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Energy nnnlysii is the modeling of systems accompanied
by an evaluation of the energy flows inherent in the system.
It includes a synthesis of parts into whole patterns where
energy flow is used as the common unit of measure among
parts. In practice, energy analysis starts with a diagram
of important flows, structures, storages, and process intar-
actions. Such a diagram is accompanied by numerical evalu-
ation and appropriate tabular documentation. This evaluated
enercy diagram shows simultanecusly energy balances, energy
transformaticns, kinetics, material flows, information flows,
and work transformations. From this basic energy diagram,
varicus aggregate calculations and simulations can be car-
ried out. These result in an evaluation of the role parts
of the system play in maintaining the vitality of the whole.
Energy analysis shows common characteristics among systems
of different types and suggests new energy concepts.

Tha energy flows of one type required to support energy
flows in another part of the system define the energy cost
of that part, and the energy cost is often a measure of the
potential value of the part to the system as a whole. The
guality of energy is measured by the Calories of one type
that can generate a Calorie of other types, and the ratio
suggests which features of the system must have large ampli-
fier effects to justify their accumulated energy cost.

Az part of the basic science of energetics and systems,
energy analysis diagrams have been used for a half century
in many fields to show overall relationships and resources.
In recent vears, as fossil fuel supplies diminish, overall
environmental energy analysis procedures have become of
special interest for showing the energy basis of the economy
of humanity. This iz a description of some of the methods
of enargy analysis as used both to understand the energetics
of man and the biosphere and to evaluate alternative choices
in energy use. The paper is divided into four parts. The



first section includes a description of the basic energy dia-
gram and some of the theory which underlies data preparation.
The second section discusses the concept of energy quality,
its evaluation, and its significance as a value measure. The
third section applies the concept of energy cost and energy
guality to real world natural and economic systems. The
final section applies these same concepts to some alterna-
tives of special interest in energy policy-making today.

Preparing Energy Analysis Data

Data in several forms are required for a full energy
analysis of the system of interest; these data are derived
from an evaluation of the heat equivalents of energy flows.
Certain theoretical factors which explain the cbserved pat-
terns of energy flow in many systems aid in data preparation
and in diagramming. In this section, the energy symbols
used in diagramming are given first along with an example.
Second, the evaluated energy flows (as heat equivalents) in-
herent in the example are given--a first law evaluation.
Third, the maximum power theory, which may explain observed
patterns of energy flow, is introduced. Fourth, some charac-
teristic webs of energy flow which develop because of the
maximum power theory are given. Finally, the concept of en-
ergy of equivalent guality is discussed via an energy cost
diagram.

Energy Symbols and Diagrams

Althouch different symbols have been used by different
cuthors diagramming systems for warious purposes, the full
potentizl of energy analyzis reguires that the symbols carry \
mathematical and enercetic meaning sim:ltanecusly. For this, e
the energy analysis symbols in Fig. 1 are available as used
and described in many books and papers since 1967 (1). &n
energy analysis diagram of Silver Springs, Florida, is given
in Fig. 2 which shows the flows of energy of many types and
in several forms. It indicates how these flows interact as el
they do work and shows all flows ultimately leaving the sys-
tem ags degraded heat. While Silver Springs is predominately
a "natural™ system, note that its economic component is in-
cluded in Fig. 2. As the diagram indicates the work of the
natural processes interfaces and attracts the flow of money
in tourist-supported developments.
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First Law Evaluation; First Law Diagram

The next step after diagramming the system is a numeri--
cal evaluation of the energy flows.
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In Fig. 2 the average heat equivalents storéd or flowing
per time are written on the diagram giving the reader an
overview of the pattern of external inflow of resources, the
inside storages in structure, the processes, and the feedback
control acticns. Heat equivalents are the Calories of heat
obtained from each form of energy if converted into heat.
Since transfer into heat by definition and by the first law
is 100%, heat equivalents are the common denominator of all
flows. Even flows of material and information have energy
accompanying them.

All inflowing Calories must be accounted for in storages
or outflows. If the diagram like that in Fig. 2 is in steady
state, inflows egual outflows. BA heat equivalence diagram is
a "first law diagram”. There is generally no controversy in
concepts about making a first law diagram, although there is
amnple room for error in getting the pathways and values
correct and comprehensive.

Maximum Power Thecries

Heat equivalence measures, or first law measures, pro-
vide no information about the potential value of the energy
for performing some work function. Second law consider-
ations, however, do. More precisely second law consider-
ations in combination with a time measure of energy flow
{(which allows energy flow per unit time to be maximized)
may, in fact, explain why systems develop certain standard
organizational designs. The observed patterns of energy
flow and transfer in many kinds of systems seem readily ex-
plained by the theory of maximum power. This theory, if
general, may make possible the restructuring of science to

view systeus of meny kinds as special cases of a few general .

patterns. The similarity in the design of systems helps the
process of energy analysis, since energy diagrams can be
drawn more easily when the basic plans for the shapes and
configurations of pathwayes are suspected in advance.
Apparently first clearly stated by Alfred Lotka in

1922 (3}, the maximum power principle states that systems
- which maximige their flows of energy survive in competition.
Among the observed properties of real energy webs, which
seem to be explained by this principle, are the character-
‘istic patterns in Fig. 3. Here the potential energy in the
scurce is transformed to a new kind of energy represented by
the storsge. Some of it is degraded in the process and some
is transformed into a higher gquality form with new charac-
, teristics. Some of this stoxed higher quality energy is
fedback in loops to interact with and amplify the incoming
flow of lew quality energy from the scurce. Systems develop
chains of these storage-feedback units forming discrete



energy levels. The transformation of energy from low to high
guality via webs of storage-feedback units is apparently what
allows power to be maximized in the system.

The objective procedures of energy analysis given here
do not require acceptance of the generality of the maximum
power principle. However, the possibility that all systems
can be easily generalized with these energy principles is
responsible for some of the excitement developing in this
area of science. Details on the maximum power theories are
given elsewhere (1). .

Characteristic Webs

Figure 4a shows this web of storage-feedback units found
in real systems such as those of the biosphere and the econ-
omy of humanity. Note that the flow of energy from a pri-
mary source simultaneously generates diverging flows that
converge back and interact again. Examining any one storage
unit on the diagram suggests that several energy inputs are
required to sustain that storage. However, tracing pathways
back in the web shows that simaltaneous diverging and recon-
verging pathways provide all inputs, each the by-products of
the other. For minimum waste the flows can be adjusted so
that no one of the necessary interacting pathways is any more
limiting to the storage than another.

¥When the energy from the source or sources on the left
diverge, converge, interact, and loop in the characteristic
manner shown, potential energy is degraded and dispersed in-
to the heat sink. 1t is no longer usable for work. As a
result; the pathways on the right have relatively few heat
eguivalents, althouagh their role as feedback controls may be
just as important and essential as the flows with larger
heat content on the left., The flows and structures on the
right require the flows on the left, and vice versa. .

Diagram of Coat Ecuivalents

After an energy web is drawn and the flows of heat
equivalents are evaluated, the diagram shows the manner and
extent to which the energy flows within the system depend on
the scurces of energy. Another copy of the epergy diagram
can be used to write energy costs on all the pathways. This
tecomes an energy cost diagram. Figure 4b is an example.

It is the same as Fig. 4a but evalpated in energy units of
equivalent quality rather than in heat equivalents. The
energy cost in solar equivalents of each flow is written on
the pathway. Since there is only one source for all flow
pathways in this example, all pathways have the same numeri-
cal cost value. The values on an energy cost diagram are



not additive. Pathways diverging from a production process
each have the same cost equivalents. When they reconverge in
an interaction process, the output is not the sum of the con-
verging flows. The cost value is that of the flow originally
responsible for the interacting flows. In this example, the
sun's flow is the cost of all the derived renewable flows.

For several purposes of energy analysis, the equivalent
cost diagram is a basic tool for determining which flows are
important. In it all numbers are expressed in Calorie egquiv-
alents of the same type.

In examples where there are two different outside energy
sources, the energy cost equivalents of twe interacting flows
may be greater than the cost in cases where all flows are
mutual by products of one source. In that case, observed
energy cost equivalents on the diagram may not be the thermo-
dynamic minimum cost.

Evalustion and Significance of
Energy Quality

The discussien above indicated that the heat equivalent
of an energy flow does not reflect the energy cost required
to sustain the flow. The energy cost of sustaining a flow
or a storage is a measure of its energy gquality. Many heat
equivalents are lest to the heat sink when low quality energy
ie tranceformed te high guality energy. The more transfor-
mations that occur, the fewer heat equivalents that remain.
But, as we have seen, the high guality energy with few heat
equivalents is recuired via feedback to maintain the pre-
ceeding transformations. MNeeded is a means to evaluate this
energy guality at each step. This section introduces a
method for that e¢valustion and suggests that energy quality
may be a measurs of value.

Work and a Scale of Energy
Quality Transformation

Maxwell defined woxk as energy transformation. Repre-
sented by Fig. 4a and cbserved in svstems of all kinds are
chains of energy transformation in which the Calories of heat
equivalence are gradually converted into degraded heat of
low guality while upgrading the remaining energy stepwise in-~
to higher and higher guality (Fig. 4). For example there
are food chains like that in the Silver Springs diagram of
Fig. 2. Similar chains occur in the energy transformations
of the human industrial economy, in the chains of energy
transfer in the sarth's processes and the chains of bio-
chemical action in cells, etc. s

If a system bssed on one energy source has been maxi-
mized for power transformation with the least waste (as



compared to alternative designs), then the ratio of two flows
"in a web diagram is the efficiency with which one type of en-
ergy flow is transformed into another. For example, in

Fig. 4a the ratio of B to A is 0.1%. The reciprocal is the
number of Calories of one type of energy required to generate
another type. In this case, 1000 Calories of flow A are re-
quired to generate 1 Calorie of flow B. This energy quality
ratio is defined as Q.

Calorie flux of type A
Q= Calorie flux of type B

in Calories per Calorie

If the type of energv which is the input is put in the
numerator and the type of energy that results from the trans-
formation is the denominator, then the energy quality ratios
are greater than 1. The energy gquality idea is simple in
chains from single sources. It is simply the energy of one
type reguired to develop energy of another type and is a
cost measure of the relative value of two types of znergy.
The ratio of the two flows of energy in heat egquivalents is
the energy quality factor foxr that tranmsformation. It is
hypothesized that there is a minimum energy cost for a trans-
formation at maximum power. That cost represents an inherent
thermodynamic limit below which no improvement can be made.
It is further reascned that systems that have had a long
pericd of =volution and survival under competition have ap-
proached these thermodynamic limits. Thus it is useful to
develop tables of energy quality factors by evaluating en-
ergy analysis diagrams of long established systems. When
there are two sources, energy guality is calculated by ex-
pressing one source in quality units of the other type,
using anergy guality factors relating the two types of en-
ergy as independently determined (4). The complex web of
varied flows that develops is apparently necessary to maxi-
mizing each flow. Cost factors can bs given in solar equi-
valents or in units of some other type of energy. Coal
equivalents are often used. An analysis of a system which
transforms the energy of the sun into wood and then into
heat engines, indicated that 2000 Calories of sun areée re-
quired to produce 1 Calorie of steam, a Q ratio of 2000
Cal/Cal. Do the geclogical processes which produce coal
from sunlight do better?

Diagram of Energy Quality Ratios

Having drawn & first law diagram and a cost equivalence
diagram, numbers for a diagram of energy guality ratios (Q)
are cbtained by taking the ratio of the cost equivalents to
the heat equivalents (as in the example of Fig. 4c). This
diagram shows the solar Calorie cost of each Calorie of



other type of energy flow. BAs one moves further downstream
from the energy source, the ensrgy guality ratio increases.
Sometimes a table of cost equivalents is used to evaluate the
diagram of energy guality factors which is then used with the
first law diagram to calculate the diagram of cost equiva-
lents.

Cost and Potential Effect

Procedures thus far have shown how to calculate. the
energy cost of swvstaining some component of a system. But
how can the effect of that component on the rest of the sys-
tem (via its feedback pathways) be evaluated? In other
words, whet is the value of the pathway to the system? The
maximum power theorvy suggests that the energy cost of a com-—
ponent determines how its feedback flow will interact up-
stream. For the long selected system, energy costs may have
heen minimized and energy amplifier effects are similar. In
that case, energy cost measures energy effect and, therefore,
is a measure of the energy value of the component to the sys-
tem, In other words, the ultimate potential walue of an en-
ergy flow is egual to its minimal energy cost, and it may be
safe to assume that systems which have existed for long time
periods have minimized their energy costs. Furthermore,
maximum power theory as well as observed system structures
suggests that the development of a web of energy flows which
produces many kinds of energy at the same time is the most
efficient way to transform energy to higher guality. '

For new, developing systems such as some new energy
technologies, energy costs may not be minimized as yet. In
those cases, present energy costs may exceed their effect.
From the maximum power principle, however, it may be postu-
lated that any unit that does not feed back with an ampli-
fier effect that is at least as great as its energy cost may
be a liability and will tend to be eliminated.

When humsns manipulate the energy flows in the economy,
they affect the manner in which fesdback flows interact with
and ampliify the upstream processes. Flows of energy which
have high potential value (because of their high inherent
energy costs} should be saved for uses with high amplifier
effects.

Many new technological mechanisms for energy transfor-
mation arrangad by man seem simple at first glance. But an
energy diagram of those mechanisms {which forces one to
identify the sources of energy) indicates that large amounts
of high guality energy from a complex web of natural and
economie interaetions sustains the new mechanism. The new
machanisms may use more energy than natural processes. For
example, Kemp (13} analyzed desalination plants and found
that the production of 1 calorie of chemical free energy of




fresh water required 3.1 calories in energy cost expressed as
coal equivalents. This is about 6000 calories of energy cost
in solar egquivalents and is higher than natural desalination
by the sun in world weather processes (3215 cal/cal as given
in Table 1).

Paradox of the High Energy Cost of
Flows of Low Calorie Content

Implicit in this discussion is the fact that the energy
cost of maintaining a flow or component increases as the heat
calories that flow contains decrease. It is postulated that
this concept is general because it is a property of all real
energy webs cbserved. In energy diagrams, such as that given
in Fig. 4, the less a flow at the right seems to involve heat
equivalent energy, the more heat eguivalent energy there is
behind it making that flow possible. Flows of waluable
materials, information, human service, etc. seem to be low in
enargy whereas the ensrgy flow that makes them possible may
be very large. :

Webs of Energy Flow in Nature
and in the Economy

This section applies the concepts developed thus far to
some examples of real world energy webs. By applying the
concepts of energy cost, energy guality, and energy effect
as well as the possibility that systems organize themselves
into wabs which maximize power, a great deal of insight into
how real world systems function iz possible. First consider
the earth's surface and its biosphere where the energy web
is mainly based on scl=zv energy. Second, consider energy
webs controlled by humane with economic components.

Solar Based Energy Web of the
Biosphere and Earth'’s Surface

Usually the flows of energy in the biosphere are con-
sidered in parts as dictated by such discipline boundaries
as meteorology, oceanoography, and geology. But energy flows
across discipline boundaries in the real world. The real
world biosphere system operates as a web with all parts work-
ing in uvnison. Fig. 5 represents an attempt to diagram the
many kinds of energy transformations and feedbacks that take
place in the biocsphere as it develops the wind, waves, and
rain and its land cycles, chemical transformations and bio-
logical productivities. In the process of diagramming the
bliosphete model, many controversial guestions were raised.
Before all the pathways can be evaluated with confidence,
some of these guestions will need detailed analysis and some

W



require advances in science. Current calculations in heat
equivalents are given in Table 2 and on Fig. 5 (a first law
diagram). Part of Table 1 was assembled from the ratios
found.

The peint is that energy analysis models are one way of
stating hypotheses for further testing. TFor example, ac=-
cording to older theories, the uplift of land in mountain
building receives energy from the residual temperature gra-
dient between the deep earth and the surface (note the flow
from residuoal deep heat to continents in Fig. 5). An al-
ternative theory, which emerged as Fig. 5 was being devel-
oped, is that there is encugh energy from the sun going into
crustal work to drive most of the uplift cycle. MNote (Fig.
5) that energy from the sun becomes part of uplift proces-
ses through the hydrolcgical cycle, through chemical poten-
tial energy deposited in sediments from photosynthesis and
other biosphere activities, and from the heat from radio-
active substances that are concentrated into the surface
cycle by differential photosynthetic, sedimentary, and geo—
thermal activity.

The heat emerging from the earth as potential energy
is about 1.27 calories per square meter per day (12). For
a temperature gradient of 300°C (from 600°C to 300°C over a
depth of 35 km) the Carnct efficlency with which work could
be done is 50%. Such a zystem, if operating at maximum
power, might do mechanical work with 25% efficiency and pro-
duce 0.32 calories per square meter per day as mechanical
work. Figure 5 shows more than this much work in rivers.
The photosvnthetic production buried in sediments is large
enough to account for a good part of the emerging heat.

Energy Wes Controlled by Humans

Where pathwaya in a web #re controlled by humans,
money circulates in closed loops and flows as a counter cur-
rent to the flow of energy (see Figs. 4d and 6). How and
under what circumstances are the money flows and the energy
flows related?

Ir order to examine the relationship of energy and
money, we consider four cases: the relationship (i) at the
point where energy obtained externally enters a system, (ii)
within a eirculating money-energy loop internal to a system,
{iii) in the overall U.5. economic system, and {iv) in cir-
culating monay-anergy loops at the end of the system web
{the terminal or most down-stream point in the system).

Consider Pig. 6 in examining the point whes energy
enters the system. Money (the dotted lines on Pig. 6) cir-
culates around the feedback loops involving humans but not
around the pathways of the environmental systems noxr does
it flow out of the system toward the sun or fuels in the
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'_ g‘rmﬂ Cléaﬂj--} the amount of work (energy effect) that
'goes with the circulating flow of money depends on those
-external inflows from the sun and fuels. But the money flow,

at the point where external energy flows into the system,
buys only the work that is being fed back from the econcmy
that processes the energy. At that point, money does not
reflect the eventual effect of the external energy. There-
fora, the monay flow at that point is not proportional to
the amount of energy entering from the external source.
Second, consider the relationship of money to energy
within 2 loop intermal to the system. How do economic price
mechaniems affect these internal energy flows? By elimina-

“ting limiting factors, the price mechanisms of an open market

tend to facilitate the maximm flow of power through the
vhole network. Foxr sxsmple, when a coomodity becomes scarce
and the price riges, more money {(and thus more energy) flows
through that pathway from upstream; that is, more money flows
through the pathway in which the shcrtage ocecurs. The result
is elimination of the shortage. When a commodity is scarce,
cbtaining sone of that commodity results in more snergy
effect then under non-scarce conditions (bscause obtaining
the commcdity openrs a bottleneck of flows). Thus, that
comodity is temporarily more valuable and justifies more
energy cost. It is well established in economics that money
flows inte a pathway in response to the marginal effect of
that pathwey as & limiting factor. More money flows toward

. the commodity that is limiting output than toward any other

commodity irvolved in producing the output at that time. It
appesxrs then that money flows are proportional to energy
coats when energy costs and energy effacts are equal. Fig. 4
represants muoh 8 case. However, in the more usual examples
of the present time whera the economy is in a transient state
and is heavrily subsidized by fossil fuels, some enexgy flows
are belng used with less energy effact than their energy
cost. In these cases, money flow and energy costs are not
proportional. Separate money and energy diagrams identify
such cagea. To ahow the full facts of systems of energy and
econcmics, a separate diagram of money flow should be in-
cloded with tha first three already mentioned (Fig. 44).
Third, consider the case of the U.S8. economic system,
The overall monay circulation (real GNP) can be related to
the overall rate of energy inflow as a Calorie to dollar
ratic. This ratio changes with time and measures overall
inflation. The ratio of energy inflow to dellar of GNP de-
cresses with inflation. While one can calculate an energy

' +o dollar ratio whare the energy counted is only that of

concentrated fuelis, a more meaningful ratio includes all
sgurces, =olar energy ag well as fossil fuels. As indicated

by Pig. 6 and others, the money flows depend on solar energy
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{as it is processed by the environment) as well as on con-
centrated fuels. Several questions were raised at the sym-
posium about the possibility of double counting where the
ratio of GNP to total energy flow iz used to estimate the
approximate energy contributions of goods, services, labor,
and other inputs to a sector. These guestions are addressed
in a note (14).

The final case is that of the money-energy relationship
at the end or temrmination of the web. In a system like that
of Fig. 6, the high guality pathways at the end of the web
{the far right on the diagram) contain a flow of energy
which is the convergence of most of the energy interactions.
These terminal flows may have nearly the same ratio of ener-
gy (in cost equivalents) to dollars as the overall system
does. Given data on the flow of dollars in these terminal
high guality loops, an estimate of the energy flow (in ener-
gy cost equivalents) can be cobtained by multiplying by the
enexrgy flow/dollar flow ratioc for that year.

Among the high guality loops at the high guality end of
a web are the feedbacks of human service. These have very
high energy quality factors and high amplifier control ac-
tions at their work interactinns. Energy to dollar raties
are appropriate for estimating the energy cost involved in
these feedbacks. The Erergy Quality of a medical doctor's
sexrvice may be as high as ¢ x 1012 golar calories per Calo-
rie.

Considerable controversy exists as to what part of the
enexrgy support of humans as consumers is a regular necessary
part of the support of the feedback. Maximum power theory
and experienca in analyzing systems suggests caution in dis-
missing as unimportant any part of a working and competing
system, Because of itg high quality and thus high energy
cost, human sexvice is the major part of any energy analysis
and cannot be omitted.

Evaluating Alternatives

After energy diagrams are prepared and energy gquality
factors estimated, special calculations can be made to sug-
gest which features of a system or proposed system are ener-
getically important. Examples of such calculations are
given in this section for some cases of special interest in
enexrgy-environmental policymakine.

Evaluating Net Energy

Net energy iz the difference between the yield of energy
and the fesdback raquired in a process, where both flows are
expressed in Calorie equivalents of the same type. A net
energy calculation.is made to evaluate a single source to

ol
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determing how important its contribution is. Figure 7 is an
exanple. As in procedures previosusly described, heat equi-
valents of the flows are determined first. Then, using
tablés of guality factors, sclar or coal cost equivalents
are estimated and written cn the diagram. The difference
between yield and feedback is the net energy (Y-F).

To interpret the importance of the source to the econo-
my, the ratic of the yield to feedback is calculated. High
ratios mean that the source can support the development of
more activity in the economy downstream to the right. When
the yield ratic is small, there is little energy to support
activity other than that which supplies the necessary feed-
back. A system with only one source which has developed a
steady state has no net energy since it feeds back energy of
equal cost to that delivered (as illustrated by Fig. 4b).
Where there are several sources and/or where there is growth
with feedbacks not yet fully developed, analysis of a single
source (as shown in Fig. 8) can indicate the role of that
source in supporting more economic development. A whole
system which is in steady state has no net energy; it feeds
all of ites work from net energy sources back to amplify
interactions, subsidizing other sources, and maximizing
power (as illustrated by Fig. 6}. .

The U.5. is running now on many sources with yield
ratios of abont & units yield for 1 fed back.* Sourceswith
higher yield ratiocs than this are good primary sources and
contribute more to the economy. Sources with a lower ratio
‘are being partially . sibsidized by the main economy, since
they yield less per unit received back than their competi-
tors.
Az wae Iindicated =arlier the amount of circulating mon-
ey asscciated with the production of an energy source does
not indloate the energy contribution of that external source.
It only affects the overall energy to dollar ratio later. &
source need not e a good ons {(competitive) or have net ener-
gy to be sconomic.

Evaluating Secondary Sources

A secondayy source is one that does not yield net ener-
gv although it does bring in additional energy to the system

*Tn caleulating the net energy and yield ratios of primary
energy sources using the method described here, the energy
costs include those associated with concentrated fuels, la-
bor, and soldr ensxrgy as it is processed by the environment.
All of thess are necessary inputs and are present in the .
feedback loops which allow the source to be develog: All
must be evaluated in equivalent energy cost units prior to

surmming.
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from the outside. A secondary source receives more energy
in feedback than it draws from the environment, where both
are expressed in Calorie cost eguivalents of the same type.
However, secondary sources are a major, necessary part of
systems that have an excess of high quality energy from one
or more primary sources. High guality energy does not
generate effects commensurate with its energy costs unless
it can interact with large gquantities of low quality energy
such as sunlight. For example, energy in rivers and fossil
fuels must be used in interaction with landscapes and solar
energy to generate as much work as these sources cost, The
more the high guality energy can be spread out to interact
with the solar energy the greater amplifier action it may
have. Examples are irrigation, tourism, forestry, and
fisheries. All of these depend on high quality fossil fuel
sources which feedback, interact, and amplify the solar
enexgy reguired for crxop producticon, forestry, fisheries,
and tourism. But as these systems are now operated, solar
energy is a secondary source and the high quality fossil
fuels are their primary energy source.

Evaluation of the secondary source interaction with
high guality feedback is done in the example given in Fig. 8
Heat equivalents are evaluated first. Then cost equivalents
of the same quality ars evaluated. Then an investment ratio
is calculated, The investment ratioc is the ratioc of feed-
back to the flow of new resource, where both are expressed in
Calorias of the same guality. A source is competitive when
high quantitier of new external energy are brought in per
unit of feadhack energy invested to make the process possi-
ble. In the U.5. as a whole, a usual ratio of feedback to
inflow iz 2.5 to L (both in energy units of the same quali-
ty}, 2.5 Calories of energy invested via feedback for each
1 Cealioria thet investment brings in externally. Ratios low-
er than this are economic; ratios higher than this tend to
be lezs competitive.

Evaluating Consumer Feedbacks

Some of the higher gqualitv feedback loops of systems,
such as hupan medical and governmental service, feedback
their work with little direct interaction with external
energy sources. Their contribution to maximizing power in
the system iz in providing special mechanisms, materials,
parts, controls, and information. Evaluating their contri-
bution involves comparison of their energy cost with their
enexgy effect. Energy costs can be obtained from the basic
energy diagrams showing the energy flows reguired to de-
velop feedback. The =iffect, however, can be deterxrmined
only by disconnecting the pathway and cbserving the energy
flows with and without the feedback interaction. Often
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these numbers are found by comparing similar systems which
differ in having the concerned pathway. Often simulation
madels are used. This concept of consumer feedback with
consequent amplifier action on the whole system can be illus-
trated by three examples, one involving no humans and two
where humans are essential.

L tropical forest plantation of Cadam treesz in Puerto
Rico has a prnﬂuetx?& net yield of photosynthesis 20 g/m?2/
day (80 Calories/m?/day wood equivalents) as a monoculture
without many consumers {5). 1In contrast, a fully developed
ecosystem nearby (with fully developed consumers feasding
back in an organized manner) showed an increase in this ba-
sig primarg production. An increase of 7 gfmzf&ay (28
Calories/m*/dav), most of which was used by the consumers
without any net energy, was measured. The system with con-
sumers contained more anergy flow (power) than the same
system without consumers. Most of the web of producer-con-
sumer interaction was required to maximize power

in systems involving human consumers, many think of
human consumpition as the terminal purpose of an economy. In
contrast, human consumers really act as units which feedhack
services necessary for maximizing power under compaetition.
Agriculture and space heating provide two examples.

Only in primitive subsistence agriculture was crop pro-
duction a primary erergy source that yielded net energy. 1In
subsistence agricultuce, vield ratios are about 2 teo 1. By
the time human activities are coupled back into the system,
the yield ratic is closer to 1 to 1. Most industrial agri-
culture now veceives more epnergy (in the form of fossil
fuels) back from the =conomy than it yislids (all energies
measured in cost sguivalents). Thus industrial agriculture
is new A secondary source of energy. It is characterized by
ratios of feedback to Inflow energy of 2-10 to 1 (vield
raticsz of 0.1 - 0.5 o 1). When agriculture {(or other simi-
lar seler technologieg) are carvied out in tiny areas such
as greenhouses, ratios of feedback energy to inflow energy
are very high, 1000 to 1 or mere (both in Calorie equiva-
lents of the same guality), or yield ratios of 0.001 to 1 or
lesz. Since they take far wore energy from the economy
than they contribuce, such operations are not sources of
energy. Rather, thesa operations are consumer devices that
use solar energy to aid the flow of some other kind of ener-
gy. For sxample, greenhouse vegetables could be necessary
for the health of human beings on a desert island; the am-
plifier action would be that of the health differential and
the anercy cost would be Justified because of its effect on
human health. The ensrgy effect is to increase the power
flow of the entire system (because the human population is
healthier and can interact and do more work in other parts
of the system).



15

Heither a gas water heater nor a solar water heater
yieids net energy. 2 gas water heater takes 11 Calories to
generate 1 Caloris of hot water. An evaluation of solar
water heaters as an energy conservation action (in compari-
son to natural gas heaters) suggests a savings ratio of 4
Calories per Calorie; the system deoes still not yield net
.energy. However, space heating is clearly required for hu-
man productivity. It should be viewed as a consumer device
which is energy costly, but which is also energy effective
via all of thes feedback pathways involving human productivi-
t‘Y" + &

In summarv, excess energy does to consumers who feed-
back with an amplifier effect and make the whole system more
aeffective. Undoubtedly in times of expanding energy, a
system, which is already ahead of others in competition for
power, gensrates net energy that goes to consumers but does
not immediately feedback to ampiify some other flow in the
system. The maximumm power theory suggests that svch unloop-
ed consumer flows are fairly random, but are creative, and
after later selection, =f{fective feedback interactions de-
velop. As energy excess Jdecreases and growth slows, those
faredbacks with greatest effect wiil survive: unlooped con-
sumer flows will not. In order to plan for times of decreas-
ing nst energy, it is impertant that we begin evaluating the
energy cost and energy effect of the multitude of consumer
feedbeck loops existing in cur eCconony.

Alternatives

Messures proposad Lo conserve anergy can be evaluated
an a Calorie per Caloris basis. The feedback of conserva-
tion service such as providing housing insulation or im—
proving car afficiencies can be evaluated in Calorie cost.
Calorie savings can then be' compared to the Calories fed-
back in the =zavings effort (where both are expressed in
energy eguivalents of the same quality}. If the ratio of
savings to fasdback is greater than one there is a net éner-
gy contribution. The feedback is usually one of high gual-
ity goods and services, and data are usually expressed in
dolliars. The U.3. Faderal Energy Administration has some-
times vsad the ratio of dollarxs spent to energy saved.

Thisn ratic iz akout the same as the ratio of energy spent to
energy saved, sinca feedback of high quality goods and ser-
vices can be evaluated with an ensargy to dollar ratio.

Evaluating Environwental Impact

The use of energy dlagrams and energy analysis for
evaluating envirormental impact has led to some exciting, if
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controversial, insights into the appropriate use of environ-
" mental control technologies. Environmental control tech-
niques are energy costly. The maximum power principle sug-
gests that their energy effsct in maintaining human health
{e.g. a flue gas desulfurization system)} and in maintaining
environmental flows or fisheries {e.g. tertiary sewage
treatment plants and cooling towers) ought to be at least
equal to their energy cost and should involve external sclar
energy where possibla. The investment ratios of these sys-
tems {(e.g. the ratio of energy invested in a tertiary sewage
treatment plant to the energy flow that investment involves
in solar energy interaction) ought to be as low as possible.
Our analyses at the University of Florida indicate that scme
advanced technologies have very high investment ratios. In
these cas=s, the energy flow in the environment that is
maintained or even amplified by the technology is too small
to justify so much economic investment. Technologies with
high investment ratics are poor usersof the conservation
dollar.

A better fit of humanity and nature is obtained by
coupling the wastes of the economic system to the natural
systems through interface ecosystems which can make more use
of solar energy Fig. 9 shows a general format for evalua-
ting such energy interactions with the environment. An ex-
ample ie the recycling of treated sewage into cypress swamps
as was carried out in our Florida experiments (Fig. 10).
Compare the investment ratios of two alternatives for hand-
ling secondary sewage. A tertiary sewage treatment plant
might be invoked to remove the nutrients from the effluent
prior to its release into a river. The investment ratio for
that alternative is 100 to 1 or more. At least 100 Calories
of enersy are invested in the treatment plant for each
Calorie of productivity in the coastal zone involved in the
process (all Calories equivalent in quality). The alterna-
tive evaluated in the Plorida experiment called for cycling
the secondary treated sewage directly into a cypress swamp.
The wastes were absorbed or transformed and valuable wood
growth accelerated. The energy investment in the system
(D in Fig. 9} was 11.5 x 10° Calories (coal cost egquiva-
lents) per year per acre and represented mainly the cost
of pipes and pumps. The energy flow from the swamp (expres-
sed in coul cost egquivalents) was 3 x 10® Calories per acre
per year (B in Fig. 9). The investment ratio (the ratio of
D to B in Plg. 9) is 3.8 to 1, a vast improvement over the
100 to 1 ratio involved in a tertiary sewage treatment
plant.

Farthermore, the mining and manufacturing processes re-
guired to assenble raw materials into a treatment plant de-
pend themselves on environmental energy flows. We have seen
over and over again through these energy diagrams that the
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economic processes with which money is associated rarely
take place in the absence of environmental processes (based
on solar energy). The economic processes both interact with
and depend on the environmental ones (e.g. manufacturing
depends on the wind to dilute and disperse its air pollu-
tants). The processes of mining and manufacturing utilize
and load the cleansing capacitiesz of these environmental
flows. For 100 units of energy invested in the tertiary
sewage treatment plant about one third is environmental
loading elsewhere. (The U.5. energy budget matches 2.5 coal
eguivalents of fuel energy with one coal equivalent of re-
newable environmental enargy). In the case of the treatment
plant, utilization of 33 units (100 x 1/3) is more than the
1.3 units (3.8 x 1/3) required for the recycling system. In
addition to being poor investments, the distinct possibility
exists that advanced environmental control technologies
actually cause more environmental degradation than they al-
leaviate.

Sommary

Eneryy analysis is the basic sclience of energetics of
open systems, which considers laws and principles by which
energy iLlow generates designs of structure and process. A
language of enecgy syribol diagrams helps develop models and
organize data for analysis and synthesis. Understanding the
contributions of axternal energy sources and internal mecha-
nisms is aided by preparing diagrams: (i) a first law dia-
gram of heat equivaient flows, (ii) a diagram with energy
costs exprecsed in Calories of the same guality, (iii) a
diagram with energy quality factors as related to sunlight
or coal and {iv) a diagram with money flows Energy analy-
gis studies are generating new concepts of energetics, sys-
tems organization, power spectra, and the energy basis of
economics.

Practical application of energy analysis includes cal-
culations of net energy to evaluate primary sources, cal-
culations of an energy investment ratio to evaluate secon-
dary sources, calculation of energy savings ratios to eval-
uate energy conservation ideas, end calculation of energy
effectiveness ratios to evaluate which consumer roles are
competicive.

Because of its generality, energy analysis may be use-
ful ag a point of departure in general education of students
learning the unity of the world system of humanity, econo-
micg, and environment.
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1f the question is: how much of the energy of the main
ecopomy is feeding back with feedback F, the answer is 2.5 x
1015gcal per year of which 40% was originally from the source
8, since source S with 10 x 1015 calories is 40 percent of the
total of 25 x 1015, If the question is what is the net energy
contribution of source 5., then one subtracts F from P. In
the example 10 - 2.5 = 7.5 x 1015Kcal net energy in fossil
fuel equivalents. The yield ratio B/F is 10/2.5 or 4/1. 1In
this example the sector is a net producer supporting other
sectors.

Suppose the guestion asked is, "What are the ultimate
energy sources for the sector?" In Figure 8, to obtain the
total energy basis of the sector one should add the inflow
from source (S5} to 60% of the feedback (F), since this is
the amount of F that is from entirely different sources.
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Table 1. Energy cost equivalents.

Type of energy Table Solar Calories
footnote per Calorie

Solar energy at earth surface 1 1 14
Tropical moist air 2 3.3
Winds s 3 3ls.
Gross photosynthesis 4 920.
Coal 5 2027.
Tide 6 3400.
Water World rain chemical

free energy 8 3215.

Rain potential over

land, E75 m _ 9 aBs70.

Potential organized in

rivers 10 10,950.

Chemical potential

ensrgy over land 11 15,320.
Electricitcy 12 7200,
Human service in world 13 257,000.
Human service in U.5.A. 14 418,000,
Work of land uplift 15  9.zx10%t

1. One by definition. 2, Ratioc of 4600 to 1400 in Tablel.
3. Ratio of 4600 to 14.6 from Tabhle 2. 4. Ratio of

1 /m 2/ :
600 Ca day to gross oduction timate for earth of
g.ﬂ Cai;iefﬂay 2). 5. 16,000 x 1ﬂi§ Cal solar energy

estimated to produce 5.6E Calories of electricity in a wood
power plant. Coal equivalents are 3.6 x electrical (see
footnote 12) egual 22.6 coal equivalents; 14.7 coal equiva-
lents were used in necessary feedback of woods services and
work of collecting wood. See reference (4). 6. Energy
analysis of tidal electric plant at La Rance, France,
expressing flows in coal egquivalents (CE) in FPig. 7. Solar
equivalents of ccal taken as 2000 Cal/Cal CE as in footnote
number 4. 8. BRatio of solar energy (4600 Cal) to chemical
free energy in rain (1.43 Calfmzfdayj. Total rain of world,



Footnotes to Table 1 (continued)

520,000 kn>/yr (9); 5.1 x 10 ~4 cal/g of rain from footnote
6 in Table Z. Calculation like that in footnote 6 of Table
2. 9. Ratio of 4600 Cal solar energy to 1.19 Cal rain
energy overland per m® per day, calculated as in footnote 5
of table 2 except continental rain used: 105,000 km*“/yr (9} .
10, Ratio of 4600 to 0.42 in Tsble 2. 11. Ratio of 4600
tn Q.30 in Table 2. 12. Ratio of Calories of coal input
to electric power plant to Calories of electrical output.
Input includes coal used as fuel and coal equivalents of
dollars spent on goods, services, and materials See
reference (4). 13. Ratio of 5140 Calfm Jday (4600 plus 540,
the solar equivalent of world fuel consumption) to 0.020
Cal/m?/day in Table 2. 14. Ratio of U.S5. Solar equivalents
(1.26 x 1017 cal/day) to human Calories (3.0 x 101! cal/day).
Solar equivalents are sum of U.S.solar energy_(solar energy
overland: (1.2 x 10%cal/m?/yr) (9.4 x 1012 n?) = 10.6 x
107 Cal/yr plus solar equivalent of fuel consumption (2000 x
17.6 x 1013 cail/yr.) Human Calories are product of 2500
Cal/person/day and 120 million pecple = 3 x 1011 cal/day.
15. Ratio of 4600 Cal to 5.0 x 10~ ° cal in Table 2.
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Table 2. Estimates for envirommental energy flows of the
biosphere in order of quality. See Fig. 5.

Type of energy Table Heat equivalents
footnote R

Solar energy not including
albedo 1 4600.

Solar energy reaching surface
including heat reradiaticn from

sky X 9000.
Evapotranspirational energy flux 1l 1400.
Ozone absorption process 2 B96.
Wind and storms ; 3 l4.6
Photosynthetic productivity 4 5.0

Potential energy of rivers
against gravity over continents 5 0.42

Potential energy of rain purity

compared to sea water over land 6 0.30
Tide 7 0.119
Human labor 8 0.020
Volcanic activity 9 0.0119
World fuel consumption 10 0.265
Gravitatiocnal work of land -9
uplift 11 5.0 x 10
Seismic activity 12 2.0 x 10714

1. Sellars reference (10). 2. 13% of insolation,
Ryabchikov (9). 3. Hubbard (8). 4. reference (9).

5. River runoff, 37,000 lmzfyr; average elevation, 875 m (9)

[ (10%em/m) (3.7 x 10%m°/yr) (101 °em km2) (875 Xm). (1 g/cm>)

3 =
(10 mfsaczl {2.38 x 10 11Ca1ferg} 1 + [ (365 days/yr)

(5.1 % lu-ﬁl‘mz area of earth) ] -
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Footnotes to Table 2 (continued)

6. Caiories free energy per gram of water = RT 1ln (100/97.5)

(2 cal/deg.-mole) (300 deg.) (0.0154) = 5.1 x 10 “cal./g
(18 g/mole) (1000 g-cal./Cal.)

Continental rain, 109,000 km3 {9).

[ (109,000 Xm>) (10 5em>/km>) (1 g/cm’) (5.1 x 10 cal/g) 13

[(5.1 x 10™n%/earth) (365 days/yx)l— = .30 Cal./m fyr. o °

7. .0058 mtts.a‘mz (8); unlike other flows, tide is not from
sunlight.

B. (4 x lngpanpla] {2500 Cal./ /person/day)

14m2fe arth}

= 0.02 Cal/m*/day
(5.1 x 10 :

9. .00058 watts (8).

10. 197C 3 x U.S. consumption

15
50 x 10 Cal/yr
14 2 = 0.265

(5.1 % 10" m Jearth} (365 days)

11. 3.6 cm uplift per 1000 years (7); 29% of earth surface
continental (8)

[ (10°cm/sec?) (3.6 cm) (.29 continental) (3.6 cm) (2 g/
cm:’} {2.38 x 10*111'.:.31}31'91 {m‘ m§m2] | T
[(365 days/yr) (1000 yrs) ]

12. (1500 x 10°%ergs/yr (A1)

20 =11 ..
(1500 x 10°) (2.38 x 10™ "cal./exg) _ , ., 10-M4.

(5.1 x 10 *n%/earth) (365 days/yr)
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Legends for Figures

1. Energy analysis symbols.

2. Silver Springs, Florida, example of an energy
analysis diagram evaluated with numerical values of heat
equivalents to form a first law diagram (2).

3. Typical sub-unit observed in all systems. Note
storage, depreciation, feedback, and production
(transformation work) process.

4. Typical form of energy web observed. (a) heat
equivalent numbers included to form a first law diagram;
{(b) with solar cost eguivalents written on pathways;

{c) with solar energy quality factors written on path-
ways:; these numberz were obtained by dividing those in
Fig. 4a by those in Fig. 4b; (d) dollar flow. '

5. Aggregated energy flow model of the main processes
of the earth's surface and the biocsphere. See Table 1
for numbers.

6. Energy flow in an aggregated economic model that
shows the relationship of human service as high quality
feedback in the U.S. Personal income, farm area and
fuel use for 1974 (U.S. Statistical Abstract).

7. Example of net energy evaluation of a single

source. Tidal energy converted to electricity. Both

electricity and feedbacks of goods and services are

converted to cost equivalents of the same type (fossil ,
fuels as used in heat engines abbreviated FFE). !

8. An exampie of evaluaticn of an economic sector and
source.

9. Summary of energy flows of the enviromment
attracting additional energies of investment and eco-
nomic development. Cost eguivalents are evaluated at
A or B and related to actual or potential energy flows
attracted at D.

10. Example of using a cypress swamp as an interface
ecosystem to recycle wastes and maintain a high ratioof
useful solar energy to purchased goods and services from
the economy (6). :
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