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FOREWORD 

This report was prepared as a part of the Cost Reduction Strategies Task that 
is concerned with, among other things, end-use matching for energy 
technologies. The report describes the interaction of some economic and· 
physical measures of ~fficiency in determining the prices of energy 
commodities and the desirability of using scalar measures of cost or 
efficiency in the evaluation of alternative technologies. 

This work is funded by the Division of Energy Technology of the U.S. Depart
ment of Energy. The leader of this .task is James Doane of SERI 's Policy Anal
ysis Branch. The author is a staff economist in that branch. 

The author wishes to acknowledge the helpful comments of James Doane, Bert 
Mason, and Dave Kearney of SERI. John Steinhart of the University of Wiscon
sin also has provided invaluable help and inspiration throughout the gestation 
of this paper and other papers on similar subjects. 
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SUfflofARY 

This report gives some analytical results of an attempt to simultan·eously op
timize economic and thermodynamic efficiency. The attempt to impose complete 
mathematical rationality and consistency on the pricing of energy commodities 
fails since it is not possible to consistently weigh purely physical effi~ien
cy measures, much less social factors. This means that energy or entropy the
ories of value must suffer the fate of other single-factor theories, such as 
the labor theory of value.· Such a single factor theory cannot adequately 
handle such questions as fixed capital, subjective utility, and contradictory 
constraints on economic choice. 

Nevertheless, the use of both material balance and entropy analysis is valu
able for evaluating nonmarket decisions, as well as identifying opportunities 
for process improvements. That is, economic and thermodyna_mic analyses are 
complementary in that they ask different types of questions and express _the 
answers in noncomparable dimensions. This complementarity is a type that 
avers that each mode of analysis asks different questions from different 
perspectives. 

V 
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' SECTION 1.0 

INTRODlllCTIOU 

In a recent paper on the relationship betwe.en economic and ·thermodynamic opti
ma, Berry, Salamon, and Heal gave some conditions under· which a competitive 
firm would be thermodynamically and economically efficient (1978, pp. 125-
137). Among other things, their proposttion depended upon letting the highest 
thermodynamic use set the opportunity cost of available work. Later in the 
paper, the authors considered thermodynamic efficiency in the context of con
servation of mass (pp. 135-136). As their argument showed, simultaneous 
achievement of mass efficiency and energy efficiency is unlikely.* 

In this paper, that proposition is formalized to show that· first law (conser
vation) and second law (thermodynamic) efficiencies are in fact linearly inde
pendent so that achievement of an optimum with respect to one measure will not 
mean anything in particular with respect to the other measure. Achievement of 
a high second law efficiency often will require policies that actually reduce 
first law efficiency. In addition, the suggestion made by Berry, Salamon, and 
Heal that available work be allocated on the basis of cascading from one use 
to the next :f.s elaborated on here (1978, P• 132). 

1.1 FIRST LAV (CORSERVATIOR) EFFICIENCY 

The first law efficiency relates outputs to inputs according to the general 
formula: 

n = Useful energy outputs 
Total energy inputs 

(1) 

As explored more fully in Gilliland (1978) and Thomas (1977), among other 
sources, the first law efficiency measure can be used to analyze the feasibil
ity of alternative projects from an energy perspective. In the form given by 
Eq. 1, the uni ts are humogeneouo joules or calories, and the efficiency is 
simply a quest_ion of calculating (often quite tedious) the joules available aL 

the final step relative to those inputs through all stages of the' process. 

That is, from Eq. 1 we can determine whether a proposed energy project will 
return the total "investment" of energy in that· project. For example, if the 
first law efficiency of residential water heating by gas produced from coal 
has a particular value, then we have accounted for the total input of ener
gy. If the first law efficiency of coal gasification is 0,35 (i.e., 0.35 of 
the Btu· put into the process--the coal and external energy inputs--are re
tained in the gaseous form) and if this gas is piped with an efficiency of 0.9 

*The first law states that energy can be neither created not destroyed but only 
transformed. The second law states that the entropy (unavailable energy) of 
the universe or of any closP.d system moves continuou~ly and irreversibly to
ward a maximum. The third law of thermodynamics states that absolute entropy 
is never achieved (Pauli 1973, pp, 6,7). 

1 
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and burned in the house a·t Tl = 0. 5, then one obtains the overall value of 
Tl = 0. 35 x O. 9 x O. 5 = 0 .158. Thus, only 16% of the original fuel value of 
the coal is delivered usefully to the hot water tank. 

To look at an alternative, suppose that you wish to heat water with electric
ity derived from coal. Suppose that the electricity is generated at Tl= 0.45 
and that transmission losses are about 0.25. Assume further that the elec
tricity tran.smitted to the water heater is entirely transformed to heat. For 
this process, Tl = 0.45 x O. 75 x 1 = 0.34, which is considerably better than 
the result from gasification of coal. 

1.2 SECOffl) LAW (TBKRHODYNAKIC) EfflCJ.KRCY 

A different story iG tolrl by the seconu law P.ffir.i(,moy measu"l..e which relates 
Su (total ene:1·gy Inputs) to the minimum input of available work required to 
perform the task; i.e .• 

8 
min 

e==--<1 f\i 
(2) 

Unfortunately, available work (unlike the fictional homogeneous joule) is not 
easily described by a quantitative measure. In entropy analysis, we look at 
the irreversible decrease in the capacity of a system to perform work as the 
indicator of the increase in entropy (unavai.lable energy, or cifsordar). For 
the example g1vf:!n above, we l:unsider the available work of the hot water, 
$mi , relative to the available work of the fuel, 8a.. Thus, the hot water 
stiYl contains available work although it is at a lower temperature than is 
possible, given the work potential of the coal.* To measure the available 
work that remains _in the hot water, we takP the ambient temperature, T0 , the 
combustion Lemperature, T1, and the hot water temperature, T2 , to get · 

e = 
1 ··· T0 /T2 

1 - T0 /T1 

If electricity were provided to a household at Tl= 1, the second law effic.ipn
cy of using this electricity to h'iat water wuuld be e = 0.126. With Tl = 0.34, 
rhe overall thermodynamic efficiency is e = 0.34 x 0.126 = 0.043 which means 
that 0.957 of the mass of the foPl has been irreversibly degraded without per
fuming any usefui work. This ind:i,cates that energy .fo,: a rosk, such as heat
ing wattu;, iQ not flel::!ded in such an intense form. 

*In thermodynamic analysis, one must refer back to primary energy sources; that 
is, electricity and SNG are not considered the primary energy sources. 

2 
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It is from the above type of analysis that the concept of end~use matching has 
gained currency. That is, when judging the suitability of given technologies 
for the performance of a given task, the second law efficiency indicates the 
degree of matching between the quality of energy provided and the quality of 
energy required for the· task. However, since improved· source-use matchin_g re
quires increased time beyond a certain point, there is a clear trade-off to b.e 
made between time and improved thermodynamic performance.* What second law 
analysis adds to one's understanding of alternative energy proposals is the 
notion of trade-offs among time, efficiency of energy resource use, and effi
ciency of capital equipment use. Notice that all three of these factors are 
problematic areas for standard economic theory. 

*That is, the emin is cal cu lated according to infinitely slow, reversible 
processes. In a real-time process, the emin figure would be higher since the 
speed-up would require additional energy use. Thus, second law efficiencies 
of 1 are not achievable since they would require infinite time (see APS 1975, 
pp. 35-41, for a more complete explanation of this). Source-use matching gen
erally refers to the temperature matching of a process. That is, if a pl'.'o~ess 
requires low temperatures and the source provides high temperatures, then 
there is a poor thermodynamic match between soun.:8 _and uoc, and ~ iR corre
spondingly low as in the alternative presented in Section 1.1. Since time 
itself is a vanishing resource, the trade-off between thermodynamic efficiency 
and time has provoked both analytical interest (IFIAS report 1978, p. 184) and 
philosophical speculation (Spreng 1978), The idea of putting time explicitly 
into the production function was first raised by Georgescu-Roegen in relation 
to the differences between factory and agricultural production functions 
( 19 71 , p. 241 ) • 

3 
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S~CTION 2.0 

A MODEL FOR THERMODYNAMIC MATCHING 

For an economically efficient allocation of resources, we desire to know the 
opportunity cost of available work with respect to other resources. Since 
this cannot be done directly through the market for "enthalps" (such a market 
does not exist), it must be approached indirectly via "shadow" or imputed 
prices.* 

A specification of a given energy source would start from a particular quality 
of energy and then specify the quantity in joules as well as the other rele
vant characteristics of the resource. Several problems appear at this point, 
and it is worth exploring them in some detail. At first glance, it would ap
pear that all of the energy sources will have prices that use the correspond
ing measures of available work as a reference point. The problem that appears 
when using the standard apparatus of static production theory is the need to 
handle. joint products, because many of the virgin energy sources are capable 
of having more than one output over the course from their highest thermodynam
ic state to the ambient state. As waste heat from a high quality use forms 
the input of the next sequenced use, it is necessary to determine jointly the 
availability of the different levels of energy in order to optimize a given 
system. This is a problem for which modern control theory has been developed 
and appears to be eminently suitable. Time does not enter except as it has 
the attributes of a spatial coordinate. A model of the type to be given below 
is proper for the design of a factory or housing complex, but it is not cor
rect for overall policy regarding· the allocation of available work.** As an 
example of such analysis, consider the following model. 

Define: 

x = a vector of state variables denominated in descending order of 
energy quality; 

*For example, see In~riligator (1971, pp. 60-62). 

**This refers to the distinctions between historical time and "dynamic" time 
that are discussed by Ccorgesc1.i-Rnegen (1971, pp. 134-140), Robinson __ (l962, 
pp. 23-29), and ·-Hicks (1976). That is, in historical time one doe1:1 not assume 
perfect foresight or surp-r:f se-free outcomes. Intertemporal optimization is 
impossible since the terminal conditions are unknown. In dynamic time, the 
future . is determined simultaneously. One period is just like another in time 
since there are no surprises. Analytically, there would be no difficulty· in 
making time run backwards. For decisions in which irreversibility is an ·im
portant attribute, such simultaneous maximization destroys the very aspect of 
time that irreversibility· conveys. There have been som:e attempts to include 
irreversibility in exhaustible resource models (Arrow and Fisher 1974), but 
one has yet to see such models perform empirically. 

5 
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a= a target level of performance for each of the xi variables as de
termined by the technical conditions of production (the technical 
frontier again); 

u = a vector of control variable which determines the subsequent xi; 

W = a weighting or cost matrix giving the cost of the derivations of 
the xi varia.bles from their target levels, ai; 

U =- a weighting matrix giving the costs of the control function; 

Y = the adjoint variable whose values comprise the vector of shadow 
prices for various grades of available work; 

A = the coefficient matrix of the statP equation givlng 'Che time path 
of x as a function of its previous values and those of the con
trol variable, u; and 

~ = thP v1aotor tl,dL gives the effect of the values of u on the subse
quent ·values of x in the state equation. 

The problem is one. of minimizing the cost of choosing the technologies that 
will utilize the available work, x, at its various quality levels. That is, 

= .!_ Jtl min J(x
0

,u,t
0

,t
1

) 
2 

[(x(t) .- a(t))' W(x(t) - a(t)) + u(t)' Uu(t)]dt (3) 

to 

x = A(t)x + E(t)u 

Utilizing the maximum principle of optimal control theory (Intriligator 1971, 
pp. 3411-369) and making the simplifying assumption that A and B do not vary 
with time, we may define the Hamiltonian function as 

H = i [(x(t) - a(t))' W(x(t) - n(t)) + u(t)' llu(t) + Y(Ax + Bu)] (4) 

By the maximum principle, the condi ti nn !':: for o mini111uiu uf. H that will give a 
minimum of Eq. 3 are: 

aH 
du = u' U ·+ YB = 0 , 

cm. . - ax = - ( X ( t) - a ( t) ) ' w ~ YA = O = dY 
dt 

(5) 

Equation 5 can be solved to give the optimal control u* = -U-l B'Y, which is 
then. inserted into the state equation to· obtain a numerical solution (this is 
usually done by discretizing the model and using difference equations). Y, 
the adjoint variable, gives the shadow price of· available work at each state 
of thermodynamic quality. Other constraints would need to be added to this 
model to achieve greater realism. The- number of potential shadow prices be
comes quite large in this event. As the number of special factors increases, 
we would expect the imputed values of the different energy products to become 

6 
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increasingly tied to a specific design situation. Without consideration of 
other factors, this situation specifically obviates many of the general con
clusions about energy prices to be gained from second law analysis.* 

We should stress that this model is not an economic optimum since it was con
strained to be in the neighborhood of a particular second law target.** In a 
similar though simpler way, the maximization of net energy output can be 
modeled to yield shadow prices of the various energy inputs using conventional 
static mathematical programming techniques. 

For example, to maximize the net energy output n 'x subject to resource con
straints b'x ~ B, we obtain the problem, 

L = n'x + A(B - b'x) 

with Kuhn-Tucker conditions, 

= n' 
ai.. 

- Ab, ~ o , x -ax = 

ai.. ax= B - b'x ;;i.o, 

(6) 

0, and (7) 

Assuming that the resource is entirely used up ( A > 0), then A gives the im
puted or shadow price of the resource, x. In this way, one could determine 
whether a given set of processes is both thermodynamically and economically 
efficient. If we remove the target level of thermodynamic efficiency and put 
in a quantity (of output) constraint, then an excess of costs in the case giv
en above versus the latter implies that the target level of thermodynamic ef
ficiency carries economic penalties with it. Such results could be expected 
to vary according to whether energy and capital are primarily substitutes or 
compl~ments in a particular process. The impact figures would not necessarily 
jibe with those of the optimal control model since the model of Eq. 6 and 
Eq. 7 achieves efficiency with respect to the inputs of energy, whereas the 
optimal control model achieves efficiency with respect to end uses of ener
gy. This difference forms the crux of the proposition presented below. 

*Thls does not mean that the concept is useless. Rather, since all of the 
shadow prices are jointly determined, each design situatiott will call for a 
different number of energy products. It is to clarify this shadow price 
determination and the capital-energy trade-offs that need to be made in each 
situation that the hybrid economic-thermodynamic model has its greatest use. 

**This allows, among other things, a determination of the costs of achieving 
various levels of energy conservation since the target level, a, can be varied 
easily. 

7 



8 



S:~I ir'"-~1 ________________________________ RR_-_3_3_2 
'·e·/ 

SECTION 3.0 

PROCESS OPTIMIZATION AND ECONOMIC EFFICIENCY 

Given an objective of optimizing the physical performance of a process or sys
tem, we seek a means of obtaining a weighting or "price" of joules in terms of 
available work (or of available work in terms of joules) that will a11·ow us to 
accomplish this goal. Unless we can establish the proper trade-off between 
these two measures, we cannot establish a physical measure of performance that 
is consistent with respect to both first and second law principles. 

We now show that, in the general case, this is not possible; i.e., there does 
not exist a "price" of available work in terms of joules (or vice versa) that 
is consistent. The first step is to show that n and e are linearly indepen
dent. 

Assume the contrary; i.e., assume 

This is equivalent to 

a . 
min e;= 

13min = aqi + bt3Ct • 

Differentiating this expression with respect to q> gives 
dt3 i mn 

dq> = a 

An increase in useful energy output causes the minimum available work neces
sary to run the process to· change by some constant. This cannot occur since 
amin is calculated without reference to any actual process (APS 1975, 
pp. 24-35). Thus, n and e are linearly independent. 

The second step is to show that complementary information is obtained from net 
energy analysis and from entropy analysis. That is, it cannot be weighted op
timally in a scalar-valued function. If the first and second law efficiencies 
are linearly independent, then the vectors of these efficiencies with respect 
to given energy processes also will be linearly independent. The conditions 
for attaining an extreme value with such a vector-valued function are given by 
Athans and Geering (1973). For our interest, the requirement is that n = e. 
That is, the task must be mechanical work with the necessary conditions being 
met for no utlier source-use comM.nr:1 tions. * 

As proof of this, let Z be a vector-valued function of the two quadratic cri
terion functions, x'e X and X' nx, where X is energy use in joules (ut capital 
expenditures on energy use, etc.). We propose to infimize Z without con
straint; 

*This condition will be met by electric! ty genera tiuil and few other r.eal 
processes. Figure 3-1 displays the lack of any linear dependence of n and e. · 

9. 
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i.e. , 

The necessary conditions are 

inf z 
X 

x'ex = 
X' TlX 

clz 2 x' e 
ax_ .. 2 X' Tl = O 

i.e., 2 X' e = 2 x' Tl, or e = Tl, which is only true in general for ta,sks i.n which 
the ouput is mP.r.hanical work (see Flg. 3-1). 

The reason .for seeking a me~ns of weighting first law and second law consider
ations in a consistent manner is that such techniques are at the heart of eco
nomic planning via shadow prices. And when we consi,ler the other qualitative 
and qlll:lntitative characteristics of energy resources (portability, storabili
ty, cleanliness, convenience, etc.), we see that an economically efficient al
location of resources will attain some sort of trade-off ainong these fac
tors. If the weighting cannot be consistent, then allocation via shadow 
prices will not be optimal relative to the ''irrational" processes of real mar
kets.* However, the inconsistency property means that there is no unique way 
in which available work is counted in arriving at market prices. Another way 
of looking at the linear independence property is to note that Eqs. 3, 4, and 
5 give an optimum allocation of available work relative to a task, a, while 
Eqs. 6 and 7 givP an optimum relative to a commodity, x. The distinction be
tween task optima and r.ommodi ty optima is crucial since economic theory has 
focused more strongly on the latter than on· the former. It is, thus, possible 
to have an efficient allocation of commo.dities which i.s quite inefficient in 
its took performance. 

*We may interpret this to say that an energy or entropy theory of value is an 
analytical impossibility. On the other hand, the propositiun shows that each 
system of relative energy prices that comes out of a particular income 
distribution and consumption set in real markets will have components that 
cannot be analytically duplicated. This means that the distance of an 
aggregate market energy price from its shadow price has no normative 
implications. Only at the project level may we make inferences about market 
vs, shadow prices. 

10 
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SECTION 4.0 

ENERGY ANALYSIS AND ECONOMICS: THE NEED FOR COMPLEMENTARITY 

We may distinguish among three forms of interaction of energy analysis with 
economic analysis. The first, energy content pricing, has been attacked by 
numerous authors* and need not be discussed extensively here. As with other 
single-factor theories of value, it cannot explain intertemporal allocation 
and it is inconsistent with the notion of subjective utility. Net energy 
analysis, like cost-benefit analysis, is a method of accounting that is an aid 
(and no more!) in the ranking of alternative projects. The analyst must 
choose an accounting stance (draw the boundaries of the system) and then pro
ceed. The results, expressed in rat-io form, do not indicate anything other 
than whether a project is feasible with respect to that measure. The social 
worth of the project cannot be determined from a ratio; if the measure is in
complete, then the analysis is also. 

However, net energy analysis has some distinctly useful features that comple
ment other schemes of analysis, especially microeconomic analysis. We can 
show that a pricing scheme which is set up to allocate joules will achieve a 
maximal net energy ratio, subject to constraint.** Of course, energy markets 
are highly imperfect, and persistent inflati.on leads to distortions in capital 
allocations due to uncertainty with respect to relative rates of inflation of 
various commodity groups. Net energy analysis, therefore, provides a check on 
market operation that helps to identify impacts that may be obscured through 
market imperfections or myopic expectations. In addition, net energy or mate
rial balance analysis forces the analyst to account for the energy-material 

*For example, Huettner (1976); Berry, Salamon, and Heal (1978). 

**This is explored in detail by Hertzmark (1978). Intuitively, the argrnnent is 
that a competitive economic system which allocates homogeneous joules in mar
kets will do so at least cost and will only choose a lower efficiency process 
(first law) if the associated costs (capital, etc.) make up the differential 
in energy costs. Thus, conservation, in a first law sense, is its own reward. 
Once qualitative attributes of energy (e.g., available work) are introduced, 
this neat consistency of allocation falters. 

An intertemporal optimization model that uses continuous production functions 
is ill-equipped to change from a situation of roughly onstart returns to one 
of sharply diminishing returns and then to constant returns again as a new 
production process is established. That is, we can expect a shift in the pro
duction function that will be dependent upon what prices rule at the time for 
1.nputs and outputs. Unlike the example given in Berry, Salamon, and Heal 
(1978, p. 136), the old production function is not ava:1.lable since the one 
quality upon which it was predicated did not exist at that tfme. 

13 
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flows of a system and may help in the identification of potential adverse im
pacts on the environment or economy.* 

In reality, net energy analysis cannot eliminate economic or social analysis 
since the true output of an economic system is the enjoyment of life through 
the performance of tasks. The proper physical efficiency measure for task 
performance is a qualitative one, such as the second law efficiency. An eco
nomic system that operates on second law principles will often suboptimize 
many first law efficiencies (e.g., in electric power generation) as a means of 
optimizing task performance. 

For example, consider a fluidized bed combustion unit that can generate ele~
tricity alone ate= n = 0.45. If this.electricity is being used for low-tem
pera ture heat, then a task effi ri.ency io obtah1ed ot roughly the same w1 lue 
chat was given on pagP 2 ( .0113). Consider a cogeneration scheme for which a 
small portion of the available work is used to heat·water (80°C) for distribu
tion to houses. The first law efficiency of electrical generation drops ton= 
0.27, while the overall second law efficiency drops to e = 0.36. However, 
consider the use of this hot water for household use. With n = 0 .43 for hot 
water generation and a distribution loss of 0.10, we obtain e = 0.43 x 0.90 x 
0.77 = 0.297, the 0.77 being the pure second law efficiency of using 80°C 
water to provl<le household water heat. This indicates an increased efficiency 
in the use of fuel in spite of a slight drop in the o_verall first law effi
ciency to 0.32.** 

Unfortunately, the noncardinality of enthalpy prevents its being assignee! a. 
consistent price· that is independent of the source of the available work, as 
well as its other characteristics. That is, there exists no entropometer that 
is capable of measuring the change in state of a macrosystem (Ceorgescu-Roegen 
1971, p. 101). Thus, energy pricing is often partially thrown back to first 
law principles which, though inaccurate, are at least c.ompr.ehensible and rela
tively simple in terms of dimensionality. This returns us to the original 
problem. Prices are based on a weighting of first and second law considera
tions, though not consistently, since thi.s is definitionally impossible ac
cording to our proof. 

*All calculations are from Hertzmark (1978, Tables 6.3 and 6.4). 

**An economic analysis, even when properly performed, cannot be expected to 
predict ouch pheuumena as the adverse impacts of the uses of, say, synthetic 
organic chemicals. Future markets for natural environments are scarcely 
efficient if they exist. Similarly, economic models cannot accurately 
determine the. impacts of changing from, for example, sulfide to silicate bonds 
in metals processing s:f.nce such a change involves both discontinuities in the 
production function and nonlinearities in costs. 
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SECTION 5.0 

CONCLUSIONS 

The implications of this exercise are several-fold. First, physical efficien
cy measures can complement economic efficiency measures since the economic 
measure must, of necessity, be an inconsistent compromise between the first 
and second law measures independently of market imperfections. 

Second, since peoples' utility functions regarding .the future are often far 
more complex than can be represented with a simple geometric discount factor,* 
then geometrically discounted present values are not always an accurate guide 
to making decisions; e.g., the identification of adverse environmental impacts 
or the achievement of a safe minimum standard of conservation of flow 
resources (Ciriacy-Wantrup 1968, pp. 251-268). As mentioned previously, 
material balance analysis provides useful information on a wide variety of 
environmental issues about which there is little or no economic data; e.g., 
atmospheric carbon dioxide, DDT, and other chemical pollutants. Presumably, 
the use of this accounting system should help us to keep track of cumulative 
environmental burdens and to estimate the inflection points of damage 
functions. 

Third, the large number of unpriced intermediate goods within many modern in
dustrial enterprises makes the maintenance of energy, as well as financial ac
counts, one means of monitoring the relative efficiencies of alternative 
operations.** 

Fourth, for analytical purposes, the linear independence of e and n would al
low their use as constraints in optimization models with objective functionals 
denominated in money units. Such an approach is implicitly employed in envi
ronmental standards, and the argument on the grounds of energy-materials con
servation is at least as strong, given the political and social constraints 
that also affect energy policy.. None of these modes of analysis forms a com
plete view of social decision making, though each has a role. It is important 
to keep in mind that markets do not exist for all energy commodities, particu
larly for various grades ot "waste heat." An optimization model, such as Eqs. 
3, 4, and 5, can help to determine proper prices for these resources on a very 

*Page (1977) shows that intertemporal consistency is equivalent to obeying the 
optimality principle of dynamic programming. As long as one is consistent, 
the optimal path will remain the same from any starting point with the given 
time period. Introducing a nongeometric discount factor makes the starting 
poi11L (:tucial since a unique path will be determined for each point along the 
time line. If decisions are made according to such criteria (and it is rea
sonable to believe that many conservation decisions fall into this category), 
then the social optimization will change our time in a seemingly inconsistent 
manner. 

**Dow Chemical Company has kept energy and financial accounts on its operations 
for a number of years {IFIAS 1978). 

15 
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disaggregated level since, clearly, we cannot have fu~ure markets in low-tem
perature heat. Policy recommendations that flow from this analysis include 
taxes on excessive waste heat loss (possibly accounted for with higher energy 
prices in general) and the use of entropy analysis to identify opportunities 
for process improvement and more efficient intra-firm analysis. 

As a final point, it has been shown that the suggestion of Berry, Salamon, and 
Heal concerning simultaneous achievement of mass and energy efficiency is not 
only unlikely, but it is generally· impossible (1978). The movement toward 
poorer grades of mineral deposits than are presently mined will provide data 
for empirical tests of this proposition. 
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