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ABSTRACT

We use new mcro data for 11,520 plants taken fromthe
Census Bureau’s 1991 Manufacturing Energy Consunption Survey
(MECS) and 1991 Annual Survey of Manufactures (ASM to estimte

el asticities of substitution between energy and capital. W
found that energy and capital are substitutes. W also found
that estimates of Allen elasticities of substitution -- which
have been used as a standard neasure of substitution -- are
sensitive to varying data sets and | evels of aggregation. In
contrast, estimates of Mrishim elasticities of substitution --
whi ch are theoretically superior to the Allen elasticities -- are

nore robust (except when two-digit |level data are used). The
results support the views that (i) the Mirishima elasticity is a
better neasure of factor substitution and (ii) mcro data provide
nmore accurate elasticity estimtes than those obtained from
aggregate data. Qur findings appear to resolve the | ong-standing
conflict anong the estimates reported in the many previous
studi es regardi ng energy-capital substitution/conplenentarity.

Keywords: Energy-Capital Substitution, Mcro Data,
Morishima El asticities of Substitution,
and Manufacturing Energy Consunption Survey.
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1. INTRODUCTION

Since the 1973 energy crisis, economsts and policy anal ysts
have debat ed about whet her energy and capital are substitutes or
conpl enents (see e.g., Apostolakis, 1990). The issue has
recei ved much attenti on because of its inportant policy
inplications. |If capital and energy are substitutes, then an
increase in energy prices would lead to an increase in the demand
for capital. In this case, energy conservation policies
pronoti ng new energy-savi ng physical capital would be predicted
to have the desired effect. However, if they are conpl enents,
then rising energy prices would adversely effect capital
formati on and, hence, such policies would be counterproductive.

Yet, after nore than two decades, econom sts have not cone
to an agreenent as to whether energy and capital are
conpl ementary or substitutable. The debate has been fueled by a
| ar ge nunber of conflicting econonetric estinmates of the
el asticity of substitution between energy and capital. For
exanpl e, using tine-series data Hudson and Jorgenson (1973) and
Berndt and Wod (1975) found that energy and capital are
conpl enments. In contrast, Hunphrey and Moroney (1975), Giffin
and Gregory (1976) and Hal vorsen (1977) found energy and capital
substitutabl e based on their cross-section estimates. O her

studi es, such as those by Field and G ebenstein (1980), Hazilla



and Kopp (1984), Nguyen and Andrews (1989) and Morrison (1993),
found m xed results.

Researchers have devoted considerable efforts to reconciling
the differences in these results. Giffin and Gegory (1976) and
Apostol akis (1990), for exanple, suggest that cross-section data
may capture the long run industry response and result in the
estimated substitutable relationship between capital and enerqgy.
In contrast, tine-series data reflect short run responses to
price changes and thereby lead to a conplenentary rel ationship
between the two inputs. But, this explanation is not entirely
satisfactory. Chung (1987) used tine-series data and found that
capital and energy are substitutes, while Field and G ebenstein
(1981) used cross-section data and found m xed results.

O her explanations for the conflicting results have al so
been offered. Anobng other things, these include differences (i)
i n nmodel specifications (three versus four factor nodel, e.g.,
Ber ndt and Wbod, 1979), (ii) in the definition of technical
change (Giliches, 1967), (iii) in the definition and
measurenent of capital (e.g., Field and Gebenstein (1980), Wod
and Hirsch, 1981 and Mrrison, 1993) and (iv) in the aggregation
of energy (e.g., Nguyen and Andrews, 1989). But, the intricacies
of the relationships have not been clarified, and therefore the

controversy surrounding the issue of capital-energy



substitutability/conplenentary has not yet been resolved (see
Apost ol aki s, 1990).

The above findings are viewed with great skepticismby a
nunmber of econom sts. Solow (1987), for exanple, discounts
previous estimated el asticities of substitution, arguing that
these estimates are subject to intractabl e aggregation biases.

He points out that aggregate manufacturing outputs consist of
many products that have different energy intensities. Thus, when
energy prices vary, changes in the conposition of aggregate
output will take place concurrently with factor substitution that
occurs within the production of each product. As a result, it is
not possible for researchers to sort out these effects with
aggregate data. Sol ow concl udes that:

“[E]stimates of factor substitutability based on

aggregate data are misleading because they capture more

than simply technological substitution. On this view,

none of the various empirical measures of factor

substitutability iIs correct; they are not measuring what

they want. Factor substitution Is a micro economic
phenomenon, and Is best examined by looking at

microeconomic data.” ( J. Solow, 1987, p. 612)

In a simlar vein, MIler (1986) points out that, at
aggregate levels (e.qg., three- or two-digit industry groups which
are m xtures of many industries), as energy prices change product
m x substitution effects dom nate the true factor substitution
effects. Consequently, elasticity of substitution estimates
based on aggregate cross-section data are nost likely to be

bi ased upward, while those based on aggregate tinme-series data



are nost likely to be biased downward. For cross-section data,
product m x differs anong states, regions, and countries because
of regional conparative advantages: energy prices, for exanple,
are cheaper in sone states than others and energy-intensive
products are often produced where energy costs are |owest. Thus,
cross-section data at high |evels of aggregation wll
overestimte the degree of technical substitution between energy
and other inputs. For tine-series data, M|l er argues that,
anong ot her things, as energy prices rise, prices of products (in
particul ar, energy-capital intensive products) also rise. This
wi |l reduce the demand for these products, |ower their production
and hence the demand for factor inputs including capital and
energy. Thus energy price changes cause systematic change in

out put conposition between energy-capital intensive industries
and other industries, nmaking it appear that energy and capital
are conplenents in the production process.

Per haps nore fundanentally, other econom sts have cont ended
that the Allen partial elasticity of substitution (AES) -- which
has been used as a standard statistic reported in enpirical
studi es on capital -energy substitution -- does not neasure the
ease of substitution. Blackorby and Russell (1989) formally
showed that the Morishim elasticity of substitution (MES)
(Morishima, 1967), rather than the AES, is an exact neasure of

factor substitution, in ternms of adjustnent along an isoquant.



In spite of its theoretical superiority, the MES has been
rarely used for neasuring factor substitution. Relatively few
publ i shed studies used the MES in their enpirical work. Ball and
Chanmbers (1982) used both the AES and MES to neasure factor
substitution in the U S. neat products industry. They found that
energy and capital are Allen conplenents, but Morishinm
substitutes. Sickles and Streitw eser (1992) estimted
el asticities of substitution anong inputs in the U S interstate
natural gas pipeline industry and found that energy and capital
(conmpressors and pipelines) are both Allen and Mrishi ma
substitutes. Nguyen and Reznek (1993) al so used both the AES and
MES to neasure factor substitution in five 4-digit industries.
They found that capital and materials (including energy) are
substitutes by both measures. Recently, Thonpson and Tayl or
(1995) used the estimates of price elasticities of demand
reported in eight previous studies to cal culate the correspondi ng
MES estimates. They found the nean of the MES between capital
and energy equal to 1.01 with a variance of 0.54, whereas the
mean of the AES equals 0.17 wth a variance of 20.60. They
concl uded that energy and capital are substitutes. Wile these
studies are useful, their findings are subject to certain
[imtations. The results of the first three studies are limted
to a few individual industries, while Thonpson and Taylor’s

results are sinple neans of estimtes based on data varying



wi dely in geography, |evels of aggregation, and nodel
specifications.!?

In this paper, we revisit the issue of energy-capital
substitution with nore appropriate data and a theoretically
correct neasure of elasticity of substitution. Mre
specifically, we use mcro (plant level) data with a four factor
transl og production nodel to estimate Morishima elasticities of
substitution anong the factor inputs -- wth special enphasis on
the elasticity between energy and capital. For conparison, we
al so estimate the correspondi ng cross-price elasticities of
demand, AES, and shadow el asticities. Qur nodel is estinated
using a sanple of nearly 12,000 U. S. nmanufacturing establishnents
taken fromthe newy avail able 1991 Manufacturing Energy
Consunption Survey (MECS) and the 1991 Annual Survey of
Manuf acturers (ASM; both surveys are conducted by the U S.
Bureau of the Census.

Qur principal finding is that energy and capital are
substitutes. Qur analysis indicates that the MES, rather than
the standard AES, is a correct nmeasure of factor substitution.
Moreover, estimates for the AES are sensitive to varying data
sanpl es and | evels of aggregation. |In contrast, MES estinates

are nore stable across the different data sets -- except when 2-

! The eight studies considered by Thonpson and Tayl or are: Anderson
(1981), Denny, et al. (1981), G&iffin and Gegory (1976), Hudson and
Jorgenson (1974), Berndt and Wod (1975), Berndt and Khal ed (1979), Walton
(1981) and Turnovsky, et al. (1982).



digit data are used and estinmation problens associated with the
smal | sanpl e becone overwhel m ng. Thus, our results support the
views that (i) the MES is a better neasure of factor substitution
than the AES and (ii) mcro data provide nore accurate estinmates
of elasticities of substitution than those obtained from highly
aggr egat ed dat a.

The remai nder of the paper is organized as follows. Section
|1 discusses the enpirical nodel and elasticity neasurenent.
Data and estimation nethods are described in Section |11
Section IV reports and discusses the results. Section V contains
concluding remarks and a plan for future research. Finally, the
Dat a Appendi x describes in nore details the data set and vari abl e

constructi on.

I11. MEASURING FACTOR SUBSTITUTION

A.  Production Function Mdel

El asticities of substitution anong production inputs can be
obtained fromestimating either a production function or its dual
cost function. Wiile previous studies on capital-energy
substitution often derived their elasticities of substitution
froma cost function, we choose to apply a production function in

our analysis. This is because data on input prices -- required



for the estimation of a cost function -- are not available at the
pl ant |evel.?
We assune that there exists a production function that

rel ates output and input such that

Q = F(X, 2), (1)

where Q represent output, X is a vector of inputs, and Zis a

vector of other relevant explanatory vari abl es.

I f Qis honbgeneous of degree A, then

F(X, Z)r* = F(rX, 2), (2

where A is a constant and r is any positive real nunber.

Assumi ng cost mnimzation and using the generalized Euler’s

theorem we can derive the follow ng cost share equation system

S, = f. /AF,
- (1/N(@INQ/3InX,), 3)

where f; = oF/dX.

For estimation we need a specific functional formfor F
Because we are interested in factor substitution in production,
it is nost appropriate to use a functional formthat does not

I npose unnecessary restriction on the substitution relationship

2 There is no a priori reason for preferring the production function over
the cost function or vice versa. Enpirically, however, Burgess (1975) found
that the translog production function specification is superior to the
transl og cost function in ternms of goodness of fit and smaller standard errors
of the paraneter estinmates.



anong the factor inputs. Fol | owi ng previous studies, we specify

the followi ng four-factor translog production function
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where In is the natural logarithm Qis output, and X are the
factor inputs capital, |abor, energy, and materials. MJis a
dummy variable to identify whether the plant is owed by a
single- or multi plant firm [Industry and geographic region are
represented by the class dummy vari abl es | ND and REG
respectively. Industry dumm es are included in the nodel to
account for industry specific effects, including industry
specific energy price variations. Geographic region is included
to accommodat e regi on specific effects, particularly regional
di fferences in energy prices.

Differentiating equation (4) with respect to each factor
i nput and assum ng conpetitive input nmarkets and cost
m nimzation, we derive the logarithm c marginal productivity

conditions, or cost share equations, of the followng form

1 4
S, - X(O(i + ) ByInX), (5)
=t



where A is the degree of honbgeneity, or returns to scale, of the
production function F.

B. Elasticities of Substitution

Conventionally, the Allen partial elasticity of substitution
(AES) and the cross-price elasticity of factor denmand (CPE) are
used to neasure the substitution relationships anong inputs in

production. The AES between input X and X is defined as?

4
i 5% ®
o = —1 12 for all i, j,
PR XX

L

where X is the it input and f, is the partial derivative of the
production function F, with respect to X. |F|is the

determ nant of the bordered Hessian matrix g and |ﬁﬁ|is t he
cofactor associated with elenent f,; ing, Wthin the context of
a four-factor translog production function, the AES from equation
(1) can be estimated using the formula

0. = )\—| Sy
i Gl (7)

where A is the returns to scale and |G| is the deternminant of the

bordered Hessian matri x:

% See Allen, 1938, p. 504.
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|G| is the cofactor associated with elenent g;; in G S is the
actual factor input cost share, $;and Aare the estimated

paraneters of the production function (4).
Al'l en (1938) has shown that the price elasticities of factor

demand (CPE) are related to the AES as foll ows

el -3gg. for all i, j, 9)

where 7;and 7;; are the own and cross-price factor denmand
elasticities, and w and S, are the i* factor’s input price and
cost share.

Bef ore proceedi ng, sone inportant properties of the above
el asticities should be noted. First, both the AES and CPE are
one-price-one-factor (OPCF) elasticities. That is, both
el asticities neasure the responsiveness of input 1 to a one
percent change in the price of input j, all other prices and
out put held constant. Second, the cross AESs are symmetric
(i.e., o0;= oy, but the CPEs are generally not symetric (i.e., f
F 7). Lastly, both the AES and CPE nust have the sanme sign. A

positive value of o;; or %; indicates that an increase in the

11



price of input J will lead to an increase in the demand for i nput
I, indicating that the inputs are substitutes. Conversely, a
negative value of the elasticities indicates the two inputs are
conpl enent s.

Thus, it is clear that the AES is inferior to the CPE
because the AES is nore restrictive, due to the symetry
property, and it is less informative. Indeed, from(9) it is
clear that the AES is sinply a disguised CPE obtained by dividing
the CPE by a cost share. Therefore, it does not have a clear
interpretation. |In spite of its shortcom ngs, the AES has been
used as a standard statistic reported in enpirical studies of
factor substitution in production (e.g., see Berndt and Wod,
1975, Magnus 1979, and Turnovsky and Donnel ly, 1984). Recently,
researchers have begun to highlight the weaknesses of the AES.

In particular, Blackorby and Russell (1989) show that the AES is
uninformative: it does not neasure the ease of substitution and
provi des no new i nformati on about factor shares. More inportant,
they show that an alternative, the Mrishim elasticity of
substitution (MES), is an appropriate neasure of factor
substitution (or conplenentarity) because it is an exact neasure
of the curvature of the isoquant (or the ease of substitution).
Thonmpson and Tayl or (1995) argue that the MES is the preferred

el asticity to neasure the capital -energy substitutability for two

reasons. First, the energy cost share is snall relative to the

12



ot her input cost shares and “... relatively small variations iIn
energy utilization will induce sizable variations iIn estimates of
the Allen elasticity of substitution.” Second, they argue that
froma policy perspective, an elasticity which neasures the
response of the capital/energy ratio, rather than the change in
capital, to price is nore rel evant.

Bl ackor by and Russell (1989) show that the MES can be

defined as
of = ny - Ny for all i, j; i#]. (10)

Substituting (9) into (10), we can define the MES in terns

of the AES, as

o =S(o

i J - 0, for all i, j; i#]j. (11)

ij
Unli ke the AES which is symetric, the MES i s not
necessarily symretric, in absolute value, or in sign.
Consequently, in the case of nore than two inputs, the
classification of one input as a conplenent or substitute for
anot her input will depend on which input price changes. From
(11) it can be seen that because the own AES elasticity (o) is
al ways negative, two inputs which are AES substitutes are al so
Mori shima substitutes. However, the converse does not hold. A

pair of Morishim substitutes may be conpl enents by the AES

nmeasur e.
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Note that the MES (of}) is a one-price-two-factor (OPTF)
el asticity, neasuring the percentage change in the ratio of input
J to input 1 when the price of input 1 changes one percent.
Chanbers (1988) shows that the MES can be nodified to neasure the
techni cal substitution between two inputs in response to changes
in their relative prices. He derives the follow ng shadow

el asticity of substitution (SES):

S S
o = Lo+ L_g"

! Si+SjJ Si+SjJ

(12)

where S and Sy are cost shares of input i and input j. Thus,
the two-price-two-factor o°is a weighted average of two MESs
where the weights are given by the relative cost shares of the
two i nputs under consideration. An advantage of this elasticity
over the un-weighted MES, o™ is that it is symmetric and
measures the technical substitution between the two inputs to

changes in their relative prices.

I111. DATA AND ESTIMATION PROCEDURES
A. Data
We utilized a new mcro database recently avail able: the
1991 Manufacturing Energy Consunption Survey (MECS) conducted by
the U S. Bureau of the Census. W use these cross-section data

sinply because plant level tine-series data are not avail abl e.
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The 1991 MECS is a unique data set which provides, for the first
time, an excellent opportunity for exam ning energy-capital
substitution at the production unit (plant) level. VWile cross-
section data are subject to sone limtations, they have certain
advant ages for the purpose of this study. |In particular, cross-
section data reflect technol ogy and market conditions at a single
time period and thereby allow us to avoid the probl em of
separating the effects of factor substitution fromthose of
t echnol ogi cal change and changes in market conditions on
production. The data also elimnate other effects that tine-
series data may capture such as dynam ¢ adjustnent due to changes
in relative prices and external shocks. Finally, our cross-
section data set, containing a | arge nunber of observations,
all ows us avoid the problens and bi ases associated wth small
sanpl es used in nost previous studies

The 1991 MECS is a plant |evel survey of over 14,000
manuf acturing plants, collecting informati on on quantities and
expendi tures of energy consuned in production for 37 energy
sources. The data on energy are exactly what we need for
estimating production function that includes energy as a factor
of production (see Solow, 1987). Although the MECS surveys | ess
than 10 percent of the manufacturing establishnment universe, the
sanpl e accounts for approximately 35 percent of total enploynent

and 55 percent of shipnents of the manufacturing universe. On a
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wei ght ed basis, the survey covers 80 percent of total enploynent
and 90 percent of shipnents of the U S. manufacturing sector.

The 1991 MECS was designed to generate estinmates on energy
consunption for all the 20 two-digit major groups in
manufacturing and 42 three- and four-digit industry groups which
meet one of the following criteria: i) energy-intensive
production; or ii) high-growth industries such as conputers and
medi cal instrunments; or iii) industries with identifiable policy
interest or conservation opportunities, as listed in Table Al of
t he Appendi x. Thus the SIC category is the single nost inportant
classification variable in the MECS data. The probability of
selection is proportional to an energy neasure of size.

Therefore |arge plants have a greater probability of being in the
sanple than small plants.

Wil e the MECS provides excellent data for energy anal ysis,
it does not collect data on outputs and non-energy inputs such as
capital, labor and materials that are required for estimating a
production function. Fortunately, data on outputs and non-energy
inputs and rel ated variables at the plant |evel can be obtai ned
fromthe 1991 Annual Survey of Manufacturers (ASM. Anong ot her
t hi ngs, the ASM contains data on total value of shipnents,

i nventories, book value of capital assets (buildings and
structures, and nmachinery), enploynent (nunbers of production

wor kers, non-production workers and producti on worker hours),
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total sal aries and wages, and expenditures for parts, materials
and contract work. These data allow us to construct data on
outputs, capital, labor, and material inputs. Data on energy

i nput are taken directly fromthe MECS

Both the MECS and the ASM contain conmon plant and firm
identification nunbers which facilitate plant | evel natching of
the MECS and the ASM data. After matching the two data sets and
omtting plants with m ssing data or non-positive output and
i nput val ues, we have 11,520 plant observations in our final data
set. (For a nore conplete data description, see the Data
Appendi x) .

Sanpl e means for the data used in estimation are reported in
Table 1. The first three colums show the variable neans from
the full sanple. Wighted and unwei ghted statistics (colums 1 &
2) differ because of the sanple design. The un-wei ghted nean
values in colum (2) illustrate the sanple selection bias toward
| arger, energy intensive plants relative to the manufacturing
uni verse, as represented by the weighted neans in colum (1).

Col um(3) shows vari able neans for two-digit industry group
aggregat es based on the full sanple.

Colum (4) differs fromcolum (1) in that the latter
reports the nmeans based on only 3,637 plants sanpled fromthe 40
sel ected energy-intensive four-digit industries, whereas the

former shows the neans based on the full working sanple. Colum
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(5) reports the neans fromthe aggregation of these 40 industries
to the four-digit level. The three-digit data in colum (5) are
derived by aggregating the 40 industries to the three-digit

| evel .

B. Estimation Procedures and Hypothesis Tests

The transl og production function (4) is assuned to be
symmet ri ¢ and honbgeneous of degree A. Therefore, the follow ng

standard restrictions are inposed in the estimation:

4

> o =A > B=0 >B=0 and 3 > B =0 (13)

4 4 4 4
i=1 i=1 i-1 i=1j-1
Monotonicity and convexity are not inposed, but will be tested
for after estinmation. W append a random di sturbance termu; to
t he production function and to each share equation, 1 = K, L, E,
M, and assume the resulting disturbance vector u = {uk, u,., Ug,
U} i1s multivariate normally distributed with nmean vector zero
and constant covariance matri X.

Since the cost shares sumto one, the disturbance covariance
matri x of the share equation system (5) is singular. Therefore,
the material cost share equation is dropped fromthe estinmation.
The resulting estimates are invariant to the equation dropped if
a maxi mum | i kel i hood estimation procedure is used. W use the

full information maxi numlikelihood nmethod (FIM.) to jointly
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estimate the production equation (4) and three of the four cost
share equations (5).%

Qur primary focus in this paper is on elasticities of
substitution; however, because these elasticities are derived
fromthe paraneter estimates of the nodel, it is informative to
test whether or not the production function enployed here
adequately describes U S. manufacturing production technol ogy.
For the purposes of this study, we restrict ourselves to the
foll ow ng three hypot hesi s:

(1) The translog function, rather than the Cobb-Dougl as
function is an adequate description of U S. manufacturing
production technol ogy.

(1i) The material input is weakly separable from other
inputs and may be omtted fromthe production function.

(ti1) The U.S. manufacturing production function is
honogeneous of degree 1 (i.e., A=1).

Hypot hesis (i) inposes gl obal separability which inplies
that the AES between any two inputs in the production equals one.

This is equivalent to testing whether all the second-order terns
of the translog function are equal to zero (i.e., B;=0foralliandj).

If this restriction is satisfied then the translog production

function reduces to a logarithm c Cobb-Dougl as production

* Diewert (1974) suggests that one should include the translog

producti on function (or cost function) with the cost share equations for
efficient estimation.
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function. Hypothesis (ii) is equivalent to requiring oy =0,y =0g
=1. If this condition is satisfied then the val ue-added KLE
production nodel such as the one in Giffin and G egory (1976)
shoul d not be reject as a proper specification. In view of the
debat e about the gross-output KLEM nodel versus the val ue-added
KLE nodel (e.g., see, Berndt and Wod, 1981 and Giffin, 1981),
this test is inportant. Finally, hypothesis (iii) states the

production function is characterized by constant returns to scale
(CRTS). That is, A =1. This hypothesis test is inportant because

nmost previous studies of energy-capital substitution were based
on the assunption of CRTS.

The above hypot heses can be tested based on the val ues of
the L-statistics which are equal to two tinmes the difference of
the logs of the likelihood functions of the restricted and

unrestricted nodels. The L-statistic is asynptotically
distributed as a 2 variable with degree of freedomequal to the

nunber of restrictions.

To test whether or not the nodel paraneter estinmates, and
hence the estimated elasticities of substitution, are sensitive
to levels of data aggregation, we estinate the nodel (and the
associ ated elasticities) using plant | evel data and data
aggregated at four-, three-, and two-digit SIC | evels and conpare
the results. |If aggregation biases exist, we would expect that

estimates of elasticities of substitution between capital and
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ener gy based on data aggregated at higher |evels of aggregation
woul d be | arger than those based on data aggregated at | ower
| evel s of aggregation (see MIler, 1986).

Qur nodel estimation is based on weighted data, using the
MECS sanpl e weights, with one exception. W also estinate the
nodel wth the unweighted, full sanple to illustrate the bias in

t he sanpl e design

1IV. EMPIRICAL RESULTS

A.  The Estimated Production Functions:

Before examning the estimates, it is informative to know
whet her or not the underlying production function is “well-
behaved”. A well-behaved production function requires that
out put increases nonotonically with all inputs and its isoquants
are strictly quasi-concave. Mnotonicity inplies that all the
estimated cost shares of inputs are non-negative. The concavity
condition is satisfied if the bordered Hessian of first and
second partial derivatives is negative semdefinite. Qur base
nmodel (wei ghted plant-1level sanple) neets the regularity
conditions fairly well. In ternms of nonotonicity, estinmated
capital, labor, energy, and material factor shares are positive
for 99.6, 97.4, 95.9, and 98.9 percent of the observations,

respectively. Concavity conditions are net for all but 372 (3.2
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percent) of the 11,520 observations. Except for the production
function estimated using two-digit data, for all other estimted
productions, there are no statistically significant violations of
t hese conditi ons when eval uated at the nmeans.® Wen using two-
digit data, the concavity is violated even it is evaluated at the
means of the vari ables.

We report the paraneter estimates (and the associ ated
standard errors) fromthe nodel in Table A2 to illustrate their
statistical significance, although the individual estimtes have
little intuitive val ue because of the conplexity of the translog
form In the Table, colums (1) - (3) present the estinmates
based on the full sanple (weighted, unwei ghted and two-digit
aggregate), while colums (4) - (6) show the estimates based on
the 40 i ndustry subsanple (weighted, four- and three-digit
aggregates).® Fromthe Table, it is clear that the estimtes
based on mcro data are nmuch nore precise than those based on

aggregate data in view of smaller standard errors. Except for
the estimate for Bin colum (3), all the estimtes based on

mcro data are highly significant, while those based on aggregate

> While we find no statistically significant violation of

regularity conditions when evaluated at the neans of the variables,
these conditions are not satisfied at a nunmber of data points (less
than 5 percent of the observations). However, Wales (1977) noted
that the rejection of either the nonotonicity or the concavity
condition does not necessarily inply that the elasticity estimtes
are incorrect.

® When aggregating the 40 industry subsanple to the two-digit |evel,
there are too few observations to estimate the producti on nodel .
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data are far less significant. |In particular, the estimates for
G, Pus Bees @nd Bz are insignificant when using data aggregate at al

three |l evel s of aggregation. This suggests that the elasticities
estimated using mcro data are much nore robust and hence nore
reliable than those obtained from aggregate data.

B. Test Results:
Table 2 reports the results of the L-statistics and y’tests

for the three hypothesis tests discussed above. The results
strongly reject the Cobb-Douglas formin favor of the translog
production function as an appropriate description of U S
manuf act uri ng production technol ogy. The hypothesis that
material inputs are separable is also strongly rejected. This
result inplies that the val ue-added KLE nodel is not
statistically accepted as the appropriate production nodel. The
KLEM nodel is a nore appropriate one and hence the elasticities
of substitution derived fromthemare nore accurate. Finally,
even though our estimated returns to scale is very nearly unity
(1.004), we statistically reject the hypothesis of constant
returns to scal e; although, the assunption of constant returns to
scal e does not inpact the resulting elasticities significantly.

C. Factor Substitution

Because our main interest is in the substitution
rel ati onshi p between capital and energy, we report only the

estimated elasticities associated with these two inputs in Table
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3. ( Aconplete set of elasticity estimates are reported in Table
A3 of the Appendix.) The Table shows estimates of four types of

el asticities associated with energy and capital: price

elasticities of demand (1), AES (o), MES (¢™) and wei ghted MES (or

shadow el asticity, o°). Al these elasticity estimtes are

eval uated at the sanple nean. W use actual cost shares, rather
than estimated shares to evaluate the AES and shadow
elasticities.” Colums (1) - (3) of the Table report the
estimated el asticities based on the full sanple (weighted,

unwei ghted, and two-digit aggregates), while colums (4) - (6)
show estimates based on the 40 industry subsanpl e (wei ghted,
four- and three-digit aggregates).

The estinmated elasticities in colum (1) are eval uated based
on the nodel paraneters estimated using the full sanple in which
i ndi vi dual plants are weighted by their MECS sanpl e weight.
These results suggest that both energy and capital are responsive

to changes in their own prices -- the own price elasticities of
energy and capital (fgandny) are -3.57 and -1.11. That is,

ceteris paribus, a one percent increase in energy prices leads to

a 3.57 percent decline in energy demand, whereas a one percent

” Mpst previous studies evaluated elasticities of substitution at the
means of fitted shares. However, Anderson and Thursby (1986) showed it is
nore appropriate to use actual shares. In particular, they found that "a
normal distribution for the AES (Allen elasticity of substitution) is
appropriate if the estimator uses the neans of the actual factor shares."™ (p
652)
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increase in the price of capital causes a 1.11 percent decrease

in the demand for capital input. The cross-price elasticity
estimates (1;) show a weak substitution relationship between

energy and capital: a one percent increase in energy prices |eads
to a 0.02 percent increase in capital demand, while a one percent
increase in the price of capital results in a 0.21 percent
increase in the demand for energy. Wth these results one can
concl ude that energy demand is nore elastic than the demand for
capital and that capital and energy are weak substitutes. The
results on the AES suggest the sanme concl usion, but as already
menti oned above, the AES estinmates do not provide any new

i nformati on beyond what the cross-price elasticity of demand
reveal s about the substitution relationship between energy and
capital. In fact, both of these elasticities are limted because
they only measure how one input adjusts in response to a change
in an input price.

In contrast, the MES gives information on relative input
adjustnments to changes in an input price. |Its estimates in
colum (1) reveal a much stronger substitution relationship
bet ween energy and capital: other things being equal, a one
percent increase in energy prices |leads to a 3.59 percent
increase in the capital energy ratio. However, this relationship
is not synmmetric: a one percent increase in the price of capital

causes only a 1.31 percent increase in the energy capital ratio.
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This asymmetry is due to the fact that the MES neasures the
responsi veness of input ratios to changes in different input
prices. Finally, the weighted MES (shadow el asticity) shows the
percentage adjustnment in input ratios to changes in factor price
ratios. The estimate for the shadow el asticity of substitution
bet ween energy and capital indicates that a one percent increase
in the energy/capital price ratio (where both prices are all owed
to change) lead to a 3.43 percent increase in the energy-capital
ratio. Thus, based on the concept of Mrishim elasticity, we
conclude that energy and capital are strong substitutes.
Conparing the above results with those based on the
unwei ghted sanple reported in colum (2), we find that the
unwei ght ed sanpl e underestimates elasticities. |In particular,
the energy own price elasticity of demand and AES estinmates are
substantially smaller than those in colum (1). Moreover, the
unwei ghted estimates for cross-price elasticities and AESs becone
negative, though larger in magnitudes. This downward bias in the
unwei ghted el asticities is due to the fact that the MECS is
designed in such a way that the unwei ghted sanple is biased
toward | arger and nore energy-intensive relative to the
manuf act uring uni verse. These results are not surprising in view
that energy-intensive plants are not as (energy) price responsive
as other less energy-intensive plants. Al estimtes for the MES

and shadow el asticities between energy and capital are positive
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and are smaller in magnitude relative to those based on the
wei ght ed sanple. Again, these estimtes suggest that energy and
capital are substitutes.

When we aggregate the sanple to the two-digit |evel data,
colum (3), we find that elasticity estinmates becone erratic:
the energy own elasticity estimtes (ne and ox) have the wong
sign. These results appear to supports Sol ow s assertion that
elasticity estimtes based on aggregate data are unreliable and
often msleading. In fairness, we note that the erratic
estimates obtained fromtwo-digit data are in part due to the
smal | sanpl e size.?®

Colum (4) reports elasticity estimtes based on a wei ghted
sanple of 3,637 plants sanpled from 40 sel ected energy-intensive
four-digit industries. These estimates are quite simlar to
those of the unweighted full sanple, and are equal or smaller in
magni tude. However, their magni tudes are consistently smaller
t han those obtained fromthe weighted full sanple. Again, this
reflects the conposition of the subsanple: drawn from energy-

i ntensi ve production industries.

We now turn our discussion to the results based on aggregate

data fromthe subsanple. Examning the estimates in colums (5)

and (6), two inportant findings emerge with clarity. First,

& W have only 20 observations in the sanple of two-digit data. W note

that this snmall sanple size is not unique. Turnovsky and Donnelly (1984), for
exanpl e, also used a sanple of 20 observations for the Australian iron and
steel industry.
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energy and capital are substitutes by any neasure at the
aggregate level, but are conplenents according to the cross
price demand and AES el asticities fromthe plant |level data in
colum (4). Second, aggregated data generally yields higher
estimates of elasticities of substitution than the mcro data do.
This finding supports the contention that aggregate cross-section
data yield upward biases in the estimtes of the substitution

bet ween energy and capital (MIler, 1986). This bias appears to
be nore severe in the estimates for the cross-price elasticity of
factor demand and the AES than in the MES and shadow

el asticities.

Finally, we note that, relative to the Mrishim
elasticities, the restricted cross-price elasticity of demand
consistently underestimates the degree of substitution between
capital and energy regardl ess of |levels of aggregation. For

exanple, with plant level data fromthe full sanple (colum 1),
the value of M is 0.02, while that of o and of are 3.59 and

3.43, respectively. Simlar differences occur for all other
nodel s.

D. DI SCUSSI ON

Qur enpirical results can be summarized into the foll ow ng
findings. First, we find that the translog, rather than the
Cobb- Dougl as production function, is the proper description of

U.S. manufacturing production technol ogy. Second, the assunption
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that the material input is separable fromother inputs is
strongly rejected. Third, the assunption of constant returns to
scale is rejected. Fourth, anong the four factor inputs, energy
is the nost price-responsive, while capital is the |east price-
responsive. Fifth, energy and capital are weak Allen substitutes
for the manufacturing sector as a whole (but may be weak
conpl ements for energy intensive plants), but they are strong
Mori shi ma substitutes. Finally, data aggregated at higher |evels
introduce larger biases in the estimates of factor substitution
el asticities.

The first finding is not surprising and is consistent with
previ ous evidence that the translog functional formis superior
t o Cobb-Douglas formin describing production technologies. This
is particularly true when one uses a production (or cost)
function to study factor substitution because the Cobb-Dougl as
function inposes strong restrictions on the substitution
rel ati onshi ps anong factor inputs. Indeed, all studies that
focus on testing for these restrictions have unani nously rejected
t he Cobb-Dougl as functional formin favor of nore flexible
functions, such as the translog. For exanple, Berndt and Wod
(1975), using tines-series U S. manufacturing data, Norsworthy
and Mal nqui st (1983), using tinme-series U S. and Japanese
manuf acturing data, and Turnovsky and Donnelly (1984), using

cross-section Australian iron and steel data, strongly reject the
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validity of the Cobb-Douglas functional form Using U S
manuf acturing plant |evel data, Nguyen and Reznek (1993) al so
strongly rejected the Cobb-Dougl as specification.

An inportant inplication of the second finding is that the
val ue- added (KLE) nodel, such as the one used by Giffin and
Gregory (1976), is not proper for studying factor substitution.
This finding is inportant because it is a major issue in the
capital -energy substitution/ conplenentarity debate (e.g., see
Ber ndt and Wod, 1981 and Giffin, 1981). More specifically,
Hudson and Jorgenson (1974), Berndt and Wod (1975), and Ber ndt
and Khal ed (1979), enployed the transl og KLEM nodel to estimate
the AESs anong factor inputs in U S manufacturing. They found

o hegative, having values ranging from-1.39 to -3.32 and

concl uded that energy and capital are conplenents. |In contrast,
Giffin and Gegory (1976) used international pool cross-
sectional data to estimate a val ue-added KLE nodel. They found
o positive with values from1.02 (Belgium to 1.07 (U. S.) and
concl uded that capital and energy are substitutes. This led to
t he subsequent debate.

In an attenpt to reconcile these controversial results,
Giffin (1981) argues that studies using tine-series data, such
as that by Berndt and Wod (1975), capture short run factor
substitution relationships, while cross-sectional studies capture

long run relationships. Wile this viewis supported by

30



estimates of sonme dynam c nodel s such as the work by Pindyck and
Rot enberg (1983), other studies such as those by Stapleton
(1981), Morrison and Berndt (1981), and Kul atil aka (1985) found
that capital -energy conplenentarity becones stronger in the |ong
run.

Berndt and Wod (1979, 1981) assert that the condition of
weak separability of the material input fromother inputs inposed
by the val ue-added KLE nodel is strongly rejected and therefore
the KLE specification is not suitable for studying factor
substitution. Further, Berndt and Wod show that even if the KLE
nmodel is valid, it essentially estimtes “gross elasticities”,
while the KLEM nodel estimates “net elasticities” and that
“gross” and “net” elasticities of substitution can have opposite
signs. Thus, the fact that capital and energy are “gross”
substitutes, but “net” conplements is not theoretically
inconsistent. Qur findings that material input is not separable
fromother inputs and that capital and energy are Allen (weak)
conpl enments appears to support Berndt and Wod’'s view. On the
ot her hand, our results do not support Giffin' s long run versus
short run argunent because our cross-section data do not al ways
show (Al'l en) substitution relationship between capital and
energy. There is a conposition effect: when the cross-section
mcro data are dom nated by energy intensive plants, we find

capital and energy can be conpl enents.
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Qur finding that energy is the nost price-responsive anong
the four inputs, while capital is the | east price-responsive is
expected and is consistent with previous studies.® An inportant
policy inplication of this finding is that inposing a tax on
energy would be an effective policy to conserve energy.

Qur last two findings are directly relevant to the capital-
energy substitution/ conplenentarity debate: our robust
estimates based on a | arge sanple of 11,520 manufacturing plants
show that capital and energy are substitutes. W also find
aggregate data and sanple selection biases in elasticity
estimates. These biases are nore severe in the estimates for the

cross-price elasticity of demand and the partial AES than in

those for the MES. For exanple, our estimates for o, range from

-1.15 (colum 2) to 3.76 (colum 5), while those for o having

values from2.09 (colum 4) to 3.43 (colum 1). These result are
in agreement with the finding by Thonpson and Tayl or (1995) that

estimates for the AES between capital and energy reported in the

literature scattered around zero with val ues ranging from-22.40

to 18.60. In contrast, using the reported estinates of price

elasticities of demand, to cal cul ate values for MES, they found
the nmean val ues for o and of are 1.01 and 0.76, which are

qualitatively consistent with our estimtes of 3.59 and 1. 31.

Thus, our results, together with Thonpson and Tayl or’s survey,

® See Thonpson and Tayl or (1995) for a survey of previous results.
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show t hat the controversy surroundi ng the issue of capital-energy
substitution/conplenentarity is a result of previous studies that
use a wong neasure of elasticity of substitution: the partial
AES does not neasure the ease of factor substitution and its

estimates are highly sensitive to varying data sets.

V. SUMMARY AND CONCLUSIONS

In this paper, we revisit the enpirical issue of capital-
energy substitutability-conplenentarity. Qur approach differs
fromearlier studies in that we use mcro data (rather than
aggregate data) to estimate the theoretically correct Mrishim
el asticity of substitution (rather than the partial Allen
elasticity). Plant-level data are unquestionably nore
appropriate for neasuring technical substitution rel ationships
anong factors of production, while the Mdrishina elasticity of
substituti on has been proven as an exact neasure of factor
substitution in terns of adjustments of inputs along an isoquant
in response to factor price changes.

Qur principal finding is that capital and energy are
substitutes in U S. manufacturing production. W also find that
m cro data provide nore accurate elasticity estimtes than those
obt ai ned from aggregate data. Qur results appear to resolve the

| ong standing conflict anong the estimates reported in previous
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studi es regarding the substitution relationship between capital
and ener gy.

I n concluding, we note that our results are based on cross-
section data for a single year. It is inportant to exam ne the
robustness of these results by using tinme-series mcro data. In
particul ar, the data used should include the years in which there
wer e substantial energy price increases such as those in 1973 and

1979.

34



REFERENCES

Allen, RD. G (1938), Mthematical Analysis For Econom sts,
London; MacM I | an

Anderson, R G (1981), “On the Specification of Conditiona
Fact or Demand Function in Recent Studies of U S
Manuf acturi ng,” Mddeling and Measuring Natural Resource
Substitution, EER Berndt and B.C. Field, eds., Canbridge:
M T Press: 119-144.

Anderson, R G and J.G Thursby (1986), "Confidence Intervals
for Elasticity Estimators in Transl og Mddel s," Revi ew of
Econom cs and Statistics, 3:647-656.

Apostol akis, B.E.  (1990), “Energy-Capital
Substitutability/ Conpl enentarity: The Dichotony,” Energy
Econom cs, 1:48-58.

Ball, V.E. and R Chanbers (1982), “An Econom c Anal ysis of
Technol ogy in the Meat Product Industry,”_Anerican Journal
of Agricultural Analysis, 64:699-709.

Berndt, EER and MS. Khaled (1979), “Paranetric Productivity
Measur enment and Choi ce Anong Fl exi bl e Facti onal Forns,”
Journal of Political Econony, 6:1220-1245.

Berndt, E.R, and D.O Wod (1975), "Technol ogy, Process, and the
Derived Demand for Energy," The Review of Econonics and
Statistics, 68:647-656.

Berndt, EER, and D.O Wod (1979), "Engineering and Econonetric
I nterpretation of Energy-Capital Conplenentarity,” Anerican
Econom c Revi ew, 3:342-354.

Berndt, EE. R and D.O Wod (1981), “Engi neering and Econom c
I nterpretations of Energy-

Capital Conplenentarity: Reply and Further Results,”
Aneri can Econom c Revi ew,

5:1105-1110.

Bl ackorby, C. and R R Russell (1989). “WII| the Real Elasticity
of Substitution Please Stand Up? (A Conparison of the
Al l en/ Uzawa and Morishima Elasticities),” Anerican Economc
Revi ew, 4: 882-888.

35



Burgess D.F. (1975), "Duality Theory and Pitfalls in the
Specification of Technol ogies,” Journal of Econonetrics,
3:105-121.

Chanbers, R G (1988), Applied Production Analysis: A Dual
Approach, Canbridge, Mass.: Canbridge Press.

Chung, J.W (1987), “On the Estimation of Factor Substitution in
the Transl og Mbdel ,” Review of Economi cs and Statistics, 69,
2:409-417.

Denny, M , M Fuss, and L. Waverman, “Substitution Possibilities
for Energy: Evidence fromU. S. and Canadi an Manufacturing,”
Model i ng and Measuring Natural Resource Substitution, E R
Berndt and B.C. Field, eds, Canbridge, MA: MT Press: 230-
257.

Diewert, WE. (1974), “Application of Duality Theory,” Frontiers
of Quantitative Economcics, Vol. Il, M Intriligator and
D. A Kendrick, eds, Ansterdam North-Holl and: 106- 206.

Dons, M E. (1996), “Estimating Capital Efficiency Schedul es
Wthin Production Functions,” Economc Ilnquiry, Vol. 34:78-
92.

Dwyer, Douglas W (1997), “Productivity Races Il: The |ssue of
Capital Measurenent,” CES Working Paper 97-3.

Field, B.C. and C. G ebenstein (1980), “Capital-Energy
Substitution in U S. Mnufacturing,”
Revi ew of Economics and Statistics, 2:207-212.

Giffin, J.M (1981), “Engineering and Econonetric
I nterpretations of Energy-Capital

Conpl enentarity: Coment,” Anerican Econom c Revi ew,
5:1100- 1104.

Giffin, J.M and P.R Gegory (1976), “An Intercountry Transl og
Model of Energy Substitution Responses,” Anerican Econom ¢
Revi ew, 66: 845-857.

Giliches, Z (1967), “Production Functions in Mnufacturing:
Sone Prelimnary Results,” The Theory and Enpirical Analysis
of Production, M Brown, ed., New YorKk.

Hal vorsen, R (1977), “Energy Substitution in U S.
Manuf acturing,” Review of Econom cs and Statistics, 59:381-
388.

36



Hazillia, M And R Kopp (1984). Industrial Energy Substitution:

Econonetric Analysis of U S. Data, 1958-1974, EA-3462, Fi nal
Report, Palo Alto, Ca: Electric Power Research Institute.

Hudson, E.A. and D.W Jorgenson (1973), “U.S. Energy Policy and
Economc G owmh, 1975-
2000,” Bell Journal of Econom cs, 5:461-514.

Hunphrey, D.B.and J.R . Mroney (1975), “Substitution Anong
Capital, Labor and natural Resources Products in Anmerican
Manuf acturing,” Journal of Political Econony, 83:57-82.

Kul atilaka, N. (1985), “Tests on the Validity of Static
Equi I i brium Model s,” Journal of Econonetrics, 28:253-268.

Magnus, J. R (1979), "Substitution Between Energy and Non-Ener gy
in the Netherlands 1950-1976," International Economc
Revi ew, 20:465-484.

MIler, E. (1986), “Cross-Sectional and Tine-Series Biases in
Fact or Demand Studi es: Expl ai ni ng Energy- Capital
Conpl enentarity,” Southern Econom ¢ Journal, 52, 3:745-762.

Morishima, M (1967), “A Few Suggestions on the Theory of
Elasticity,” Keizai Hyoron (Econom c Review), 16:145-150.

Morrison, C. (1993), “Energy and Capital: Further Exploration of
E-K Interacti ons and Econom ¢ Performance,” The Eneragy
Journal, 1:217-243.

Morrison, C. And E. Berndt (1981), “Short-run Labor Productivity
in a Dynam ¢ Model ,” Journal of Econonetrics, 16:339-365.

Nguyen, S.V. and S. H Andrews (1989), “The Effect of Energy
Aggregation on Energy Elasticities: Some Evidence fromU. S.
Manuf acturing Data,” The Energy Journal, 1:149-156.

Nguyen, S.V. and A Reznek (1993), "Factor Substitution in Snall
and Large U. S. Manufacturing Establishments,” Small Business
Econom cs, 5:37-54.

Norsworthy, J.R and Mal nguist, D.H (1983), “Input Measurenent
and Productivity Gowh in Japanese and U.S. Manufacturing,”
Anerican Econonmi c Review, 73:947-967.

Pindyck, R S. and J.J. Rotenberg (1983), "Dynam c factor Demands
and the Effects of Energy Shocks,” Anerican Econon c Revi ew,
5:1066- 1079.

37



Sickles, RC. and M L. Streitw eser (1992), “Technica
Efficiency and Productive Decline in the U S Interstate
Natural Gas Pipeline Industry under the Natural Gas Act,”
Journal of Productivity Analysis, 3,1/2 :115-133.

Solow, J.L. (1987), "The Capital - Energy Conplenentarity Debate
Revisited,"” Anerican Econom c Review 77: 605-614.

Stapleton, D.C. (1981), “Infering Long-Term Substitution
Possibilities from Cross-Section and Tine-Series Data,”
Model i ng and Measuring Natural Resource Substitution, E R
Berndt and B.C. Field, eds, Canbridge: MT Press: 93-118.

Thonmpson P. and T.G Taylor (1995), “The Capital - Energy
Substitutability Debate: A New Look,” The Revi ew of
Econom cs and Statistics, :565-569.

Turnovsky, M M Folie, and A U ph (1982), “Factor
Substitutability in Australian Manufacturing w th Enphasis
on Energy Inputs,” Econom c Record, 58, 160:61-72.

Turnovsky M H. L. and WA. Donnelly (1984), “Energy Substitution
Separability, and Technical Progress in the Australian Iron
and Steel Industry,” Journal of Business and Econom ¢
Statistics, 1:54-63.

Wales, T.J. (1977), “On the Flexibility of Flexible Functional
Forms,” Journal of Econonetrics, 5:183-193.

Walton, A L. (1981), “Variations in the Substitutability of
Energy and Nonenergy I nputs: The Case of Mddle Atlantic
region,” Journal of Regional Science, 3:411-420.

Wod, D.O and R B. Hrsch (1981), “Reconciling Econonetric
Studi es of Factor Demand: Data and Measurenent |ssues,”
Energy Laboratory Wbrking Paper, M T-EL81-011W,, MT.

38



TABLE 1

MEAN VARI ABLE VALUES

Ful | Sanpl e 40 4-Digit Industry Subsanple
M cro Data Agg. Data [ Mcro Data Aggregat e Data
Vari abl e Wei ght ed Unwei ght ed 2-Digit Weighted 4-Digit
3-Digit
(1) (2) (3) (4) (5) (6)
N 11520 11520 20 3637 40 27
Qut put 19.61 116. 42 131, 699. 26 101. 79 16, 485. 13 27,592. 23
($M 111 on)
Capi t al 7.33 50. 40 50, 809. 54 52. 89 8, 566. 38 14, 480. 59
($M 111 on)
Labor (Thousand 253. 40 1, 063. 29 1,773, 166. 617. 53 100, 012.67 174, 740. 09
Hr s) 43
Energy (MIlion 73.57 635. 25 515, 583. 36 969. 71 157,048.89 265, 217. 69
Bt u)
Materi al s 9. 67 59. 84 68, 373. 13 60. 24 9, 756. 42 17, 198. 89
($M 111 on)
Capi tal Cost 0. 25 0. 26 0. 27 0. 27 0. 29 0. 25
Shar e
Labor Cost 0. 34 0. 25 0.22 0.22 0.17 0.18
Shar e
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Ener gy Cost
Shar e

Mat eri al Cost
Shar e

Multi-Unit Firm

Tot al
Enpl oynent

0.02

0. 39

106

0. 03

0. 46

0. 83
452

0.02

0.49

742, 029

0. 04

0. 46

0.74
271

0. 07

0.48

43, 921

0. 07

0. 50

76, 985
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TABLE 2
HYPOTHESI S TEST

Cobb- KLE; M CRTS
Dougl as
Restriction B, =0, 1 # oy=1; for A =1.0
S j all 1
Critical X2(99,10) = X2(99,4) = X2(99,1) = 6.6
Val ue 23.2 13.3
Test 41, 982. 2 31,967.7 13.2
Statistic
! Likelihood Ratio Test: L = -2(log likelihood, - |o0g

l'i keli hood,), where the
restricted and unrestricted nodels are esti mated on

the weighted full sanple
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TABLE 3

CAPI TAL- ENERGY ELASTI ClI Tl ES?

Ful | Sanpl e 40 4-Digit Subsampl e
Mcro Data Agg M croDa Aggregate Data
Dat a ta
El asticity Unwt d 2- 4- 3-
Wei ght e Digit Weighte Digit Digit
d d
(1) (2) (3) (4) (5) (6)
Price
Demand
Nk -1.105 -1.122 -0.668 |-1.060 -1.742 -1.987
Mee -3.574 -2.802 14. 529 -2.922 -2.079 -2.858
Nke 0.015 -0.040 1.145 |-0.014 0. 048 0. 250
Nex 0.208 -0.301 14.778 |-0.087 0. 200 0.953
Al'len
Ok -4.457 -4.282 -2.514 -3.927 -6.072 -7.838
Oge -195.482 -80.744 705.176 |-66.124 -30.388 -43.047
Oke 0.838 -1.149 55.578 -0.321 0.696 3.760
Morishima
OkEe 3.589 2.762 -13.384 2.908 2.126 3.107
ok 1.313 0.821 15.447 0.973 1.942 2.940
Shadow
ORe 3.433 2.535 -11.310 2.635 2.091 3.072
Capital Share 0.248 0.262 0.266 0.270 0.287 0.253
Energy Share 0.018 0.035 0.021 0.044 0.068 0.066
N 11520 11520 20 3637 40 27

! Based on actual cost shares.
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Dat a Appendi x

The Manuf acturing Energy Consunption Survey (MECS) collects
energy production, consunption, and expenditure data from
approxi mately 14,000 manufacturing plants.! The MECS sanple is
a subset of the ASM which is a representative sanple of over
55, 000 manufacturing plants drawn fromthe approxi mately 350, 000
plants in the manufacturing universe. The 1991 MECS was desi gned
to yield estimates on energy consunption for the entire
manuf acturi ng sector of the econony, as well as all the 20 two-
digit major groups. |In addition, the sanpling design supports
statistics for two three-digit industry groups, and 40 four-digit
i ndustries which neet one of the followng criteria: i) energy-
i ntensi ve production in manufacturing; or ii) high-growh
i ndustries such as conputers and nmedi cal instrunents; or iii)
industries with identifiable policy interest or conservation
opportunities. The probability of selection is proportional to
an energy neasure of size. Thus, while all 3- and 4-digit
manuf acturing industries are not sanpled sufficiently to generate

aggregate statistics, the industries which woul d be nost heavily

1 The basic unit of data collection for the MECS and ASMis the
manuf acturing establishnent. An establishment is defined as a single physical
| ocation engaged in one of the categories of industrial activity in the
Standard Industrial Classification (SIC) System Manufacturing establishnments
are often referred to as plants, factories, or mlls. This paper uses the
term pl ants.
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i npacted by changi ng energy conditions are well represented.
Table A3 lists the SIC and i ndustry breakdown of the MECS survey.

We use two types of information fromthe MECS. For quantity
of energy, we use the “quantity produced offsite and consuned as
fuel” neasure, as this is designed to be the equivalent to “cost
of fuels” collected in the ASM For energy prices, we use the
“total expenditures, including delivery charges”, divided by the
“quantity purchased by and delivered to”. Quantity of fuel is
reported in a variety of neasures, such as Btu, tons, cubic feet,
gal l ons, or barrels, depending on the type of fuel. W convert
t he various physical units to mllions of Btu in order to sum
over types of fuel. Table A4 lists the reported units and
conversion fornulas, by type of fuel, used in this paper.

Data for all non energy inputs, output, plant |ocation and
primary industry are fromthe 1991 Annual Survey of Manufacturers
(ASM. The ASMis conducted during non census years to provide
i nformati on of econom c characteristics for the manufacturing
sector.! Approxi mately 55,000 establishnments fromthe universe
of over 350,000 are surveyed. A new ASM panel is drawn every
five years. The probability of being selected for the ASMis
based on payroll and shipnents size. GCenerally, only conpanies
with nore than 20 enpl oyees are selected for the ASM sanpling

frame. Large plants are surveyed every years with certainty.

1 A conplete census is conducted in years ending in “2" or “7".
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The MECS and ASM data sets have two common plant identifiers
which are used to link the two data sets: identification nunber
and tab nunber. The identification nunber is a 10 digit nunber.
For plants which are part of a nulti-unit firm the first six
digits identifies the parent firm the remaining four digits
identifies the specific plant. For single-unit firns (plants),
the entire ten digit nunber is unique to that plant. Wen a
plant is sold, or its status fromsingle to nmulti-unit firm
ownership (or the reverse) changes, the identification nunber
changes al so. Linking the MECS with the ASMvi a the
identification nunber fails in a small nunber of cases because of
changes in ownership or firmstatus which are reflected in one
data set, but not in the other, due to differences in the timng
of processing and updating. Wen no match is found using the
identification nunber, we rely on the six digit tabulation
nunber, which for ASM plants, is assigned to a specific physica
| ocation. W are able to link over 99 percent of the MECS pl ant
to the ASM

The nature of the data collected in the ASM pl aces sone
constraints on the neasurenent of production inputs and out puts.
Economic information in the ASMis generally reported in
t housands of dollars. Physical quantities of outputs and non
| abor inputs and prices are not collected. Qutput is defined as

the total value of shipnents, adjusted for changes in inventories
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of finished goods and work in progress. One advantage of using
cross-section data is that we do not need individual plant prices
or defl ators.

As information on capital services, vintage, and intensity
of use are unavailable, capital is nmeasured by the sum of book
val ue of capital equipnment and structures, as information on
physi cal capital is unavailable. Concerns about the obvious
capi tal neasurenent problemare offset by Dons’ (1996) and
Dwer’s (1997) work with the Bureau’ s Longitudi nal Research
Dat abase (LRD), which indicates book value is a reasonabl e proxy
for physical capital.' |In determ ning the expenditure share for
capital, we assune zero economc profits and cal cul ate the
resi dual of value of shipnents m nus |abor, energy, and materials
expendi t ur es.

| deal |y, | abor input would be neasured by total nunber of
enpl oyee hours. Wiile the ASMi ncl udes data on nunber of
production and nonproducti on enpl oyees and producti on and
nonproducti on sal aries and wages, it collects only total
production workers’ hours. Rather than assune all enpl oyees work
a 2,000 hour year, we assune that relative wages are proportional

to margi nal productivity and cal cul ate production worker

2 Doms (1996) constructed capital based on the perpetual -i nventory

met hod and conpares this series with the book value series. The correlation
between the two series for his sanple of plants is above 0.90. Thus, the
reported book val ue should be a reasonable proxy for the physical capita
stock. Dwyer (1997) found that neasures of productivity constructed from

di fferent nmeasures of capital are highly correlated and that their association
with alternative measures of econom c performance is approxi mately the sane.
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equi val ent hours for all enployees. Total |abor expenditures is
equal to total salary and wages. Lastly, materials are neasured

by dollar expenditures for parts and materials and contract work.
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TABLE Al
SI C Coverage of MECS Survey

20 Food and Ki ndred Products
2011 Meat Packing Pl ants
2033 Canned Fruits and Veget abl es
2037 Frozen Fruits and Vegetabl es
2046 Wet Corn MI1ing
2051 Bread, Cake, and Rel ated Products
2063 Beet Sugars
2075 Soybean QI Mlls
2082 Malt Beverages
21 Tobacco Products
22 Textile MII| Products
23  Apparel and O her Textile Products
24 Lunmber and Wod Products
25 Furniture and Fi xtures
26 Paper and Al lied Products
2611 Pulp Ml 1Is
2621 Paper MIIs
2631 Paperboard Ml s
27 Printing and Publi shing
28 Chem cals and Allied Products
2812 Al kalies and Chlorine
2813 Industrial Gases
2819 Industrial Inorganic Chem cals, nec
2821 Plastics Materials and Resins
2822 Synt heti c Rubber
2823 Cel | ul osi ¢ Mannade Fi bers
2824 Organi c Fibers, Noncellulosic
2865 Cyclic Crudes and Internediates
2869 Industrial Organic Chem cals, nec
2873 Nitrogenous Fertilizers
2874 Phosphatic Fertilizers
29 Petrol eum and Coal Products
2911 Petrol eum Refi ni ng
30 Rubber and M sc. Plastics Products
3011 Tires and I nner Tubes
308 M scell aneous Pl astic Products, nec
31 Leat her and Leat her Products
32 Stone, Clay and d ass Products
3211 Flat d ass
3221 d ass Contai ners
3229 Pressed and Bl own d ass, nec
3241 Cenment, Hydraulic
3274 Line
3296 M neral Wool
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33 Primary Metal |ndustries
3312 Bl ast Furnaces and Steel MIIs
3313 El ectronetal urgical Products
3321 Gray and Doctile Iron Foundries
3331 Primary Copper
3334 Al um num
3339 Primary Nonferrous Metals, nec
3353 Al um num Sheet, Plate, and Foil
34 Fabricated Metal Products
35 | ndustrial Machinery and Equi pnent
357 Conputer and O fice Equi pnment
36 El ectronic and Ot her El ectric Equi pnent
37 Transportation Equi pment
38 I nstrunents and Rel ated Products
3841 Surgical and Medical Instrunents
39 M sc. Manufacturing Industries
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TABLE A2

REGRESSI ON PARAMETER ESTI MATES

Ful | Sanpl e 40 4-Digit Subsanple
M cro Data Agg Data | M crobDat Aggregat e Data
a
Par anet er Unwt d 2- 4- 3-
Wi ght ed Digit Wi ght ed Digit Digit
(1) (2) (3) (4) (5) (6)
d, 0. 414 0. 487 0. 602 0. 645 0. 361 0. 217
(0.007) (0.014) (0. 285) (0.017) (0.167) (0.229)
i 0.198 0. 213 0. 209 0. 235 0.301 0. 272
(0.001) (0.002) (0.108) (0.002) (0.066) (0.094)
d, -0.094 -0.071 -0. 046 -0.079 -0.083 -0.076
(0.001) (0.002) (0.087) (0.003) (0.038) (0.052)
e 0.023 0. 010 -0. 020 -0. 005 -0.038 -0. 067
(0.0004) (0.001) (0.020) (0.001) (0.037) (0.050)
G 0.876 0. 841 0. 848 0. 839 0. 825 0.881
(0.001) (0.001) (0.060) (0.002) (0.029) (0.032)
B 0. 047 0. 053 0. 075 0. 052 0.112 0.111
(0.0002) (0.0002) (0.033) (0.0004) (0.022) (0.033)
BuL 0. 106 0.094 0. 080 0.093 0. 096 0.091
(0.0003) (0.0005) (0.024) (0.001) (0.010) (0.016)
Bee 0.013 0.021 0. 019 0. 026 0.034 0. 039
(0.0001) (0.0002) (0.003) (0.0002) (0.010) (0.014)
B 0. 169 0.173 0. 215 0.170 0.197 0. 201
(0.0001) (0.0004) (0.020) (0.001) (0.008) (0.013)
Brw 0. 007 0. 005 0. 020 0. 002 -0.012 -0. 007
(0.0002) (0.0003) (0.027) (0.0005) (0.011) (0.020)
Bre -0.001 0. 0005 -0. 002 -0. 002 -0.008 -0.018
(0.0001) (0.0002) (0.007) (0.0003) (0.012) (0.017)
Bim -0.053 -0.058 -0. 092 -0. 052 -0. 092 -0.085
(0.0001) (0.0003) (0.025) (0.0003) (0.010) (0.011)
Bie -0. 004 -0.003 0. 003 - 0. 0006 -0. 002 0. 005
(0.0001) (0.0002) (0.005) (0.0004) (0.008) (0.011)
Bm -0. 109 -0. 096 -0.103 -0. 094 -0. 081 -0. 089
(0.0002) (0.0003) (0.008) (0.0005) (0.006) (0.005)
Bem -0. 007 -0.018 -0.019 -0.024 -0.024 -0. 026
(0.0001) (0.0002) (0.006) (0.0003) (0.006) (0.006)
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A 1. 004 0.993 0. 991 0. 991 1. 004 1. 010
(0.001) (0.001) (0.018) (0.001) (0. 010) (0.012)

Log 51660. 3 49383. 8 177.3 14492. 9 281. 7 181.9
Li kel i hood
N 11, 520 11, 520 20 3,637 40 27

Standard errors are given in parentheses. Al regression include industry and
regi on dummy vari abl es, except 2-digit nodel. Al regressions using
unwei ghted mcro data also include a multi-unit dummy vari abl e.
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ESTI MATED ELASTI Cl TI ES, KLEM MODELS!

TABLE A3

Ful | Sanpl e 40 4-Digit Subsanple
M cro Data Agg Data | M crobDat Aggregat e Data
a
El asticity Unwt d 2- 4- 3-
Wi ght ed Digit Wi ght ed Digit Digit
(1) (2) (3) (4) (5) (6)
Price Demand
Nk -1. 105 -1.122 -0. 668 -1. 060 -1.742 -1.987
ML -1.580 -1.929 0. 888 -2.164 -3.426 - 3. 097
Nee -3.584 -2.802 14. 523 -2.922 -2.079 -2.858
N -2.135 -2.053 4.970 -2.152 -2.815 -2.727
Niw 0.011 - 0. 045 1. 064 -0. 010 -0. 188 -0.161
Nie 0. 015 - 0. 040 1. 145 -0.014 0. 048 0. 250
Mkm 1.079 1. 207 -1.541 1.084 1.882 1. 899
Nk 0. 008 - 0. 049 1.276 -0.012 -0.321 -0. 230
Nie 0. 029 - 0. 065 2.145 -0. 185 -0.134 -0.481
Nm 1.543 2.042 -4.310 2.362 3.881 3.808
Nex 0. 208 -0.301 14. 778 - 0. 087 0. 200 0. 953
Ne 0. 538 - 0. 456 23.082 -0.938 -0. 329 -1.287
Nem 2.828 3. 560 -52. 389 3.947 2.208 3.191
M 0.678 0. 691 -0.833 0. 633 1.132 0. 958
v 1. 326 1.093 -1.943 1.142 1. 366 1. 347
e 0.131 0. 270 -2.195 0. 377 0. 317 0. 422
Allen
Owx -4. 457 -4, 282 -2.514 -3.927 -6.072 -7.838
oLL -4. 660 -7.869 -4.007 -9.678 -20.418 -17. 427
Oee -195. 482 -80. 744 705. 176 -66. 124 - 30. 388 -43. 047
Om -5.412 -4.481 10. 106 -4. 656 -5.902 -5.428
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OuL 0.034 -0. 185 4. 800 -0.044 -1.120 -0.909
Owe 0. 838 -1.149 55.578 -0.321 0. 696 3. 760
Oum 2.733 2.635 -3.133 2.345 3.947 3.779
OLe 1. 587 -1.862 104. 121 -4.195 -1.961 -7.240
OLe 3.911 4.458 -8.763 5.108 8.139 7.580
Oem 7.167 7.771 -106. 522 8. 537 4.629 6. 352
Mor i shi ma
on 1.592 1.883 0.176 2.154 3.238 2.936
ol 3. 589 2.762 -13.384 2.908 2.126 3. 107
oy 3.214 3. 260 -6.511 3.237 4. 697 4.626
ol 1.114 1.073 1.945 1.048 1.421 1. 757
oL 3.603 2.738 -12. 383 2.736 1.945 2.377
oMy 3.678 4.095 -9. 280 4.514 6. 696 6. 535
o 1.313 0.231 15. 447 0.973 1.942 2.940
on 2.119 1.472 22.194 1.226 3. 097 1.811
oo, 4.963 5.613 -57. 359 6. 099 5. 022 5.918
oM 1.783 1.813 -0. 165 1.693 2.874 2.945
om 2.907 3.022 -2.831 3. 307 4.792 4. 445
o 3.705 3.072 -16.723 3.299 2.395 3.279
Shadow
o5 1. 316 1.492 0.982 1. 653 2.567 2.450
oS 3.433 2.535 -11. 310 2.635 2.091 3.072
OSm 2.335 2.234 -2.392 2.262 3. 559 3.508
o' 3. 527 2.581 -9.443 2.487 2.278 2.223
Ofm 3. 263 3. 396 -4.835 3.700 5. 287 4.991
Oy 3.761 3.251 - 18. 357 3.543 2.725 3. 587
N 11, 520 11, 520 20 3,637 40 27
! Based on actual shares.
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TABLE A4
MECS Reporting Units of Quantity and

BTU Conversi on, by Fuel Type
Type of Fuel MECS Reporting Units Conversion to MIIlion
Bt u
Nonconbusti bl e
El ectricity Thousand ki |l owatt X 3.412
hours
St eam MIlion Btu
I ndustrial Hot MIlion Btu
Wat er
Conbusti bl e
Sol i ds
Ant hracite Short Tons X 27.751
Bi t um nous & Short Tons X 22.407
Subbi t um nous
Coal
Lignite Short Tons X 22.407
Breeze Short Tons X 24. 800
Coal coke Short Tons X 24. 800
Fluid Catal ytic Barrel s X 6.024
Cr acki ng
Unit Coke
Unr efi ned or Barrel s X 6.024
G een
Pet r ol eum Coke
Cal ci ned Barrel s X 6.024
Pet r ol eum
Coke
Roundwood MIlion Btu
Wbod Chi ps, Bark, MIlion Btu
&
Wast e
Bi omass MIlion Btu
Wast e MIlion Btu

Mat eri al s/ Scr ape
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O her Sol i ds

Gases
Nat ur al Gas
Acetyl ene

Bl ast Furnace Gas
Coke Oven Gas

Hydr ogen

WAst e & Byproduct
Gases

O her Gases
Li qui ds

But ane

Et hane

Pr opane

O her LPG & NGL
Li qui ds

Di esel Fuel

Distill ate Fuel
al

Ker osene
Mot or Gasol i ne

Pul pi ng or Bl ack
Li quor

Resi dual Fuel G|
Waste O ls & Tars
O her Liquids

MIlion

Thousand Cubi c Feet

MIlion
MIlion
MIlion
MIlion
MIlion
MIlion
Gal | ons
Gal | ons
Gal | ons
Gal | ons
Barrel s
Barrel s
Barrel s
Gal | ons
MIlion
MIlion
MIlion
MIlion

Bt u

Btu
Btu
Btu
Btu
Btu

Bt u

Bt u

Bt u
Bt u
Bt u

X 1.

/42
/42
/42
/42

X 5.

/42

031

w W w w

. 825
. 825

670

X 2.

. 821
. 821
. 821
. 821

253
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