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"Finally, on the list of deterrents to capital spending, there
is the significantly increased cost cf building and operating
new plants and equipment because of the higher price of energy
of all types. The average cconomist may have forgotten his
micro—-economics, but the average businessman has not; he pays
close attention to the relative cost of factors of produc-
tion. And over the past three years it has become more ex-
pensive to increase capacity by adding machinery and equipment
than it has by adding workers.' '

I. Introduction

The optimal mix of dnputs in production processes has traditionally attracted
the professional interests of industrial engineers and economists. The princi-
pal focus of attention for engineers is the design, construction and implementation
of known production processes that produce outputs at minimum cost. Thus en-
gineering science seeks to solve an optimization problem involving detailed know-
ledge of technological possibilities and constraints as well as the .expected
~costs of factor inputs.2 Economists are also concerned with cost minimization
objectives, but assume that the engineering optimization problem has been solved.
The economic theory of cost and production prqvideS'an explicit framework for
characterizing the effects upon factor inputs of alternative input prices. 1In
this fundamental sense, then, the economic theory of cost and production charac-
terizes the results of engineering reoptimization in terms of the effects of
changes in factor prices and technology on the derived demands for factor inputs.

Both engineers and economists are concerned with optimal responses to
large'and sustained price changes of some factor inputs. For example, in re-

sponse to the recent OPEC induced energy price increases, a significant number

lIrwin Kellncr, Vice President and Economist, Manufacturers Hanover Trust,
Quarterly Business Conditions Analysis, March 1977, p. 3.

th is important to distinguish engineering design from basic scientific research,
vhich involves physical laws, such as the Second Law of Thermodynamics. If all
non-encrgy inputs were free, then physical laws would determine the optimal
process designs for energy use. When the nen-energy inputs are not free, physical
laws provide the ultimate technological limits within which an optimal process
design can be developed.



of engineering and econometric studies have developéd estimates of energy con-

servation possibilities. The engincering approach has largely been to investigate

the redesign or retrofitting potential of durable capital to facilitate inter-

fuel substitution or improved energy efficiency (reduced energy consumption per

unit of output). Economists have extended the analysis -to consider the effects

of increased energy prices not only upon capital and energy, but also on output .

and other factor inputs such as laber and non-energy intermediate materials.

From the pgrspective of both engineering and economic studies, if one looks

at energy and capital and ignores all other inputs, then generally energy and

capital have a substitutable relationship. For example, a considerable number

of recent technologically-based engineering studies have shown that investment %

in more energy efficient equipment could significantliy reduce demand for energy,

although in many cases the required capital cutlay may be larger than that required

for less energy efficient equ;‘pment.3 This technologv-based engineering insight

into the capital-energy relationship is supported by economic theory which states

that whenever one limits attention to two inputs, they must be substitutable. J
What engineers and economists think we know about the relatiohship between

energy and capital can easily become confused when we consider simultaneously

all other inputs in the production process. For example, are energy and capital

substitutable as discussed zbove, or do energy and capital move together in a

complementary fashion, both being substitutable with laber? To the best of our

knowledge, this issue of energy conservation and capital formation in the con-

'3It is not possible to provide an exhaustive set of literature references. In
addition to references cited in the much publicized studies of the Ford Foundation
Energy Policy Project [1974] and the U.S. Federzl Energyv Administration Project
Independence Report [1974], see U.S. 0ffice of Emergencv Prepardness [1972], U.S.
National Academy of Sciences [1977], National Petroleum Council [1971, pp. 24-31],
Lee Schipper and Joel Darmstadter [1977], Eric Hirst et al. 11976}, [1977],

A.H. Rosenfeld [1977], E.P. Gyftopoules et al. [1974], [1977], and R.H. Socolow
[1977]. '




text of other inputs such as labor has only béen addressed by economists.4 Un-
fortunately, the available econometric evidence is apparently inconclusive. A
principal finding of our earlier econometric study (E.R. Berndt and D.0O. Wood
[1975]) involving four inputs (capital-K, labor-L, energy-E, and noﬂ—energy interf
- mediate materials-M) was that in U.S. manufacturing, 1947-71, E aﬁd K were com-
plementary, while E and L were substitutable. Similar econometric findings have
been reported in the four-input KLEM studies by E.R. Berndt and D.W. Jorgenson
[1973] based on slightly different industrial data for the same time period, by
M.G.S. Denny and C. Pinto [1976] based on 1949-70 time series for Canadian manufac-
turing, and by M. Fuss [1977] using pooled cross-section time-series data of
Canadian manufacturing by region, 1961-71. 1In contrast, J.M. Griffen and P.R. Gregory
[1976] and Robert S. Pindyck [1977] have examined three input KLE international
pooled cross—section and time series data for industry which yield E-K substitut-

ability. Thus the econometric evidence is apparently inconclusive.

The above remarks suggest that it would be desirable to develop an analytical
 framework which embodies the engineering notion of E-K substitutability and the
economic analysis that allows fér other inputs, and which aiso reconciles the seeming-
ly disparate econometric evidence. That is the purpose of this paper. 1In Sec-

tion II we present a summary of the underlying economic theéry of cost and pfoduc;
tion, functional separability, derived factor demand functions, and various

measures of the elasticity of substitution between inputs. Readers familiar with
this’literatsre may wish to move directly on to Section III, where we focus

attention on a weakly separable two input energy-capital model, and introduce

the notion of '"utilized capital" -- a composite of energy and capital. In Section

IV we imbed this utilized capital subfunction into a four input KLEM model and

4Engineering design studies for investments in, for example, completely new

plants will continue to focus upon the optimal combination of all inputs. Un-
fortunately, to our knowledge the results of such studies have not been presented
in terms permitting evaluation of inter-factor substitution elasticities and
possibilities for energy conservation.



.demonstrate that although the relationship between energy and capital is one of
apparent substitutability, in fact-it is one of energy-capital complementarity

(in the sense of Hicks-Allen). 1In Section V we derive implications of our
analytical framework for a reconciliation of the seemingly disparate econometric
findings ﬁoted above. 1In Section VI we present a model which does not rely on the
utilized capital separability specification, yet still is able to reconcile the
engineering notion of energy-capital substitutability with the Hicks-Allen con-
cept of energy-capital complementarity. Finally, in Section VII we provide con-

cluding remarks and offer suggestions for further research.




II. Definitions and Review of the Underlying Theory

Reconciling engineering and econometric approaéhes to evaluating the poten-
tial for energy conservation requires first that we compare and reconcile the
underlying'theory and analytical concepts, and second that we compare and coritrast
estimates which are based upon common measurement and theoretical concepts. As
will become apparent, séeming différences in the results of these two approaches,
as well as some variations within the econometric studies, are due to differences
in what is being measured. Both approaches begin with the concept of a produc-
tion function, a technical‘concept characterizing the possibilities for combining
- input factors to produce a given level of output% Likewise, both approaches
have the same objective, to produce a giQen level 6f output at minimum total cost,
subject to the technical constraints of the production function and such insti-
tutional restrictions that the producer must satisfy. While the underlying con-
cept and the objective are the same, the methods of analysis are very different.

. We begin with a discussion of the production function and the closely related
concepts of the cost function, functional separability, derivéd factor_demand
functions, and various measures of the elasticity of substitution between
factor inputs. In the course of this discussioh_we will show how similar are
the engineering and econometric approaches, and that well defined measures of
factor substitution possibilities exist which can be compared unambiguously.

We begin by considering a positive, twice differentiable, strictly quasi-

‘- concave production function with a finite number of inputs,

(1) Y = FG) = Flxy%y,eenx ), fxi > 0,

relating the maximum possible output, Y, obtainable from any given set of inputs.

. . y 2
The set of n inputs is denoted N = [1,..,n], and sg/axi = Fi’ ] F/Bxiaxj = Fij'

A more stylized caricature of engineering and economic notions of production functions,
as well as a related bibliograohy, is found in Thomas G. Cowing (1974).



In the case of engineering design studies, all the inputs are considered
since the objective is to develop and ultimately implement a detailed plan for
the produétion process. Subsequent efforts to improve upon this plan will
focus upon any input or subset of inputs which appear to provide opportunities
fof substantial cost reduction. In contrast, engineering energy conservation
studies have tended to concentrate on the efficiency of éﬁergy use in the
production process. Hence the focus is on a small subset of the inputs to the
production process. For example, as will be discussed in greater detail later,
a ﬁumber of engineering studies have shown that energy savings of a particular
fuel input, say Xi, are possible if certain new types of équipﬁept inputs, say
Xj, are employed. Such detailed engineering process analysis studies typically

either ignore all other inputs X, , k # 1,j, in the production function (1) or

K?
else implicitly assume that these-other inéut quantities all remain constant.
Econometric studies, on the other hand, often aggregate the myriad of inputs
into a much smaller number of composite inputs. Both the engineering process
analysis and the econometric approaches frequently rely on the-notion of functional
separabiiity, which we now define.

Let us partitidn the set of n inputs, N = [1,..,n] into r mutually exclusive
and exhaustive subsets [Nl,Nz,..Nr], a partition we shall call R.l The produc-
tion function F(x) is said to be weakly separable with respect to the partition

R if the marginal rate of substitution between any two inputs X and Xj from any

subject Ns’ s=1,...,n, is independent of the quantities of inputs outside of NS,

i.e. B(Fi/F.)
(2) ———3+ =0, for all i,jeN_, and k ¢ N_.

Bxk

1The separability discussion is presented more fully in E.R. Berndt and L.R. Chris-
tensen [1973].



The production function F(x) is said tq be strongly separable with respect to the
partition R if the marginal rate of substitution between any two inputs from
subsets NS and Nt does not depend on the quantities of inputs outside of NS and
Nt’ ife.

. 3(F.: /T,
(3) .gg,li_l) = 0, for all ieN jeN , k ¢ N U N _.
Bxk s t S t

These separability conditions can alternatively be written as

(4) FjFik - Fiij =0
 where subscripts follow the pattern noted in (2) and (3).
Weak separability, as employed in engineering and econometric studies of
the relationships among inputs factors, has several imporrant implications.
First, weak separability with respect to the partition R is necessary and sufficient

for the production function F(x) to be of the form F(Xl,X Xr) where Xs is a

PEEERT
positive, strictly quasi-concave, homothetic function of only the elements in Ns, i.e.

(5) Xs = fs(xi), ie NS , s=1,...,r

When £ is linear homogeneous in x., X, is called a consistent aggregate index
of the inputs in Ns. Thus a consistent aggregate index of a subset of inputs
exists if and only if the subset of inputs is weakly separable from all other

inputs. Engineering process analysis studies which focug only on a small subset
. of the inputs and ignore all other inputs are appropriate if and only

if the subset of inputs a;e weakly separable from all others. Similarly, econo-

metric studies which utilize input aggregates such as labor_(or‘enefgy) are

valid if and only if the coﬁponents of labor (energy) are weakly separable

1

from all other non-labor (non-cnergy) inputs?t

1We rule out the unlikely possibility that prices of all other inputs aqd output
are perfectly correlated.



‘A second closely related implication of weak separability-is that it permits
sequential Optimization.l More specifically, if F(x) is weakly separable, then
in production decisions relétive factor intensities can be optimized within each
separable subsét, and finally overall optimal intensities can be attained by
holding fixed the within-subset intensities and optimizing the between-set
intensities; the corresponding factor intensities will be the same as if the
entire production optimization decision had been made at once. For example,
if electricity and refrigerators are weakly separable from all other inputs,
then bofh engineers and economists do not have to worry about.other inputs such
as labor or natural gas, but can simply choose refrigerators of the optimal elec-
tricity—efficient design, knowing that their optimal energy/refrigerator ratio
is independent of other input optimizations.

The most important implication of strong separability is that with respect
to the partition R it is a necessary and sufficient condition for the production

function to be of the form F(x) = F(X1 + X, 4+ L.k Xr), where XS, s = 1,...,r,

2
is a function of the elements of Ns only. Notice that strong separability im;
plieg weak separability but in general the revefse is not true:

Both economists and engineers analyze production processes with the objec-
tive of minimizing the cost of production. In particular, it-is very useful to
specify the optimization proglem as that of minimizing the costs of producing
a8 given level of output, subject of course to the exogenous input prices Pys
pz,...,pn and the technological constraints emboided in F(x). W. Erwin Diewert

[1974) has shown that when F(x) is strictly quasi-concave and twice differentiable,

the cost minimization assumption implies the existence of a dual cost function

(6) - C = G(YD pl’pzS""pn)

relating the minimum possible total cost of producing output Y to the positive

lFor further discussion, see Charles Blackorby, Daniel Primont, and R. Robert
Russell {1975].



input prices pl,pz,.,..pn and the output level Y. Irotice in particular that the
cast function (6) reflects the technological parameters in (1). Also, when the
production function is weakly separable with respect to the partition R and when
each of tﬁe fs functions is linearly homogenous, the corresponding dual cost

function has the same partition in input prices; i.e.,the dual cost function is

(7) C= G(Y} Pl’Pz"“"'!Pr)

where the input price aggregator functions Ps are positive, strictly quasi-concave

Iinearly homogenous fuﬁctions of anly the elements in Ns, i.e.,

@) Ps=gs‘(pi),: ieN_,, §=1,uce,T-

The usefulness of the cost function in demand theory is that the cost
mimimizing derived demand equations are directly obtainable from the derivatives

1

o . _ Z - r - '
af G. As before, aG/ apf G:i; a G/apiapj.; G:"_j"' By Shephard's Lemma,™ the

”

ap:tu.mal derived demands are

@; x =&

- > i=lyee.

& questiom of mnﬁdﬁc;.rab'fe interest te ecomomists is the sensitivity of .
the optimal derrved demand for' X, ta @ change iIn the price of the same input
(the: "own. price response") or te @ change im the price o;f another input j, i#j
(the "cross: price respomse"). Such: sensitivity measures will vary of course
depending on what other @bl% are held fx;xed . The most common elasticity

measure, due to J.R. Bichks [I933] and R.G.D. AIYemn [I938], is the demand price

I"Emr further discussiom, see W.E. Diewert [L974].
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“elasticity defined as

2 In X

. po

- o= ). _ %

(10) €. s T In
J

where outﬁut Y is he;d conétant, only pj changes, but ;11 factors are allowed to
adjust to their optimal leyels. Hicks-Allen defined inputs X, and X, as sub-
stitutes, independent, or complements according as Eij was positive, zero, or
negative, respectively. Furthermore, when there are only two inputs in the pro-
duction function (say X and x2), the strict quasi-concavity condition on the
underlying production function' F will ensure that 612 > 0, i.e. the two inputs
muét be substitutable.

In general, €., # eji' The Allen partial elasticities of substitution Gij

1]

are essentially normalized price elasticities,

(11 o,, = €,./M,
1] 1] 3]
where Mj is the cost share of the jth input in total costs, i.e.

12 M, = L .
(12) : p X.GF; P.X.

The effect of this normalization is to make the Allen partial elasticities of
i tuti ic, i.e. = .. H. 1962
substitution symmetric, i.e gij Uji’ even though Eij # eji H. Uzawa [1962]

has shown that the Oij can be derived conveniently from the cost function (6) as
(13) o,, = ——, i,5=1,..,,0.

Two less familiar but nonetheless interesting alternative substitution

elasticity measures are the direct and shadow elasticities of substitution.
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Daniel licFadden [1263] and Ryuzo Sato and Tetsunori Koizumi [1976], among others,

have shown that the direct elasticity of substitution dij’ defined as

1 1
Fixi + F.x.
ay 4= = i#],
_Fig 2 Fij _ _ij
F,2 + F.F, F.2
1 1J J

can be rewritten, making use of the cost minimization assumption, as

1s) 4., = 9 In (x;/xy)
ij 93 1n (pj/pi)

Hence the direct elasticity measures the percentage change in Xi/xj given an
exogenous percentage change in pj/pi' We would expect that in general dij would
differ from Gij or Eij’ since with the dij only the two inputs X, and Xj move

to their optimal levels, while with the Gij or eij all factor quantities =-- not
just X, and xj -- are allowed to adjust to their cost-minimizing levels, all with
output fixed. Two implications of thig are worth noting. First, the strict
quasi-concavity "curvature' restrictions on F(x) require that all dij > 0, i#j,
even though certain Eij or Oi' may be negative. Hence we can simultaneously

have negative Allen partial elasticities of substitution indicating that inputs

i and j are complementary and positive direct elasticities of substitution reflect-
ing two-space substitutability. Second, when there are only two inputs, Xy and Xy»
12 = d92°

The final elasticity of substitution measure we consider is the shadow

elasticity of substitution Sij’ defined as
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1 . R
(16) 544 = . - i,

where imputed or shadow prices of the remaining factors and imputed total cost

are fixed. Equation (16) can be rewritten as

d 1n (Pi/Pj)
ij 9 In (x,/x.)
3 71

The Sij therefore measure the percentage change in the ratio of the input prices

pi/pj in response to an exogenous percentage change in the quantity ratio xj/xi,

where prices of the remaining factors xk(k#i,j) and total shadow cost are held

fixed. Again, the curvature conditions on F(x) imply that Sij > 0, even though

€,. and Oij may be negative. Also when there are only two factors of production

4]

x, and x d

1 ) = 012 = S.,,. With more than two production faciors, however, iq '

12
general dij’_sij’ and qij will diffe;.l Thus considerable care must be taken in
discussing "'substitution elasticities," for unless the context makes it clear
what variables are being held constant, needless confusion can easily result.

In pf;ctice both process engineers and econometricians interested in
measuring energy conservation potential may choose to analyze only a subset of the
inputs or may be unable to obtain sufficiently detailed or reliable data om all

n inputs in (1). For this and other reasons researchers may choose to focus attention

on estimating substitution elasticities among only a subset of the n inputs. As an

Relationships among these three alternative elasticity of substitution conrepts
-in the multiple input case have been analyzed by R. Sato and T. Koizumi [1973a].

[P ——

ey, o e e
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gxample, supposé a ?esearcher only has data 0n>;he inputs beionging to the NS
subset in the partition R, and that he wishes to obtain estimates of the pricé
elasticities-eij among the q inputs within the NS subset. Although the marginal
rate of substitution Fi/Fj’ (i,jeNs) is independent of all xp(k ¢ Ns) when

- inputs in NS are weakly separable from all other inputs, we now deﬁonstrate that
unless additional information is available the researcher cannot obtain estimates
of the Hicks-Allen price elasticities Eij (i,jeNs) based only on data for in-
puts belonging to the weakly separable Ns éubsef.

Let us define the gross price elasticity Eij (1,JeNS) as the derivative

9 1n xi/B In pj where XS,'the aggregate input or "output" of the weakly separable
fs subfunction (5) is held constant, all X (keNs) are allowed to adjust to their

optimal levels, but all X Gnth) are held fixed, Let us also define the net

. . =d1lnxy ., . .
price elasticity Eij as Eij "'H—IE"”E} 1,J€NS, where now the output Y is held
. constant at Y = Y and all other inputs -~ not just those in Ns -— are allowed

to move to their new cost minimizing positions. Notice that the gross price
. * T ’ . .
elasticity Eij treats Xs as fixed (say, X.s = Xs), whereas the net price elasticity

allows Xs to respond to the change in p More specifically,

j;

(18) d 1In X . N 9 1n X, _
d 1In pj Y=7 9 1In pj XS = XS
9 In x, 9 In X d1n?P
+ = - = . 2 5, i,jeN
3InX  31InP  dlnp. |[¥Y=Y" »J s’
s s J

The left-hand side of (18) is the net price elasticity and the first term on
the right-~hand side is the gross price elasticity; we shall call the last ex-

pression on the right side of (18) the 'scale elasticity. The three terms comprising

the scale elasticity may be interpreted as follows. First, because fs is linearly
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homogeneous, 5 1In xi/a In Xg: 1. Next, the derivative 3 1n X /9 In P_ is the
! s s ,
price elasticity for the aggregate XS given a change in the price of the aggregate

input Ps' where Y = Y, Let us denote this own price elasticity as € . Finally,
ss

since PS = %pixi/xs, iENS, and using Shephard's Lemma B{Q ) xi s, Wwe& have
S =
pi Xs
P
o)y PP vy B py¥y
¢ 1n pj Pg Bpj PSXS

Equation (19) indicates that 3 ln Ps/a In pj is simply the cost share of the
th
3

denote this share as

input in the total cost of producing the input aggregate XS; hereafter we

P.X,
(200 N, = Ll 1,j € N_.

8 b4
A FE

C@mbining these expressions aud substitﬁting into (18), we have

* J
=g, + €N

(2 Eij 13 ss si°

Thus the net effect on the derived demand for Xy given a change in the price

-~ eof Xy (1,3 ¢ NS) is the sun of a gross effect which holds the input aggregate X,

Y,
-

fixed plus the cost share of the Jtn input in the total cost of input aggregate
Xs times the price elasticity of demand for Xs'
The implication of this for the researcher dealing only with data om

inputs in the weakly separable subset HS is that io general he cannot estimate

€,., given data for the variables comprising the sudset NS; all that can be done

1}
A
is te estimate the gross price elasticity Eij and of course the cost share NS,.
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In order to estimate the net price elasticity Eij’ additional information on

Eés is necessary. Since the curvature conditions on F(x) require that Ess <D

and since the cost share N . > 0, it follows that Né,sss < 0 and therefore that
J

5]

* . P
{ <€ Notice that if inputs X and xj are gross complements then they

"i5 © i3,
also are net complements. However, gross substitutability (ejj > D) does mot
necessarily imply net substitutability (Eij > 0), for if the absolute value of the
the scale elasticity stess is gréater than the positive gross substitution £las—
ticity, inputs i and j will be gross substitutes but net complements.
The implications of this discussion for reconciling engineering and econo-

metric studies of energy conservation should now be clear. Both engineering
- and econometric approaches employ the concepts of a production function, weak
separability of inputs, and assumptions és to the bptimizing behavior of pro-
ducers. Engineering studies tend to focus upon the changes in capital design,
and the manner in which capital and energy are jointly utilized. Their emphasis
is on the subset of inputs including capital and energy inputs, with the as—
$umption of weak seéarability between these inputs and the other factors of
production. Thus, engineering studies tend to provide information to evalvate
gross elasticities of substitution between the inputs comprising a subsei of
factor inputs. Econometric studies, on the other hand, have tended to focus

on the relations between #ll.inputs, employing the assumption of weak separability
to reduce the‘numbér of subsets to a manageable number. When all inputs are in-
cluded, the econometric studies can provide information 6n the gross elasticities
- of substitution between factors within a subset, as well as scale elasticities
between subsets and conseduently the net elasticities between any pair of in-
puts. Thus it is apparent that both approaches to evaluating the pofential

for energy conservation use the same analytical principles so that summary

measures, such as the various elasticity concepts, may be related and compared.
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111 Two Input Energy-Capital Models

The recent engineering literature contains numerous blueprint examples of
how equipment and appliances could be redesigned or rétrofitted to consume less
energy, but at the cost of a larger initial capital outlay. For example,

E.P. Gyftopoulos et al. {1974] have compared actual fgel use in industry with
the theoretically most efficient use based on the Second law of Thermodynamics;
in E.P. Gyftopoulos and T.F. Widner-[1977], percentage changes in fuel efficiency
are compared with percentage changes in initial capital cost outlay. Other
studies (see, for example, U.S. Environmental Protection Agency [1973]), have
attempted to rank alternative capital-energy use combinations using "life cycle"
costing. On the basis of such two-input studies, some economists have been
“led to conclude that energy (E) and capital (K) are substitutes. ‘For example,
J.M. Griffen and P.R. Gregory [1976] state that ". . .in the long run, one might
expect K and E to be substitutes since new equipment could be redesigned to
achieve higher thermal efficiencies but at greater capital costs."1

Enginecering examples of the reduced energy consumption-higher initial cost
tradeoff are numerous.2 To our surprise, very little econometric work on this
issue has been published. Makoto Ohta (1975) reports that the initial capital
costs of boilers and turbogenerators purchased by U.S. steam generating electric
utilities have varied positively with energy efficiency (essentially, the ratio
of electrical output to fuelninéut per time period). Using U.S. data for twenty-
two 1976 models of automatic frost-free refrigerators with freezers,3 we have
fitted the following least squares.semi-logarithmic regression of the log of the
list price.in dollars (LNPRICE) against refrigerator volume in cubic feet (REFVOL),
freezer volume in cubic feet tFZVOL), and average momnthly electricityrconsumption

in kilowatt hours (KWH):

lJ.M. Griffen and P.R. Gregory (1976), p. 856.

21n addition to the Gyftopoulos references cited above,” see Eric Hirst et al.
(1977), Eric Hirst and Janet Carney (1977), Joel Darmstadter et al. (1977), and
R.k. Socolow (1977).

2
“The data is drawn from A.H. Rosenfeld (1977), and is reproduced in Appendix A
of this paper.
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LNPRICE = 5.577 + .043 REFVOL + .092 FZVOL - .003 KWH
(10.446) (1.222) (1.372) (-2.863)

Rz = ,406 t-values are in parentheses

Although this equation is.admittedly naive as an hedonic price specification,l
the significant negative coefficient on the KWH variable illustrates the
tradeoff between lower electricity consumption and higher initial capital cost.
Based on these coefficient estimates; the list price of a 16.5 cubic feet re-
frigerator (say, 12 cubic feet of REFVOL and 4.5 cubic feet of FZVOL) is pre-
dicted to increase from about $425 to about $460 as average monthly electricity
required decreases from 150 to 125 KWH.2

A final examplé is that of Jerry A. Hausman (1978).. Using U.S. trade
journal data for 65 models of 1976 room air conditioners, Hausman obtains the
tegression equation

LNPRICE = constant + .0598 Btu + .09765 EER
(11.3355) (4.96314)

where Btu is cooling capacity in thousands of British thermal units and EER
is the energy efficiency ratio (computed aé cooling capacity in Btu per hour
over rated power consumption in KWH. The statistically significant coefficient
on-the EER variable indicates that, holding cooling capacit& fixed, initial .
capital cost outlay for air conditioﬁers and energy efficiency (consumption)
are positively (negatively) correlated.

These examples do not necessarily imply, however, a tradeoff between
the flow of capital services and the quantity of energy. Imitial capital cost
must first be decomposed into a quantity service flow and a rental price per

unit of time. In order to construct a capital quantity flow, additional informa-

1-See M. Ohta and Z. Griliches (1976) for a discussion of issues involved in the
construction of hedonic price indices. Our choice of a simple semilogarithmic
equation specification is based on their procedure. For an hedonic study of
refrigerators not accounting directly (but implicitly allowing) for energy
consumption, see J.E. Triplett and R.J. McDonald (1975).

2The reduction in KWH requirements, given FZVOL and REFVOL, is possible through
increased insulation, improved compression efficiency, use of an anti-sweat
heater switch, etc. See the various Hirst references and A.H. Rosenfeld (1977)
for further discussion.
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tion would be needed on, for example, durability and physical deterioration over
time; similarly, capital rental price measurement would require information on
economic depreciation, the opportunity cost of capital, and in the industrial

sector, effective rates of corporate taxation. MNonetheless, the proposition that

there is a tradeoff{ between capital quantity flow and energy coﬁsumption per
.unit of timé, other inputs not considered, seems reasonable to us. In the next
section of this paper we will present some estimates of this engineering energy-
capital substitutability. Our first task, however, is to aevelop a more pre-
cise definition of the engineering energy-capital substitutability notion.
It is obvious that a great deal of industrial equipment‘relies for power
§n some type of energy. Therefore let us hypothesize a two-input weakly separable
function which combines the inputs of aggregate capital an& aggregate energy and pro-
duces an output called "utilized capital."1 In the context of réfrigerators
{or air conditioners) utiiized capital services could be the number of hours in
which a specified amount of space is cooled to a certain temperature; such
utilized capital services would be the output of a production process with two
inputs —— a refrigerator (or air conditioner) and KWH of electricity.
More formally, assume that gross output Y is produced by a cost-minimizing
competitive firm according to the positive, twice differentiable, strictly quasi-- -

concave production function

(22) Y = F(K,L,E,M),

vhere K is an input aggregate of capital services, L of labor services, E of energy,
and M of non-energy intermedia;e materials. Notice that (22) is a highly aggre-
gated form of the production fqnction (1). Within the production function (22),

we assume there exists a weakly separable linearly homogeneous utilized.capital

subfunction with only two inputs, aggregate capital and aggregate energy,

(23) K* = £(K,E)

lFbr other two~input E-K discussions, see Paul V. Zarembka (1974) and Thomas
C. Cowing (1974). Some econonmists have used electricity of other energy
ceasumption indexes as a "proxy" measure of actual capital services; e.g., see
. Carlisle E. Moody, Jr. (1974} and the references cited therein.
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which together produce the utilized capital output K*, With output quantity
and input prices exogenous, the regularity conditions on (22) and (23) imply
the existence of a gross output dual cost function relating total cost

C-= PKK + PLL + PEE + PMM to gross output Y and to the input prices PK, PL, PE,

and PM’

. the .existence of the separable subfunction (23) in the production function (22)
implies the existence of a dual separable utilized capital cost subfunction in

the same input partition,

: ) - %
(25)  Cpp =& (R*,Pp.RL)

where CK* = PKK +'PEE. It might be noted here that the assumption of a linearly

homogeneous weakly separable utilized capital subfunction implies that the opti-

- .mal E/K ratios within the utilized capital subfunction depend solely on PK’ PE,

and not on the other input priées P PH or the level of gross output Y. Hence,

L!’

under the above separable utilized capital specification, engineers interested
in energy conservation issues are able to choose K/E ratios so as to minimize
Fhe unit cost CK*/K* of producing utilized capital services, without having to
consider prices of other inputs such as PL or PM' In turn, the firm will then
detefmine the cost—migimizing total amount of utilized capital K* it demands —-
a decision which will depend of course on the price of utilizéd capital services

(PK*), and on P , and Y.

L’ M )
Based on the utilized capital cost subfunction (25), we can define gross

price elasticities as follows:
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where utilized capital output K is fixed. These gross price elasticities must

be interpreted carefully. For example, e¥

KE measures the percentage change in

the quantity of capital demanded in response to a percentage change in the price

*
of energy, assuming P, and utilized capital output K is fixed. Hence these gross

K
price elasticities do not allow for the scale effect mentioned in the previous
section, wherein the energy price change affects the ﬁnit cost of producing
utilized capital services, which in turn brings about a change in the amount of
K* demanded and thus results in a change in the derived demand for K.

Since the utilized capital subfunction has only two inputs, the ;ggularity
;E and e;k must be

positive. Equivalently, in this two-input model E and K must be'substitutable

conditions on (25) require E and K to be substitutes; hence €

along a strictly convex utilized capital isoquant. We construe much of the recent
literature dealing with possibilities for energy cqnservation as focussing on
the real world possibilities fo; movement along (or a shift in) the utilized
capital isoquant. As'noted earlier, either through equipment retrofittiﬁg or
through new equipment design, the engineering-economic energ& conservation litera-
ture illustrates the fact that a2 given amount of utilized capital services can
. be produced with less E but more K.
We are aware or no econcmetric resea..n which proviues estimates of the

gross E-K price elasticities in (26) and (27).1 One poinf, however, is very

1 \ ‘
A related measure has been estimated by Cowing (1974), Table III, P- 149.
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clear: engineering or econoﬁetric research on (26) and (27) could not report

E-K complementarity, for.curvature restrictions on (25) rule this possibility out.
In or&er to be able to diséover E-K complementarity, it is-necessary to specify

a production function with more than two inputs. We now turn to a discussion

of complementarity in the four input KLEM model.
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IV. An Interpretation of Energy-Capital Complementarity

Although economics students typically learn about complementary inputs
or commodities in their principles courses, the underlying intuitive basis
for complementarity remains surprisingly elusive. Paul A. Samuelson [1974]
illustrates the possible confusicn with a classic coffeé, tea, and lemon
example:

". . . we 'know' that coffee and tea are 'substitutes' because we
can drink one or the other; in the same way, we know that tea and
lemon are 'complements', because tea with lemon makes up our de-
sired brew. And probably we feel that tea and salt are somewhere
between being substitutes and being complements: relatively speak-
ing, tea and salt are in the nature of 'independents.'

"Beyond these simple classifications the plain man may hesi-

“tate to go. Thus, sometimes I like tea and lemon; sometimes I like
tea and cream. What would you say is the relation between lemon
and cream for me? Probably substitutes. I also sometimes take
cream with my coffee. Before you agree that cream is therefore a
complement to both tea and coffee, I should mention that I take
much less cream in my cup of coffee than I do in my cup of tea.
Therefore a reduction in the price of coffee may reduce my demand
for cream, which is an odd thing to happen between so-called com-
plements; at least this is in contrast to the case of the tea-and-
lemon complements where we should expect a reduction in the price
of either to increase the demand for both (as I am induced to con-
sume more cups of lemoned tea).

"Things are not so plain sailing after all. We . . . are not so
sure what it is that we know."l

It is fitting, therefore, that we attempt to develop a more precise in-
tuition for E-K complementarity consistent with the Hicks-Allen demand
framework, yet also simultaneously consistent with the engineering-economic

notion of gross E-K substitutability.

lP. A. Samuelson [1974], p. 1255.
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Recall that we have specified a weakly separable linearly homogen-
eous utilized capital production sub-function K* = f(K,E) imbedded within
a "master" production function Y = F(K,L,E,M) = F(K*,L,M) and the corres-
ponding dual unit cost subfunction for utilized capital CK*/K* ='g(PK,PE)
nested within a master unit cost function C/Y = G(Y’PK’PL’PE’PM)' In (26)
and (27) of the previous section, we also defined the gross price elastici-
ties between E and K.

The net price elasticities for the general case have been derived and

defined in (20) and (213 of Section II. 1In the present context, the net

price elasticities for E and K are

= % . = *

(28) ke~ °KE t e e €Ex ik T Cad 'k
= I3 = %3

(29) kK ¥k ¥ ud 'k’ €5 €5E Sl E

where Cuu is the price elasticity of demand for utilized cépital services
and NK and NE are the cost shares of K and E in the total cost of producing
output K#*, Equation (28) indicates, for example, that thé net price elaé—
- ticity €KE along a gross output isoquant (where Y = ?) is equal to the
pogitive gross subs