparison of
this efficiency for any fuel consuming process can be more meaningfully made, according

to FPC. By defining efficiency as the ratio of minimum energy to the actual energy used,
the various industries can be more meaningfully compared in regard to utilization of
energy. One refinery uses approx1mately 563,000 Btu's to refine a barrel of crude oil,
which compares favorably with the United States average of 637,000 to 682,000 Btu's per
parrel of crude. However, the theoretical minimum energy necessary to accomplish the

(24) Thus
measuring actual fuel "efficiency" against that standard indicates that efficiency is

refining process which is no more than approximately 60,000 Btu's per barrel.

only slightly in excess of 10 percent. The equivalent efficiency for selected industries

is as follows:

Product Energy Efficiency
Petroleum 9%
Steel 21%
Aluminum 13%
Cement 10%
Paper 0.3%

Thus, petroleum refiners in general do not outpace other industries in the overall
efficiency of energy use.

The FPC further stated that boiler fuel use of natural gas in refineries or chemical
plants cannot be justified to a different extent than boiler fuel use in other contexts.
The United States is confronted with an apparently continuing diminution in the supply of
natural gas which will require progressively greater conversion of facilities to use
alternate fuels. While the burning of natural gas in boilers may be a more efficient use
of natural gas in absolute terms than some other non-boiler uses, alternate fuels can be
more readily substituted and the facilities can be more readily converted in the boiler

context than with respect to other industrial uses.

Several factors stand out. First, a broad range of issues were considered. It would
appear at present that the energy efficiency issues did not have a high priority in the
decision. Second, energy efficiencies for alternative end uses of the fuel ("the desir-
ability of the gas going to one user rather than another") bear on the problem. To
address this, one would have to know the end users, and their efficiencies, to make
comparisons. This could be exceedingly difficult in cases such as pipeline gas. Third,
site-specific aspects of the environmental impacts of alternatives must be evaluated be-
fore comparisons can be made. Fourth, the FPC compared real vs ideal efficiencies for
various industries. The implication seems to be that fuels should be denied to industries

which are farthest below their theoretically ideal efficiency. If that were the case,




then the steel industry should have allocated to it all the fuel that it needs, and the
refineries should be cut off because of their low rating. This ignores fuel or energy
quality, or in this case, materials and energy quality. It appears that a balance must
be struck between efficiency for the sake of efficiency and the need for diverse types

of energy and materials. Indeed, FPC recognized this in stating that "refineries convert

fuels to useable forms as well as consuming it."

Apparently, FPC did not consider some oil-related impacts in using oil as a refinery
fuel, such as dollar outflow to OPEC countries, fuel 0il shortfalls, and other matters.

FPC did not use net energy analysis, but did use the "second law efficiency” analysis
advanced by the American Physics Society. It could have conducted a net energy analysis.
Specifically, it would have found  out which option actually yielded what amount of various
fuels. This case is discussed in detail as one example of the potential application of

net energy analysis.

D. Summary

In summary, it is evident that net energy analysis has potential applications in many
types of decisions, through many mechanisms, and by various. techniques. It also has limit-
ations and problems;(25’26) We close this discussion, however, with an emphatic state-
ment that other factors must influence responsible decisions. These include: (1) economics,
(2) environment, (3) national security and safety, (4) energy mixes and substitutability
of energy of various qualities desired by society, (5) lead times in development, (6)
institutional restraints and regulations such as fair trade, discrimination, etc.,

(7) availability of materials, water, transportation, labor, capital and other components
of energy production, (8) local attitudes and growth, (9) potentials for effectiveness of
energy conservation, (10) the need for sufficient energy of various qualities at a

'reasonable price, and (11) depletion rates of various resources.
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