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Aggregation of Capital and Its
Substitution with Energy

G.A. Garofalo and D.M. Malhotra*

INTRODUCTION

In the post-oil embargo period, there is considerable interest in the question of whether
capital and energy are substitutes or complements, A rise in the price of energy will induce
capital formation if energy and capital are substitutes but will reduce capital formation if they
are complements. A controversy developed over this issue when the finding by Berndt and
Wood (1975) that capital and energy are complements in manufacturing was challenged by
Griffin and Gregery (1976) who found capital and energy 1o be substitutes,

Capital was measured as an aggregate input in both studies. One may question the
appropriateness of aggregating building capital with equipment capital for the manufacturing
sector. It is likely that a change in the price of energy will affect building capital differently
than machinery capital. Furthermore, researchers must confront, as a practical matter, the
issue of aggregating building and machinery capital since the investment data are reported
scparately for buildings and machinery by the Bureau of Economic Analysis and by the Census
of Manufacturers. These investment series are used to construct capital stock series.

The aggregation of building and machinery capital is possible only if these components of
capital are weakly separable from other inputs in the production function.! To test the
hypothesis of weak separability, we estimate for the manufacturing sector a four input
production function with building capital, machinery capital, labor and energy as inputs.

The aggregdtion of capital has been a controversial issue in economics since the 1950s. The
“Cambridge School™ led by Joan Robinson (1953-54) attacked the validity of the neoclassical
production function with aggregate capital as one of its arguments. Robinson questioned the
neoclassical conclusion that aggregate capital-labor ratio and wage-rental ratio are always
positively related. She also raised the possibility that if manufacturers are faced with 2 finite
number of techniques with different capital-fabor ratios, then the comparison of the steady-
state equilibria associated with these techniques may over some range yield a negative
relationship between the capital-labor ratio and the wage-rental ratio.

This reswitching problem led the researchers to question the aggregation of capital within
the context of a neoclassical production function. Is it possible to aggregate heterogeneous units
of capital? Is it possible to establish unambiguous linkages between input ratios and input
prices? The questions as yet have not been answered with certainty; however, the concensus
seems to be that with sufficient substifution among inputs, the Cambridge criticism of
neoclassical theory has little empirical importance.? Although our focus is different from the
Cambridge controversy, we also argue that the. existence of an aggregate input called capital
can be determined only in the context of a specific production structure.

Our empirical results do not support the aggregation of building and machinery capital
into a single index of capital stock. This implies that aggregation error biases the existing
estimates of the elasticity of substitution between energy and aggregate capital (oy;). Second,
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when elasticities of substitution are computed separately between buildings and energy (ope)
and machinery and energy (owg), we find that buildings and energy are complements
(6ge = —3.032) and that machinery and energy are substitutes (omg = 1.005). When oyg is
estimated using our data the value is —0.704. Thus, oyy masks important interactions between
energy and the components of capital. Misrepresentation is greatest in the case of machinery
since the sign of oy differs from ¢y This has important policy implications. For example, it is
frequently argued that rising energy prices reduce the rate of growth of investment in new plant
and equipment. This argument is based partly on the assumption that capital and energy are
complements. However, our results indicate that this assumption holds only for buildings. For
machinery, a rise in the price of energy, holding output constant, will induce greater capital
formation,

The data in this study are pooled cross-sectional time-series for the years 196366 and
1974—78.3 The cross-sectional units are 40 states in the U.S. for which relevant manufacturing
data are available.t Pooled cross-sectional time-series data are preferred because there is
greater variation in input prices across states than is found in the U.S. as a whole over time.

Section 1T describes the model and the estimation procedure to test for weak separability of
inputs. Section ITI reports empirical results. Section IV summarizes the findings of the study.

[i. MODEL AND THE ESTIMATION PROCEDURE

A four factor production function is assumed for the manufacturing sector. In general, it
can be represented as follows:

(1) y = (B, M, L, E)

where y is real output and B, M, L and E refer respectively to buildings, machinery, labor and
energy. An aggregate index of capital exists only if B and M are weakly separable from E and L.
If separability is satisfied, then (1) can be rewritten as follows®:

(2) y = f[K(B, M), L, E]

where K(-) is the aggregate function. Applying duality theory and assuming linear homogene-
ity yields the following cost functions associated with (1) and (2)%
) C=h(P)-y i=BLEM

or i=K, I, E
where C is total cost and P; is the price per unit of the ith input. Employing Shepard’s (1970)
lemma and assuming a translog functional form, the following cost share equations are
derived:
i=B,L,EM
or i=K,LE
where S, refers to the share of the ith factor in total cost, and ¢ is the random error term
associated with the ith equation. To capture non-neutral efficiency differences among states
and over time, regional dummies (D,) and time (t) are introduced as arguments in (4).
Therefore, (4) can be written as follows:

(4) Si=0~’i+Z’Yi51“Pj+°i
j

(3) Si=o + Z Y In Py + v lnt + Z‘Yir D, + e
j T
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The fa:?sumption of linear homogeneity, the requirement that cost shares add to one and the
conditions for cost minimization impose the following restrictions on (5):

(6) Zai= 1, Z‘Yij:z7ij:09 Yi = Yii
H 1 i
Z v = 0, and Z v = 0.

I_n actual estimation, given the parametric restrictions in (6), one of the cost share
equations can be omitted. An iterative efficient Zellner procedure (IZEF) is used for the
estimation of (5). This procedure ensures that parametric estimates are invariant to the
equation omitted. From the transiog estimates, Allen partial elasticities of substitution (¢) are
computed as follows:

o = vy + 87 — 8;)/8}
o5 = (v + 5:5)/5:S;
The output constant own- and cross-price elasticities (g;) are computed as:

(8) Eij = s S,

-

(7

Berndt and Christensen (1973b) show that a test for weak separability can be expressed in
terms of Allen elasticities of substitution. Using the values of ¢ computed from (7) the
restrictions necessary for weak separability of building and machinery from both labor and
energy are given as follows:

(9) ogg = omp  and  opp = oyr.

For (9) to hold, given a translog functional form, the following set of conditions must be
satisfied:

Spyme — Smvee = 0
and
(10) Seymr. — Suye = 0

The stipulation in {10) can be satisfied in two ways:

(11) . YME = YBE = YmL = VoL = 0
or
{12) Yo /¥eE = YmL/ YME-

Berndt and Christensen (1973b) refer to (11) as linear separability and to (12) as non-linear
separability. The restrictions in (11) suggest that buildings share and machinery share are
unaﬁeclted by the prices of energy and labor. In terms of the elasticity of substitution, this
restriction implies that opg = ope — o5 = ¢y, = 1. Non-linear separability requires only
§quality between the elasticites of substitution (g = oy and gy = oy ). If weak separability
is accepted then a consistent aggregate of capital exists and the KILE specification is valid.
Otherwise, BMLE is the appropriate form.
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[II. EMPIRICAL RESULTS

The system of cost-share equations (5) are estimated for the KLE and the BMLE
specifications. Table 1 presents the cocfficient estimates for both the specifications. The
elasticities of substitution and the price elasticities of input demand are reported in Table 2.

With regard to capital-energy interactions, the estimates based on the BMLE model
indicate that building and energy are highly complimentary (oge = —3.032) while machinery
and energy are substitutes (oye = 1.005). The KLE model yields an estimate of —0.704 for oxg.
Similarly the output constant energy price elasticities of building (ege) and machinery (evg)
are —0.25 and 0.08 respectively. The energy price elasticity for aggregate capital (egp) derived
from the KLE model is —0.06. Since both sign and magnitude differs between building and
machinery elasticities, it is impossible for the estimates of aggregate capital elasticities to
represent the interactions between energy and the components of capital. This violates the basic
idea of consistent aggregation as defined by Green (1964, p. 3), who states that: “Aggregation
will be said to be consistent when the use of the information more detailed than that contained
in aggregates would make no difference to the results of the analysis of the problem at hand.”

Statistically, for consistent aggregation of building and machinery to exist, the restrictions
given in equation (10) must hold. The null hypothesis for linear separability is given in (11). To
test this hypothesis a likelihood ratio test is employed.® The computed Chi-square with four
degrees of freedom is 190.4. Thus, the hypothesis of weak separability of building and
machinery is decisively rejected at any reasonable alpha level. Given this evidence a consistent
ageregation of prices and quantities of buildings and machinery is not possible under the
assumption of linear separability.

The possibility still exists that non-linear separability may hold. The empirical validation
of (12) involves non-linear parametric restrictions. To get around this problem we tested for the
existence of non-linear separability at the mean values of the cost shares. The null hypothesis is
that at the mean values of Sy and Sy the parametric restrictions implied by (10) are satisfied.
The computed Chi-square is 64.8. Thus, non-linear separability is not satisfied at this point.

The possibility of aggregating buildings and machinery was first considered by Berndt and
Christensen (1973a). Assuming a translog production function with three inputs (B, M,and L),
they test the hypothesis that buildings and machinery are weakly separable from labor. They
could not reject the existence of linear separability. However, they did reject the non-linear
formulation of the separability hypothesis. For purposes of comparison, we also estimate the
BML specification and test the Berndt and Christensen hypotheses. The computed Chi-squares
are 8.4 with two degrees of freedom for the linear hypothesis and 27.6 with one degree of
freedom for the non-linear hypothesis.” Like Berndt and Christensen, we accept the linear
hypothesis (critical value is 9.21 at the .01 level) and reject the non-linear hypothesis (critical
value is 6.63 at the .01 level). However, for the BMLE specification both hypotheses are
rejected. .

The similarity between our resufts and those of Berndt and Christensen is somewhat
surprising given the differences in the methodology and data emploved in the two studies. First,

Rerndt and Christensen use time-series-data for U.S. manufacturing for the period 192968,
We use pooled cross-sectional time series for the periods 196366 and 1974-78. The unit of
observation in our study is a state and not the nation. Second, Berndt and Christensen assume
Hicks-neutral technical change, however, we allow for the possibility of biased technical

progress.
From our results we can conclude that consistent aggregation of capital can be discussed
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- TABLE 1
Cstimated Coefficients of the Translog Cost Function

Independent Variables

INT MA ENC  WNC SA ESC WSC

BMLE Specification

Time

Py

Py

Factor

0.0355
(0.014)

0.0539

(0.013)

0.0463
(0.014)

03201 00517 00392 00247 00185 —0.0184
(0.012) (0.012) (0.012) {0.011)

(0.039)

0.0053
(0.005)

0.1324 —0.0431 —0.0564 -0.330

(0.021)

Share of Buildings

(0.014)

(0.005) (0.015)

(0.017)

0.2493 —-0.0064 —0.0175 —0.0403 -—0.0068 —0.0206 —0.0124 —0.0070 —0.0187

(0.025)
0.0211 —0.1079 —0.0058 —0.0203 —0.0157

0.0472
(0.004)

0.0001 -0.0333

(0.004)
—0.0010

0.0762
(0.018)

Share of Machinery

(0.009) (0.010)

0.0284 —0.0059 -0.0253

(0.008) (0.008) (0.010) (0.009)
(0.003)
0.0076 —0.0623 —0.0410

(0.009)

(0.008)

0.011)

0.0314
(0.005)

0.0042
(0.004)

0.0573
(0.006)

Share of Energy

(0.006)
0.0085
(0.019)

(0.005)

(0.001) (0.013) (0.005) (0.005) (0.005)
0.0009 -0.0736 0.5385 —0.0395 —0.0014
(0.048)

(0.018)

(0.003)

0.0313 —0.0075

Sharc of Labor

(0.015)"

(0.017)  (0.017)

(0.016) {(0.015) (0.017)

(0.016)

(0.010)

Independent Variables

P P Time INT MA ENC WNC SA ESC WSC

Py

Factor

KILE Specification

0.0105

(0.017)
~0.0231

0.0412

(0.015)
- 0,0046

0.0083 -0.0444  0.0277
(0.014) (0.016)

—0.0203

0.0167

(0.015)
~0.0193

0.0448

(0.015)
--0,0068

—0.0577 -0.0587 00606 0.2881
(0.019)  (0.003) (0.013)

{0.005)

0.1163
(0.018)

Share of Capital

(0.017)

(0.014)
—0.0143

0.0301
{0.005)
—0.0578

0.0329
(0.005)

0.0042
(0.004)
-0.0125

0.0610
(0.004)

0.0148

(0.001)
—0.0750

0.0575

(0.005)

0.0002
{0.003)

Share of Energy

(0.006)

(0.005)
—0.0366

(0.003)  (0.004)

(0.005)
- —0.0380

0.0126
(0.017)

0.0115

0.0346
(0.014)

0.0026
(0.01%)

0.6509

0.013)

0.0012
(0.018)

Share of Labor

(0.017)  (0.016)  (0.015)

0.014)

(0.014)

(0.004)
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TABLE 2
Substitution and Price Elasticities

BMLE Specifications (Elasticities of Substitution)

B M L E
B —0.353 ¢.018 0.619 —3.032
{0.70) {0.40) (0.17) (0.36)
M —1.81 0.729 1.005
(0.30) (0.09) {0.20)
L —0.992 2412
(0.072) (0.15)
—i1.504
¢ (0.458)
KLE Specifications (Elasticities of Substitution)
K L E
K -0.727 0.720 —0.704
(0.103) {0.09) (0.14)
L —0.990 2.416
(0.072) (0.13)
E —-11.321
(0.458)
BMLE Specifications (Own and Cross Price Elasticities)
B M L E
Py —0.061 0.003 0.107 —0.524
0.12) (0.006) {0.029) {0.062)
Py 0.004 ~0.444 0.179 0.246
(0.098) (0.074) {0.022) (0.049)
P, 0.310 0.365 —0.497 1.209
(0.085) (0.045) (0.144) (0.075)
Pe —0.246 0.081 0.195 —0.932
(0.029) {0.016) (0.012) (0.037)
KLE Specifications (Own and Cross-Price E lasticities)
K L E
P, —0.304 0.301 —0.294
(0.043) (0.038) (0.059)
P, 0.361 —0.496 1.21t1
) (0.045) (0.036) (6.065)
Pg - —0.057 0.196 —-0.917
{0.011) (0.011) (0.037)

only with respect to a specific production function. When issues concerning energy apd c_ap;tal
are raised, our findings show that the aggregation of building and machinery capital tnto a
single measure of capital is inappropriate for analyzing production and cost st‘ructur?s‘ '
Building capital and machinery capital also may contain aggregation b%as. It is uphkely
that our capital categories of “buildings” and “machinery” are eif:mentary .mputs which are
defined by Green (1964) as input categories where individual units of the input are perfect
substitutes.'9 If different units of “machinery” and “buildings™ are not perfect substitutes then
the maintained hypothesis that different units of “machinery” and “!:)uildings”.are weakly
separable from other inputs will not hold. In this case, a finer level of dlsaggregatllon than the
one attempted in our study is needed. To the best of our knowledge, more disaggregated

AGGREGATION OF CAPITAL AND ITS SUBSTITUTION WITH ENERGY 257

information by asset type is unavailable for manufacturers at the state level. Thus, we are
forced to assume that “buildings” and “machinery” are consistent aggregates. By treating
*buildings™ and “machinery™ as separate arguments in the production function we can avoid at
least some potential aggregation errors which could lead to inappropriate and/or incorrect
palicy conclusions.

Since a consistent aggregate of capital does not exist for the BMLE specification, the
policy formulator can be mislead if only ¢ is used as a guide for policy. For instance, on the
basis of aggregate capital and energy complementarity one might conclude that rising energy
prices will reduce the rate of capital formation. Our results indicate that this conclusion is valid
only for buildings. Furthermore, the magnitude of change in the capital formation of buildings
would be underestimated given the relative size of ez and egg. Another example is an economic
policy designed to lower long-term interest rates for the purpose of stimulating investment in
new plant and equipment. Based on our results, a reduction in the price of buildings will, ceteris
paribus, increase energy demand whereas lowering the price of machinery will bring about
lower energy utilization. However, looking only at ez one would draw the conclusion that
policies geared toward lowering interest rates will come into conflict with the goal of energy
conservation.

QOur estimate of oy sheds new light on the capital-energy controversy. The issue is whether
capital and energy are complements or substitutes. Berndt and Wood (1975) find them to be
complements whereas Griffin and Gregory (1976) find a positive value for oy Attempts at
reconciliation of the conflicting results focus on two differences between the studies. One
involves the nature of the data. Griffin and Gregory (1976, 1981a) stress that cross-section time
series data tend to yield a positive estimate of sxp. On the other hand, they argue that
time-series data tend to capture short-run influences and therefore often yield a negative
elasticity of substitution. The second issue concerns the treatment of material inputs in the
production process. Berndt and Woods {1981a, 1981b) show that a net estimate of ogg is
obtained when material inputs are included in the production function while a gross estimate is
obtained when material inputs are assumed to be separable from other inputs. It is possible, as
they note, for capital and energy to be gross substitutes but net complements. However, Griffin
(1981a, 1981b) notes that for the Berndt and Wood reconciliation to hold the elasticity of
substitution between material and non-material inputs {o,,,) would have to be 3.7 which is an
unrealistically high value. Griffin (1981b, p. 1101) estimates oy — 0.60 with a standard
deviation of 0.06.

The approach in this study is similar to that of Griffin’s and Gregory’s. Both studies use
cross-sectional time series data and assume separability of material inputs from other inputs in
the production structure. Yet, unlike Griffin and Gregory, we find K-E complementarity. This
implies that factors other than the nature of the data and the treatment of material inputs play a
role in determining the sign of oyg. Our findings suggest that the composition of capital and the
strength of the interaction between energy and the components of capital also are important
considerations. Although we can only speculate, the international panel data used by Griffin
and Gregory are likely to have a higher percentage of machinery than the national time-series
observations in Berndt’s and Wood’s study. Given our results, this would tend to lead 1o a
positive value of oy in Griffin’s and Gregory’s study.

Apart from the nature of the capital-energy substitutability, the empirical results also
reveal some other important characteristics of the underlying production structure, We find
that the degree of substitution between labor and aggregate capital (s = 0.72) is very similar
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ta the degree of substitution between labor and the individual components of aggregate capital
(og = 0.619 and gy = 0.729). With regard to labor-energy interactions, the elasticity of
substitution (oyz) and the output constant energy price elasticity of demand for labor (egp) are
approximately the same for both the BMLE and the KLE specifications (org = 2.4 and
e = 0.2). The positive value of ¢ 5 implies that the rising real price of energy during the 1970s,
through the substitution effect, had a favorable impact on the labor utilization in the
manufacturing sector. The total effect of an increase in the energy price on manufacturing
employment could still be negative due to the output effect. However, given the share of energy
in total cost, the own price elasticity of demand for manufacturing output (up) would have to be
extremely elastic for the negative output effect of a rise in energy price on demand for labor to
dominate the positive substitution effect.!’ Our results also indicate that labor utilization is
adversely affected by the negative own price effect of the rise in real price of labor and the
nature of technical progress which is primarily labor saving.

Given the nature of the data, differences in regional cost structures can also be explored.'
The introduction of regional dummary variables (New England is the omitted region) into the
cost-share equations permits an estimate of non-neutral technical change across regions. Three
regional patterns are worth noting. First, energy cost share in the South (SA, ESC, and WSC)
is higher than it is in otber regions. This result suggests that energy used per unit of output,
other things remaining the same, is highest in the South since the coefficients on the regional
dummy variables are based on the assumption that input prices and technical progress over time
are held constant. Second, there is no strong evidence that labor per unit of output is higher in
the South than it is in the traditional manufacturing regions of Middle Atlantic and East North
Central. In fact, the West South Central shows a pattern of lower labor intensity when
compared to MA and ENC. Third, the coefficients on machinery capital are negative for all
regions; however, the coefficients on building capital are positive with the exception of East
South Central. The regional dummy coeflicients for the KLE specification are positive for six of
the eight regions. This is another piece of evidence suggesting that the aggregation of capital
yields a resuit which is not consistent with the patterns demonstrated by machinery capital and
building capital separately.

The estimated coefficients of time in Table 1 provide some interesting insights regarding
the nature of technical progress in U.S. manufacturing. The extent of biased technical change
(BTC) for any input is defined as the change, over time, in the cost share of the input, holding
factor prices and non-neutral regional efficiency differentials constant.”® The following table
indicates BTC for each input during the sample period, i.¢., 1963-78."

B M L E
BTC 0.0144 0.1278 -0.199 0.0571

The muost striking result from the table is that technical progress is strongly labor saving and
machinery augmenting. This suggests that holding relative input prices constant, manufactur-
ers would substitute machinery for labor over time. The other two inputs have considerably
lower values for BTC. Although the bias for buildings is in the same direction as machinery, the
magnitudes are quite different which provides another rationale for using the BMLE
specification. This may also partly explain the observed trend that share of machinery in total
capital stock has been increasing. Finally, energy conservation observed in recent years is
primarily accounted for by the rise in the price of energy and not by biased technical progress.
In fact, biased technical change indicates that technology is energy augmenting rather than

energy saving.
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SUMMARY AND CONCLUSIONS

In recent years a controversy has developed over the question of whether capital and
energy arc substitutes or complements. In the existing literature, the interaction between
aggregate capital (K) and energy (E) has been extensively analyzed. In these research efforts
-the implicit assumption has been that a consistent aggregate index of capital exists. The
investment data are reported separately by buildings (B) and machinery (M) by the Bureau of
Economic Analysis and by the Census of Manufacturers. In order to build a meaningful
aggregate capital index from the B and M series, we have to empirically validate the hypothesis
that'B. and M are weakly separable from L and E. We test this hypothesis by estimating an
empirical model, which is derived by using duality theory and a translog functional form. Our
_results convincingly reject the notion that B and M can be consistently aggregated into a single
:nd?x ca_l]cd capital. We find that B and E are complements whereas M and E are substitutes.
Estimation of the empirical model with aggregate capital (K) instead of B and M yields the
result that K and E are complements. These findings have important implications for the policy
formulation. The sign and magnitude of the elasticity of substitution between E and K {oxE)
cannot be given a meaningful interpretation since it is not representative of the interacticl)(rfs
between E and the individual components of capital, namely B and M. The misguided focus on
oxg My lead to the conclusion that a rise in the price of energy would lower the demand for
f:apnal. This is true only for building capital and not for machinery capital. Similarly the
impact of changes in the price of capital on energy conservation will have to be analyzed
§eparat§1y for the individual components of capital. The empirical results also provide some
interesting insights with regard to the impact of rising energy prices on manufacturing
employment, regional differences in the cost structures and the nature of the technical
progress.

FOOTNOTES

I. Fiel_d arlld Grebepstcin (1980} ‘and qup and Smith (1981) have considered the decomposition of
capital into physical 'and working capital. They find evidence that working capital and energy are
SubS[ltl-ItCS and phys‘lgal capital and energy are complements. Griffin (1981a) has raised serious
theoretical and empirical Ob]eCtIOI.’IS to this disaggregation of capital. Theoretically, only physical
capital should enter into a production function. Empirically, it is very difficult to determine working

) capital when using aggregate industrial data.

. After the original Robinson criticism (1953—54), numerous articles followed i i

; neluding Samuelson
(1962, 1966) and Solow (1955-36). For a summary of the various issues of the Cambridge
controversy see Ferguson (1969), Layard and Walters (1978) and Brown (1980).

. Data are described in Appendix A.

. States inc[ude_d in the estimation are listed in Appendix B.

. (F:(lnlr'a good Ei;;g;;ss)ion of functional separability and aggregation see Green (1964), Berndt and

ristensen a), Berndt and Christensen (1973b) and Blackorby, Pri ;

. For details see Diewert (1974). : ¥, Frimont and Russel (1978).

. This type of non-neutral efficiency differences have been specified by Bi i
s o ' p y Binswanger (1974). Regions are
8. The test statistif: is bgsed on ic log of the likelihood ratio (A) formed by the maximum values of the

likelihood fur_lctlpns with thf:‘ implied parametric restrictions of the null hypothesis and the maximum

‘\i'aiuc of tI‘;efhkcélhood function in the unrestricted case. The value 2 is distributed Chi-square with
egrees of freedom given by the number of restrictions implied by th i i

e o, pli v the null hypothesis. See Theil

}g. ?Ec non-linear hypothesis is tested at the mean of the cost-shares.

. The energy price elasticity of demand for labor (&f.) is: €¥; = ez + Spnp where ¢ . is the output
constant energy price elasticity of labor demand, S; is the share oLfE energiz ?n total coLsEt and 7 is Itjlille

LA e

e
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] ici i t. In this study we find ¢, to be

own price elasticity of demand for the manufacturing outpu !
appro[;imately 0.2 and S; to be around 0.09. Therefore, for € to be negative 5, would have to be
rather high. Y

1t. Green (1%69) points out that no two input units are exactly alike, “for examp‘[f:, they'cannot occup)t(‘

. the same space at the same time.” (p. 9) Furthermore, he states th_a't, there is a degree o

disaggregation at which it is legitimate to assume the perfect substitutability of elements treated as
units of a given commodity or input.” ) ) .

12. The regior%al patterns of input elasticities for the KLE specification are analyzed by the authors_ inan
earlier article (Garofalo and Malhotra, 1984). We have also corppyted the input dem_and e]astlcltl;lss
for the BMLE specification for each of the census regions. This information is available from the
authors on request. ] ' '

13. The procedurqe followed here is outlined in Binswanger (1974}_. Thf: magmtudg of t}ac biased tcchmc;l

. change for input is computed as: BTC, = v,d In t. Thus, the direction of the bias will depend upon the
sign of . ) . )

14 B%C is’{)éing measured as the change in the input share attributable only to technicai cha{;ge, 1.6.1: ds;

' holding input prices and non-neutral regional differences constant. Since %, S, = 1; therefore,

3, dS; = 0.

REFERENCES

i - i he Substitution of Equipment,
Berndt, E.R. and L.R. Christensen, “The Translog Function ,e,md t ‘
o Structure and Labor in U.S. Manufacturing, 1929-1968,” Jourral of Econometrics, 1(March

1973a), 81-114. ] ' -~ o
i “The Internal Structure of Functional Relationships: Separability, Substitution and

tion, Review of Economics and Statistics, 40(July 197§b), 403-410. . '
Aseress lonande ]5 O.{?Vood, “Technology, Prices, and the Derived Demand for Energy, Rewevg

] atistics, 57(August 1975), 259-68. ) )
OfEmnomlfs‘%z:gﬁeering and (Ecoiometric In)tergirzetgzions of Energy-Capital Complementari-
” ? ¢ Review, 69(June 1979), 342-54. ) _
d Amenm’f‘g;gilr?:;;ing and Ecoglomctric Interpretations of Energy-Capital Complentarity:

Reply and Further Results,” American Economic Rew’ev'v, 71(Qecember 1981),1 105{:1 Idi().t. .
Binswanger, H.P., “The Measurement of Technical Change Biases with Many Factors of Production,
American Economic Review, 64(December 1974), 964—7‘6.. ' .
Biackorby, C.D.D. Primont and R.R. Rusell, Duality, Separability, and Functional Struciure: Theory
and Economic Applications (New York: North Holland Press, 1978). o N
Brown, Murray, “The Measurement of Capital Aggregates: .A P.ostresmt.chmg Prob]err;,0 in e
Measurement of Capital, ed. by Dan Usher (Chicago: University of Chlcs_igo Press, 199829). L0677
Christensen, L.R. and D.W. Jorgenson, “The Measurement of U.S. Real Capital Input, 1929- s

1 i d Wealth, 15(December 1969}, 293-320. . _
Reviewef HC‘O‘I’??S?RRcal Product and Real Factor Input, 1929-1967," Review of Income and

Wealth, 16(March 1970), 19-30. o .
Diewert iﬂaf.E., “A(pplication of Duality Theory,” in Frontiers of Quantitative Economics, Vol. I1, ed. by
M.D. Intriligator and D.A. Kendrick (New York: North-Holland, 1974). . “
Faucett, J., Capital Stock Estimates for Input-Output Industrial Methods and Data, Bulletin 20
Washington, D.C.; U.S. Department of Labor, 1977). o _ ' '
Ferguscgn, C.E.,gThe Neoclassical Theory of Production and Distribution {London: Cambridge Univer-
ity Press, 1969). o ) o
Fratumtjllliy BTM. and D).W. Jorgenson, “The Role of Capital in U.S. Economic G'rowth, 1948—1976_, in
.Cajuiral, Efficiency and Growth, ed. by G.M. von Furstenberg (Cambridge, Mass.: Ballinger
Publishing Company, 1980). . ' .
Garofalou Gifﬂ\ agnd D.I\}:I. I\}/;alhotra, “Input Substitution in the Manufacturing Sector During the 1970s:
A Regional Analysis,” Journal of Regional Science, 24(Fcbrua1:y 1984), 5_1763..
Green, H.A.)., Aggregation in Economic Analysis (Princeton, N.J.: Princeton University Press, 196/{)_.
GriEﬁI; JM., “The Energy-Capital Complementarity Controversy: A Progress Report on Reconcilia-
,tion *'in Modeling and Measuring Natural Resource Substitution, ed. by E.R. Berndt and B.C.

Field (Cambridge, Mass.: The MIT Press, 1981a).

AGGREGATION OF CAPITAL AND ITS SUBSTITUTION WITH ENERGY 261

> “Engineering and Econometric Interpretations of Energy Capitai Complementarity:
Comment,” American Economic Review, 71{December 1981b}, 1100-1104.

Griffin, J.M. and P.R. Gregory, “An Inter-Country Translog Model of Energy Substitution Responses,”
American Economic Review, 66(December 1976), 845-57.

Hall, R.E. and D.W. Jorgenson, “Tax Policy and Investment Behavior,” American Economic Review,
57(June 1967), 391-414.

Kopp, R.J. and V.K. Smith, “Capital-Energy Complementarity: Further Evidence,” paper presented at
the annual meeting of the Southern Economic Association, Atlanta, GA, November 1979,

Layard, P.R.G. and A.A. Walters, Microeconomic Theory (New York: McGraw-Hill, 1978).

Robinson, Joan, “The Production Function and the Theory of Capital,” Review of Economic Studies,
XXI(1953-54), 81-106.

Samuelson, Paul A., “Parable and Realism in Capital Theory: The Surrogate Production Function,”
Review of Economic Studies, XXIX(June 1962), 193-206.

» “A Summing Up,” Quarterly Jourrial af Economics, LXXX{1966), 568-83.

and Robert M. Solow, “A Complete Capital Model Involving Heterogeneous Capital
Goods,” Quarterly Journal of Economics, LXX(1956), 537-62.

Shephard, R.W., Cost and Production Functions (Princeton, N.J.: Princetan University Press, 1953).

Solow, Robert M., “The Production Function and the Theory of Capital,” Review of Economic Studies,
XXIH(1955), 101-8.

Theil, H., Principles of Econometrics (New York: John Wiley and Sons, 1971).

Zellner, A., “An Efficient Method of Estimating Seemingly Unrelated Regressions and Test for
Aggregation Bias,” Journal of the American Statistical Association, 57(June 1962), 348-368.

APPENDIX A
Data Description

Data are cross-sectional time series. Time periods are the years from 1963 to 1966 and
from 1974 to 1978. Cross-sectional units are states. The dollar value of capital stock in each
state is estimated by the perpetual inventory method. We foliow the procedure outlined by
Faucett (1977). Capital stock in any period is the sum of past investments after adjustments
have been made for discards and depreciation. Investment series are constructed for buildings
and structures (IB) from 1919-1978 and for machinery and equipment (IM) from 1915-1978.
Data on IB and IM from 1951 to 1978 are published either in the Census of Manufacturers or
The Annual Survey of Manufacturers. Prior to 1951 IB and IM in each state had to be
estimated. IB are based on the value of contracts for construction in each state. We assume that
the elasticity of IB with respect to the value of contracts has remained constant from
I919-1950. The elasticity is estimated for each state using data from 1951 to 1978. IM are
estimated by decomposing investment into a replacement portion and a net investment portion.
Net investment is a function of the growth of capital stock in machinery at the national level
and the growth of value added at the national and state level. Replacement depends on the
estimated amount of capital stock in the state and the rate of depreciation. Although estimated
investment figures enter into the computation of capital stock, given the rates of depreciation
and discards they have low weights particularly in the estimation of machinery capital. For
buildings the estimated figures comprise a somewhat larger fraction of the capital stock
estimates,

The measure of the price of capital in this study follows the approach of Jorgenson (Hall
and Jorgenson, 1967 and Christensen and Jorgenson, 1969, 1970). This approach assumes that
the value of an asset is equal to the discounted value of its service flow. The formula to compute
the price of capital is taken from Fraumeni and J orgenson (1980, p. 95). It assumes that price of
capital is a function of federal and state corporate tax rates, present value of depreciation
deductions on one dollar of investment, price deflator for either B or M, rate of return, rates of
depreciation, and property tax rates. Aggregate price of capital is constructed by a divisia
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index. Details on the construction of the price of capital and capital stock are available from the
authors.

Labor is the number of man-hours worked by production workers. Wage rate is total wages
of production workers divided by total man-hours worked. Total expenditure on energy is the
value of fuels and electric energy purchased by the manufacturers. Price per unit is total
expenditure divided by the number of btu’s used by manufacturers. For the period 1963-1966,
the quantity of btu’s per state had to be estimated. Since the only available data by both year
and state are KWI’s of electricity purchased by manufacturers, it was necessary to assume
that the U.S. manufacturing ratio of KWH’s of electricity to btu’s of total energy purchased
could be applied to each state. In this period data on KWH’s are reported for only 40 states.
Hence, the cross-sectional units had to be limited to the 40 states which are listed in Appendix
B. The Annual Survey of Manufacturers did not report any energy data from 1967-1973.
These years are excluded from the analysis. To obtain real input prices, all input prices are
divided by the producer’s price index for finished products (base year is 1972).

APPENDIX B
Regional Definitions.

New England (NE) South Atlantic (SA)
Maine Maryland
Massachusetts Virginia
Rhode Isiand West Virginia
Connecticut North Carolina

Middle Atlantic (MA) g‘mh Carolina

eorgia
New York Florida
New Jersey
Pennsylvania East South Central (ESC)
Kentucky

East {Vorth Central (ENC) Tennessce
Ohio Alabama
Indiana
Tllinois West South Central (WSC)
Michigan Arkansas
Wisconsin Louisiana

Oklahoma

West North Central (WNC) Texas
i\;[‘lilanesota Mountain (M)
Missouri Montana
Nebraska ldaho
Kansas Colorado

New Mexico
Arizona
Utah

Pacific (P)
Washington
Oregon

California




