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ENERGY ANALYSIS AND RESOURCE SUBSTITUTION

Kenneth P, Maddox
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ABSTRACT

Conservation, currently a major issue in the national debate on energy
» is partly the encouragement of efficient energy use. As a means
‘ine energy efficiency, the net energy standard has been proposed.
hown, however, that the concept of net energy is not useful for
ng the performance of systems relying on and producing different
forms and that a broader analytical approach is necessary to ob-
redible results. That broader approach, energy analysis, assists
jdentification of opportunities within energy systems to reduce
tion through the substitution of resources. Energy analysis leads
the development of an additional analytical tool: the resource
rmation sequence. The sequence is suggested as a means to examine
ation efforts, and the implications either of substituting re-

to meet consumer goals or of restricting those goa]s are

ed, .
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ENERGY ANALYSIS AND RESOURCE SUBSTITUTION

INTRODUCTION

A major issue in the national debate on energy is conservation, and
a principal tool to achieve conservation is efficiency in the production
and use of energy. Though it is generally agreed that conservation is a
good thing, there are wide differences of opinion as to what criteria de-
fine efficiency. Standards of judgment range from the technical knowl-
edge of thermodynamics to the practical wisdom of self-interest, and no
ecumenical norm has been found to reconcile one with another. As a con-
sequence, energy conservation currently suffers from too much support and

too little agreement on how to achieve it.

~ During the past several years, much study has gone into describing
and improving on energy supply and use {8,20,22,23,26). The information
generated by this research will not by itself resolve the difficulties
in reaching consensus on what constitutes efficient use of energy. It
can, however, contribute to an understanding of why energy is used and
of how that use might be modified (9,10,18,21), so that the debate can be
conducted intelligently. - Specifically, analysis can be applied to com-
paring the performance of one system against another on the basis of
effects on energy (3,4,11,12). Data from such analysis provide means of
determining the implications attending the emphasis of one or another
technology or of ascertaining the impacts from general policy options.

The discussion which follows explores the utility of a set of ana-
1ytical methods in responding to the question of what defines conserva-
tion and efficiency. It first examines the effort to determine a single,
numerical measure of performance from a calculation of the production
less the consumption of energy, the net energy analysis. Then the more
general concept of energy analysis is introduced, and the information
that it provides is described. Finally, an application that results
from earlier analyses features substitution as a mechanism to identify
and test conservation alternatives. These three techniques + present an
evolution in attempting to relate analytical capability to the need for
jnformation useful to deciding the“issue of efficient energy use.

NET ENERGY ANALYSIS

Net energy analysis begins with the problem of whether energy pro-
ducing systems are likely to reach limits in their return on the energy
invested in them (5,6,24). The argument goes 1ike this: If an energy |
system delivers to society (i.e. other activities) Tittle more energy than
society is required to set aside for jts construction .and operation, the
"net energy" and therefore the merit of that technology are suspect (14, -
15,16,17). Similarly, comparison of one system with another demonstrates
which one is "thriftier" of energy and therefore more efficient. This
problem of the net energy return may be particularly important in inves- 3
tigating new technologies {25) that depend on resources that are more 3
difficult to find and exploit or on conversion of one energy form to an-
other, since such technologies have not yet been shown to be feasible |

using other standards of evaluation.
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,ha~ga11ﬁn of gas?}ine iquals approximately 125,000 Btu.
-ard. en, a gallon of gasoline is j i -
e]eétricity. equivalent to 36.6 kilowatt-hours of

The term net energy implies that return on ene in ]

pe positive for an energy system to be viable. ‘Oth:gxdsefeiﬁgegzefgit
system is_an energy sink, consuming more than it produces, and is not
peneficial to society at large. However, this distinction may be lost
depending on whether the natural resource on which an energy system is’
pased is included or excluded from the calculation (1 ,2,27?. In those
cases where natural resources are considered part of the calculation
there is inevitably no net energy production, as the laws of physics’ '

state that no system can create energy out of nothing and that there ;
are always losses associated with the supply and use of energy.  Con-
sequently, the technical definition of net energy excludes nat;:ral re-
sources, treating them as free goods, and deals only with the energy
‘products that can be used in operation of a system and those that are
produced by it. The net energy comparison is the energy product of a

R e R

 system minus energy expended by other systems to build and operate it.

Thg practicality of net energy evaluations rests on

assumption: different energy forms can be equated. 'If ngzeeﬁ§$33°:§§1-

yses are to work, an appropriate standard of comparison must be found to

velate the energy produced to the energy consumed to produce it. Thus

the derivation of a net energy number requires that electricity and forws

g{efgglugngno:sg§g$: ﬁ?tengzgl engrgy be measured on the same scale, and
shin credibili i

e e henne exists.g edibility of net energy is whether a

Several methods to determine equivalence for different

ene fi
have .been proposed. T@ey fall into four categories.- The firstrgg mgggiy
the use of the enthalpies, or heat contents. For example, the enthalpy
of a kilowatt-hour of electricity is equal to 3,413 Btu, while that for
Under this stand-

However, it can quickly be seen that comparin ici
a§4lgasoline strictly on their respective enthalpies ignoreg SL:??E;;}S%
&s&inctioqs that preclude practical comparisons. Electricity can per-
vm functions that cannot be directly duplicated by gasoline, and vice
ersa. - As a re§u1t,_the enthalpies of separate energy forms do not give
adequate equivalence by which to derive a net energy value.

i Secoqd method of trying to equate disparate ene
compare their relative scarcities. If therepis an estgggtzgrQZHi;egg
1y of natural gas and an estimated 400-year supply of coal, coal is
mes as plgntifu] as natural gas, and a Btu of natural gas is
efore forty times as valuable as a Btu of coal. This method suffers
WO ana!ytical flaws. It relies on current use rates of each re-
e, and it is founded on uncertain estimates of the total reserve or
¢e: base. The first o@jection~can be removed by comparing Btu of
ather than comparing depletion rates, but this does not reduce
certainty of resource estimations. Furthermore, it is not clear
he: relative abundance or scarcity of resources is alone a signifi-
>,terion of worth, and in fact numerous arguments can be advanced
‘effect that availability of supply is important only as it relates
gg;ﬁgg:sagd e1:st1city of demand. In sum, relative scarcities of
o not appear to : '
Qurces do no foggs. provide sufficient measures by whicﬁ to

hird.method is to rely on price as the indicat ¥h4k .
; or of value. 4
eads to no more than a partial economic analysis, since the nets V
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energy comparison becomes simply the cost of energy delivered by a syst E

- minus the cost of energy consumed by the system. Obviously, there ape eny. 4

several other cost components. that would be included in even a cursg :
economic calculation; consequently, a net energy analysis based on Price 3
indicators supplies less information of the same kind than could be ob. 4
tained better by economic methods. Price is not a satisfactory meang of o
establishing energy equivalence for a net energy calculation. «

The fourth category of equivalence is obtained by converting diffep.
ent fuels to the same energy form or energy potential. Electricity isa
commonly used standard.
to one Btu of electricity, since in modern oil-fired power plants the
efficiency of converting oil to electricity is approximately 33 percent, 4
Similarly, three Btu of coal translate into one Btu of electricity, pe. §
cause a coal-fired power plant likewise operates at an efficiency of 3
about one-third. Two objections to this method are readily apparent,
-First, conversion from one energy form to another is techno]ogy—depende,,t:
that is, the conversion efficiency can and does change according to Spe- 3
cifics of the conversion process. Since the efficiency with which elec. 3
tricity is generated has generally improved over time, the relative :
"energy worth" of electricity and of fuels such as oil and coal has par. ]
rowed according to this method, although there is no physical basis for §
such a finding. A second objection to this method is that it does not |
address the unique differences of fuels. A Btu of either o0il or coal
generates approximately the same amount of electricity, but there are
obvious qualitative differences between the two fuels that indicate they}
are not numerical equals in their uses. Thus this method, too, falls 3
short of introducing a valid rule of equivalence.

A11 four of these general methods to establish a standard measure I
which to conduct net energy analysis fail, and these failures are crucial.
They signify that there is no universal net energy calculation, because ;
there is no unambiguous energy measure that allows one energy form to
compared to another.. Energy cannot be treated as a single entity, be-
cause its various forms possess irreconcilable qualitative distinctions,
As a consequence, the seemingly straightforward concept of net energy
analysis must be replaced with energy analysis, a more comprehensive and
practical approach which rests not on the equivalence of energy forms b
rather on the comparability of the uses to which those energy forms can
be put.

ENERGY ANALYSIS

Energy analysis is the determination of the energy required to proj
duce goods and services {13,19). It can be used to characterize energyj
systems, but more generally it traces the energy components of productid
processes or services. This tracing is not by itself a standard of valu§
rather, energy analysis is an accounting of the amount and kind of energ
needed to support a specific activity.

The replacement of net energy analysis by energy analysis removes
the possibility of evaluating a single system by itself, because the in
ternal comparison by which energy produced is related to energy consumes
is unobtainable. (For the most part, this is not a serious loss. Posit}
net energy results would generally be useful in evaluating one system
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By this method three Btu of oil are equivalent o

ainst another; and so an internal figure of merit would not be essen-
: a1.) Energy analysis, on the other hand, requiref evaluation among al-
ternative energy systems, so that the issue becomes how one system per-
forms relative to another. ‘ ; ,

Even in comparing system performances, however, one still needs a
standard of equivalence. This standard is found by expanding consider-
ation of energy systems to include the functions that energy performs.

The production of energy is not an end in itself but a means of

satisfying demands for the services energy supplies. As a result, the

jvalence of two energy systems maybe sought in those cases (and only:
for those cases) in which the same demand can be met by each. Any sys-'
tems that produce the same energy form, such as two separate systems for
pmducing-high-stu gas, can be directly compared, Additionally, systems
that produce different energy forms but that fulfill the same purpose are
comparable. - So, for example, an oil-producing system and an electricity-
producing system can be related to the extent that both products are
used to heat interior spaces or to power automobiles. Equivalence can
pe achieved in end use, and consequently comparison among systems per-
forming the same functions is appropriate and practical.

The establishment of equivalence in end use determines the kinds of
comparisons that can be made. Energy systems that supply the same serv-
jce can be compared with one another, and a holistic comparison of one
complete system with another is emphasized. An energy analysis does not
evaluaté a single technology except as a direct replacement for another
use; otherwise a technology is considered in the context of the system
it § ts'and of the ends it fulfills. Though a technology may ex-
distinguishable set of energy characteristics, those features

i$form natural resources from primary states through production.
processes to and including consumption. For instance, inefficiency in

“ el neration may be offset by the efficiency with which elec-

i be used, so that the performance of the whole system is not

either supply or consumption but only by the combination of
omplete system from natural resource to end use is the basis
n-once the equivalence of end use is established. :

consideration with respect to energy analysis is the actual
s of comparison. A summary statistic of energy use does riot
he objections to methods of equating different energy forms
rgy analysis hold as well for energy requirements of complete
d the qualitative distinctions among energy forms cannot be re-
accommodate these distinctions 1t is necessary to report re-

-0f the natural energy resources from which energy is de-
r than to attempt to combine the results analytically. Coal,
stural gas, uranium, hydropower, wind, and solar energy re-

be 1isted separately in an analysis of alternatives to power
ells, and one could compare how much of each resource was re-
ne dlternative versus another. With the separate listings,
its of measure can be chosen to demonstrate relative amounts
esources without implication that a unit of one resource is

& unit of another.

displays the results of an energy analysis based on equiva-
(7). In this case the function of each of nine alternative
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FIGURE 1

ENERGY RESOURCE IMPACTS (PER UNIT)
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y systems is to provide space heat and hot water to supply the
needs of a typical residence of one year. The alternatives represent

general variations in addition to the Base Case. Four options
(Coal Liquefaction, Coal Gasification, Coal Electric, and Huclear Elec-
tric) emphasize changes in energy supply, two (High Insulation and Solar
pi1) emphasize changes in end-use technology, and two (Coal Electric
Heat Pump and Nuclear Electric Heat Pump) combine supply and end-use
changes. Total requirements for four different natural resources have

calculated, and for each option they comprise segments of the bar
measuring system performance. The energy of each resource is derived
from the amount of resource required and the enthalpy of the resource.
This permits illustration on the same graph and highlights the kinds of
energy choices that can be made,

Two features of these results deserve attention., First, resource
requirements vary widely from one alternative to another, more than do
the impression of total energy demands. This finding implies that the
question of resource conservation may be better addressed by specific re-
source rather than by total aggregates. Energy conservation perhaps

“should be more narrowly defined (e.g. oil conservation), since in aggre-

gate it may take more than one of Btu abundant resource to save one Btu
of scarce resources.  The substitution, for example, of coal for oil is
not always energy conservative in the strict sense, as it can cause
nigher gross energy requirements. '

A second feature of the results is the effect of varying the "point
of intervention” in energy systems. Substitution in energy supply may or
may not decrease energy consumption, but it is a good method of changing
resource dependency (e.g. Base Chase 0il to Coal Liquefaction coal). On
the other hand, changes in end use can be employed to reduce total energy
requirements but do not necessarily shift dependency away from scarce re-
source {e.g. High Insulation is heavily reliant on oil).

These two findings provide an insight to the utility of energy anal-
ysis:in dealing with conservation. They imply that natural resources are
the ‘proper focus of efforts and that there is a need to establish energy
consérvation objectives in terms of their effects on natural resources.
They-@¥so -indicate that there may be different effects according to
whéther supply- or demand-related conservation measurss are applied.

o explore these implications further, it is advisable to consider
the:analytical representation of energy systems. This can be imagined as
-2 séries of processes that extract, refine, transport, convert, and con-
‘sumevigtural energy resource and resultant energy products (Figure 2).

The steps of the series are technologies that modify either the fom or
the“lecation of energy. During the sequence, energy is lost either

Iy (e.g. spillage, leakage) or through thermodynamic degradation
umed as fuel to power parts of the series. As a consequence,
itity (enthalpy) of energy consumed in end use is always less than
int extracted initially. .

nergy savings result from improvements in-any of the system proc-
and therefore there are many separate opportunities to better the
fstem performance. Conservation is served by efforts designed for
irent portions of the system,-and those efforts may vary considerably
ehding on how they affect the system as a whole or in its parts. The
@s-0f where and how to intervene are closely related to the analytical
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FIGURE 2 ‘ FIGURE 3
SCHEMATIC OF TECHNOLOGIES FORMING AN ENERGY SYSTEM . SCHEMATIC OF RESOURCE TRANSFORMATION AND CONSUMPTION

— @-—’ INTEREDIATE FORY PRELCT FCTION an
extract |+ fransport: -+ [cONVERT] ++ | consime ]
- SPLY :I— 13

occur to satisfy demand. Resource is transformed to an intermediate form
and from there to a product. The product in turn fulfills a function
: ‘S8 uhich is directed toward satisfying a consumer goal. For example, crude
SUPPLY > USE —>| B ¢i1 is transformed to fuel oil and then to electricity. The electricity
‘ - is used to heat a house in order to maintain the temperature at a satis-
factory Tevel. :

determination of which conservation targets yield largest effects and . The sequence indicates major points of substitutionm in providing
~what natural resources are involved in the conservation results. B cnergy to meet consumer demands and also implies the comsequences of
3 actions to-achieve conservation. For example, substitution at the point

of resource, such as oil shale for petroleum, does not require any fur-
ther changes in the sequence. The intermediate forms, products, func-
tions, and consumer goals can remain virtually unchanged. However, as
0 substitutions are made further along the sequence, they cause corre-
striction. Traditionally conservation has been identified with the lat- sponding changes in earlier steps. The consequences of attempting to
ter means (e.g. restrictions on access to public lands to exploit timber § substitute at points further to the right in the sequence may be sig-
resources, reducing thermostat settings in winter), and it has been left S  nificantly more difficult to mitigate than those to the left due to the
to the marketplace to arrange adequate substitutes or to distribute the @ - nupbers:of adjustments that must be made. So, for example, consider the
consequences. However, findings from energy analysis point out that re- 3 iny he sequence of a shift from the private automobile to elec-
source management may rely as well on explicit substitution to accom- . | 5 transit.  The goal in the sequence remains the same:
plish conservation objectives once they have been defined, Policies to | The substitution begins in the step before
encourage the switch from scarce to more abundant resources, along v_nth ; and the ripple effects spread backwards. Large-scale intro-
others that attempt to Tower total use, can contribute to conservation, | - mass transit will require additional electricity generation
though the methods and places of intervention may differ according to v greater supply of coal and nuclear fuel (intermediate form),
objective. expanded exploitation of coal and uranium ore (resource), with

ompanying demands for new facilities and services. In general,
y of energy conservation increases as one moves from Teft to
he series of substitution steps. :

RESOURCE SUBSTITUTION

The general means to obtain conservation are substitution and re-

The debate that is now occurring as to whether supply. or demand
should be emphasized in order to deal with the energy situation can be
described as a discussion of what kinds of substitutions should be made. 3
Are new domestic reserves to be exploited to replace imports and depleted
reserves, or is it better to use entirely different means through the |
substitution of new conservation alternatives. Finally, the debate in- |
volves whether to attempt the denial of consumer goals by actions that |
impinge on current lifestyles. :

item in the sequence is the goal for which resources are
the item in the sequence which least allows for modification,
such as keeping a ‘house warm or transporting goods does not

to the substitution mode of conservation., ' To achieve conser~
is step in the sequence normailly will entail restriction--a
asant option. Initial energy conservation measures dealt
temperatures and lighting levels without serfously impinging
trdesires of consumers. These easy reductions in consumption
eved and there is now resistance to continuing. Lower ther-
er Tights, less travel--these are not substitution early in
sequence. They are restrictions of goals. - They are modifi-
niifestyles (however misdirected these lifestyles might be).

A simple analog to the process series representing energy systems .
has been developed to examine these issues and the types of substitution
that might affect energy conservation (Figure 3). Like the process se-
quence, it begins with natural resource and inciudes both supply and use
However, instead of tracing the series of technologies to process and °
consume energy, the sequence of Figure 3 traces the transformations that,
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Such measures to achieve conservation by restricting consumer goals urces pass to fulfill consumer goals can be used to simulate the

0 . reso
will be the most difficult ones to enforce. They require a disruptj ults of actions that are taken to facilitate resource management.
of the status quo that will be the least acceptable to the public. T'fe series presents substitution as the mechanism by which to adjust for

portages or to promote new opportunities. Natural resources are ex-
S loited and transformed to fulfill identifiable: goals in society, and
pubstitutions can provide for those-goals and at the same time reduce
or shift resource requirements. Thus the substitution series provides
a test of the measures taken to achieve conservation objectives.

The ability of national policy to address each kind of substitution
opportunity and to deal clearly with the ramifications of reducing op |
frustrating the goals that energy is used to satisfy will lTikely detep.
mine how effective that policy will prove in mitigating energy probley
The sequence describing substitution options, Tike the analyses frop
which it is derived, offers a ready means of exploring how substi tutiong
can be used to save scarce resources, switch to more abundant domestip. |
supplies, and reduce or modify energy consumption. The series explicit),d
addresses where opportunities occur and what kinds of effects they wijy g
- produce. ‘It provides a conceptual framework within which to identify
and test ‘conservation alternatives. ;

The fundamental problem for which energy analysis was developed was
whether the better ways to use energy could always be distinguished from
worse ones. It is only candid to say that the full answer cannot
yet be given, - But it is also fair to say that energy amalysis, and the
‘Understanding resulting from it, contributes to that answer and to the

information necessary to achieve resource conservation.

The effects of resource substitution through the several methods
indicated in Figure 3 are important contributions that energy analysig
and its associated insights can make to defining energy conservation,
They. provide information to use in determining proper management of e
sources and to relate one set of management options to another. Thus,
the issues of conservation and efficient use of energy are approached
through resource substitution and energy analysis by addressing the -
fundamental questions of how resources are best applied to meeting de- 3
mands for goods and services and to fulfilling the goals for which goodsi
and services are produced. Such an evaluation of conservation intiatiyed
is valuable in designing and testing criteria of energy efficiency and if
recognizing the implications of actions either to replace energy supply ;
or to alter consumption patterns. Though it by no means comprehends al)i
that must be known about the worth of energy systems, the energy analysig
structured to deal with substitution, gives data essential to making syciS
decisions.
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“that the net energy limit is far away.
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ABSTRACT

A large flurry over net energy analysis in 1975 died down quickly
when calculations showed that the emergy supply technologies under study
were far from the net energy limit (i.e., that according to anyone's
jnterpretation they were mot in danger of “requiring more energy than
they would produce"). Here I report on two technologies which atre close
to that limit, the production of ethanol from the fermentation of grain
for ethanol/gasoline mixture (gasohol) and the productiom of electri-
city by the solar satellite power station (SSPS). Many of the classic
methodological problems of net energy analysis exhibit themselves in
the analysis; these are discussed in context. The $SPS suffers from
uncertainty of input data, since much of the technology is only specu-
lative, but appears to provide positive net energy. Gasohol lies
either on the good or bad side of the energy limit depending on assump-
tions of system boundary and end-use efficiency.

I. INTRODUCTION

The notion of the net energy limit - the point at which an energy
supply technology requires more energy than it produces - is a plausible
one. Surely some day we shall approach that limit. However, as a
criterion for policy, net energy analysis has encountered many objec-
tions regarding 1) the methodology for determining (or even defining)
the net energy balance (4, 13) and 2) the relative merits of energy
analysis and economics as a policy tool (10, 20).

To a large extent this debate has turned out to be moot, since a
number -of computations on a spectrum of energy technologies have shown
Glossing over the difficulties
of definition, one can say that these computations showed current and
near-term future supply technologies to "produce" from 5 to 50 times as
such energy as they require (14), and the list included several non-
b?eec.ling muclear options. (Note, however, that emergy costs of decom-
missioning were neglected).  Further, admitted uncertainties in data
and nethod‘blurred the distinction between different technologies.

In spite of this I believe that energy analysis of .energy suppl
technologies has a useful role as a proviégl:'r of ge kind of gfogiy
tion' te the- general decision-making process. I feel, however, that
only when the -technology is near the limit can the energy analysis be
useful; far from the limit other criteria will dominate (such as
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