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Introduction 
Depending on the complementarity or substi

tutability of capital (K) and labor (L) for energy 
(E) in production processes, higher energy 
prices may result in slower future growth in 
manufacturing. If capital and energy are com
plements, then higher prices for energy will 
dampen the demand for both energy and capi
tal, ceteris paribus. Conversely, if energy and 
other inputs tend to be substitutes, then rising 
energy prices will stimulate the demand for 
both capital and labor. 

The regional variation in such impacts due to 
differing substitution relations may be sub
stantial. If the substitution relationships 
among energy, labor, and capital are different 
among regions, future growth patterns are 
likely to vary. If energy and capital are substi
tutes in one region but complements in another, 
the former will tend to grow and the latter to 
decline. Even moderate differences in substi
tution relationships between capital and 
energy may be manifested in growth rate 
differentials. 

The primary objective of this paper is to 
explore the possibility of significant regional 
differences in production functions and the 
associated elasticities of substitution in a model 
which includes energy as one of the inputs. As 
in previous regional production function inves
tigations, broad regional differences in agglom
eration economies, technology, product mix, 
labor quality, and basic regional infrastructure 
are expected to be manifested in the parameter 
estimates of production functions. 

Numerous investigations of regional growth 
have observed or analyzed nominally persistent 
North-South differences in factor returns, nota
bly wages, using some form of a production 
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function. A few examples include Gallaway 
[15], Bellante [3], Coelho and Ghali [10], Batra 
and Scully [2], and Scully [21]. These studies 
have been limited to two-input models and have 
been estimated with restrictive functional 
forms. By contrast this study is unique in that 
it expands the analysis to three inputs by add
ing energy to the typical capital-labor model 
and estimates the cost function using a flexible 
functional form. 

The translog cost model, a flexible functional 
form for estimating the general cost function, 
was selected to estimate the three-input model 
because it imposes no a priori restrictions on 
the elasticities, and it can be viewed as a second 
order approximation to any arbitrary twice-dif
ferentiable cost function. National studies of 
input interrelations using the translog cost 
model have been done by Hudson and Jorgen
son [17], Berndt and Wood [6], Griffin and Gre
gory [16], Pindyck [20], and Field and 
Grebenstein [14]. The orientation of the follow
ing model has benefited from these efforts. 

Model 
Given a twice differentiable and regular pro

duction structure for U.S. manufacturing by 
state, then the dual cost function exists which 
describes uniquely that underlying technol
ogy.1 Furthermore, assuming constant returns 
to scale and weak separability of the materials 
input from all other imputs, allows the model
ling to proceed without inclusion of output and 
price of materials. The latter assumption is 
necessitated by the lack of cross-sectional data 
on the heterogeneous input materials, while 
the former assumption of constant returns to 
scale is well-established in the literature.2 

Then, the dual cost function can be expressed as 

where Cis unit cost, PK is the price of capital, PL 
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is the price of labor , and PE is the price of 
energy. The advantage of (1) over direct esti
mation of the production structure is that input 
prices are more readily observable and likely 
exogenous than input quantities, while duality 
theory insures that conclusions about (1) apply 
equally well to the underlying production 
structure. 

The flexible translog functional form, intro
duced by Christensen, Jorgenson, and Lau [9], 
where 

(2) lnC = a 0 +La; l n P; + 1 LL 'Yu ln P; ln P; i, j = K,L,E 
2i j 

with constraints3 Lai = 1, f'Yii = 0 , f'Yii = 0 , 
and 'Yii = 'Yii• i i= j, is chosen to represent the 
general cost function in (1) because it imposes 
no a priori restrictions on the price and Allen 
elasticities and because it can be viewed as a 
second order local approximation or Taylor 
series expansion in logarithms to any cost func
tion. 4 In short, the translog approximation 
appears well-suited for determining the KLE 
interrelationships in U.S. manufacturing.5 

Logarithmic differentiation of (2) with 
respect to input prices and application of She
phard's lemma [22, p. 11] yields the share equa
tions (M) to be estimated, 

(3) alnC = ac = ~ = P;q; = 

alnP; aP; C ~Pq. 
"i_ 'Y I l I 

M ; = a, + ; ti lnP; i , j = K,L,E 

Since both the existence of the dual cost func
tion and the validity of Shephard's lemma 
requires regularity of the production structure, 
that aspect of the specification is tested. The 
translog approximation is monotonic if the fit
ted cost shares are positive at each data point, 
and it is quasi-concave if the matrix of esti
mated Allen elasticities is negative semidefin
ite at the point of expansion, the means of the 
data. 

The stochastic specification of the model in 
(3) is completed by appending additive error 
terms representing random errors in cost min
imizing behavior to the share equations. It is 
assumed that these error terms are randomly 
distributed within equations, although cross
equation correlation is likely since errors in 
cost minimizing behavior should affect all cost 
shares. Since the system of equations in (3) is 
singular, one equation is deleted, and the iter
ative Zellner procedure is then appropriate to 

obtain asymptotically efficient parameter esti
mates equivalent to maximum likelihood 
methods.6 

The K , L, and E interrelations are summa
rized by the estimated price (Eii) and Allen (<Tii) 
elasticities, where for the translog case these 
are given in terms of the cost shares and param
eter estimates as, 

(4) E;; = MiL Mi + "fii 
M; 

and 

Eij = M;Mi + 'Yii 
M; 

(5l !T;; = E;; = ~; - :M; + yjj 
M. ifl; 

i = K,L,E 

i, j = K,L,E i * j 

I = K,L,E 

i j = K,L,E i * j 

Model Implementation 
The model is estimated for U.S. manufactur

ing using cross-sectional data by state for 1976. 
The required data on the prices and cost shares 
of capital, labor, and energy respectively were 
obtained primarily from the Annual Survey of 
Manufacturers [23]. The price of energy is com
puted as total cost for energy divided by gross 
millions of BTU s consumed. The price of labor 
per man-hour is computed as total labor costs, 
including supplementary benefits, divided by 
total man-hours worked. Since data on man
hours worked is not provided for non-produc
tion workers, it is assumed that one man-year 
for each non-production worker equals 2,000 
hours. 

The price of capital was constructed following 
the approach of Christensen and Jorgenson [8], 
while the quantity of capital, structures and 
equipment for each state was estimated using 
the perpetual inventory method. The contribu
tion of capital in total cost is its price multiplied 
by the quantity of capital. For a more detailed 
explanation of the methodology for the con
struction of the price and quantity of capital, 
see the appendix. 

As stated earlier, past research has indicated 
that broad regional differences exist within the 
U.S., especially noticeable between the North 
and South. If so, the model in (3) will not cap
ture these differences, yet they remain signifi
cant in determining the cost shares for each 
state. The broad four region Census Bureau 



14 The Review of Regional Studies 

classification was used to specify four regional 
dummy variables deleting Alaska, Hawaii, and 
the District ofColumbia.7 

First order variation in the coefficients of the 
translog cost function allows the intercepts (a;} 
of the share equations to vary between the 
regions, while second order variation allows the 
slope parameters ("fi) of the share equations to 
vary between the regions. Null hypotheses of 
equality of the first order coefficients and sec
ond order coefficients within the input shares 
can then be tested using the approach sug
gested by Christensen, Jorgenson, and Lau [9] 
for linear restrictions in the translog case. 
Equality of the first order or second order coef
ficients econometrically amounts to a simulta
neous test across the input cost shares that the 
differential intercept or slope coefficients for 
the regions are zero. Acceptance of both first 
and second order variation implies that the pro
duction structures of the regions should be 
modelled separately. 

Empirical Results 
The regional dummy variables are evaluated 

first. The empirical tests of hypotheses for first 
order regional variation in the parameter esti
mates of the translog cost function are reported 
in Table 1. First order North-South, Midwest
South, and West-South variation is accepted, 
while equality of the North-Midwest and the 
North-West pairs cannot be rejected. These 
results suggest that the South is statistically 
different from the North, Midwest, and West, 
while the North is not statistically different 
from the Midwest and West. 

After combining the states of the Midwest 
and West with the North, second order varia
tion is tested and decisively rejected [F (6, 85) = 

TABLE 1 

Tests of Hypotheses of First Order Regional Variation in 
the Parameter Estimates of the Three-Input Translog 

Cost Function for North, South, Midwest and West 

First Order 
Equality Degrees 

Tested (share of Critical F 
intercepts) Freedom Calculated F (.05) 

North = South 2,85 5.1564 3.12 

North = Midwest 2,85 .6081 3.12 

North= West 2,85 1.1363 3.12 

Midwest = South 2,85 11.8192 3.12 

West= South 2,85 4.0419 3.12 

.97 > Prob (F > .97) = .45]. It is also noted that 
in the same model, first order North-South var
iation is tested and strongly accepted [F (2, 89) 
= 10.92, Prob (F > 10.92) = .0001]. Thus, the 
preferred model is one in which the first order 
parameters of the translog cost function are 
allowed to vary between the North and South.8 

The parameter estimates and associated 
standard errors of the preferred model with first 
order North-South variation are presented in 
Table 2. The price and Allen elasticities of the 
means of the data and their approximate stand
ard errors following Pindyck [20, p. 171] are 
presented in Tables 3 and 4. Though not 
reported in detail here, it is noted that the 
aggregate cost function estimated without first 
order dummies resulted in less precise, but 
essentially similar second order parameter 
estimates. 

TABLE2 

Translog Cost Function Parameter Estimates, U.S. 
Manufacturing, 1976 

u.s. 
Parameter Manufacturing 

.165600) 
(lK (.005455 

.756640) 
(lL (.008603 

.077760) 
(lE (.004585 

.019400) 
DK (.009271 

- .060334) 
DL (.014729 

.040934) 
DE (.007875 

.090001) 
'YKK (.019988 

- .049746) 
'YKL (.022524 

- .040255) 
'YKE (.010788 

'YLL -.015378* 
(.033352) 

.065124) 
'YLE (.016300 

-.024869) 
'YEE (.010435 

System R2 .3541 

n 48 

*Not statistically significant at the .05 level. 
Note: a, are the intercepts for the North, whileD, are the 

South differentials to those intercepts, i = K,L,E. 
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TABLE3 

Price Elasticities U.S. Manufacturing North-South, 1976 

Elasticity North South 

EKK - .302896) - .346208 
(.116817) (.101436) 

ELL -.264495 - .326224 
(.044125) (.047927) 

EEE -1.26742 -1.12522 
(.142857) (.097467) 

EKL .465116 .443433 
(.131638) (.114306) 

ELK .105290 .125564 
(.029799) (.032367) 

EKE -.162220 -.097226* 
(.063049) (.054748) 

EEK -.379994 - .178947* 
(.147690) (.100764) 

ELE .159204 .200646 
(.021565) (.023423) 

EEL 1.64741 1.30417 
(.223150) (.152248) 

*Not statistically significant at the .05 level. 

The empirical results of the model indicate 
that all own-price elasticities are significantly 
negative. Furthermore, the estimated cost 
shares are positive at each data point, and the 
matrix of estimated Allen elasticities at the 
means of the data is negative semidefinite. 
Thus, cost minimizing behavior is accepted, 
and the cost function appears regular. 

All parameter estimates of the translog cost 
function are significant except one. All cross
price and Allen elasticities are significant 
except one. The K-L and L-E pairs are substi
tutes, and labor appears more substitutable 
with energy than capital. 

In general, the regional variation in the elas
ticity estimates are small. However, the strik
ing feature of these elasticity estimates is that 
capital and energy are strong and statistically 
significant complements in the North, while 
they are weak and statistically insignificant 
complements in the South. 

Conclusions 
Using a translog cost function where the 

inputs are capital, labor, and energy, this study 
explored the possibility that there are regional 
differences in production functions. The major 
finding of the study is that there is significant 
North-South regional variation in a three
input model. In terms of elasticity estimates, 

TABLE4 

Allen Elasticities U.S. Manufacturing, North-South, 1976 

Elasticity North South 

AKK - 1.77027 -1.75696 
(.682722) (.514774) 

ALL -.349931 -.468789 
(.058378) (.068872) 

AEE -17.3518 -10.5100 
(1.95574) (.910378) 

AKL .615355 .637220 
(.174159) (.164259) 

AKE - 2.22082 -.908130* 
(.863153) (.511363) 

ALE 2.17955 1.87411 
(.295231) (.218783) 

*Not statistically significant at the .05 level. 

the most important of these regional differ
ences is that capital and energy tend to be 
strong and significant complements in the 
North, while they are weak and insignificant 
complements in the South. The implication of 
this result is that rising energy prices may have 
a more adverse effect on the industries of the 
North than the South. 

The most likely explanation for these 
observed results is that the North contains a 
specific mix or concentration of industries 
where K-E complementarity predominates. 
Another explanation might be the possibility 
that the South contains newer capital which 
tends to be more substitutable for energy than 
the older capital of the North. Examination of 
these possibilities and other broad regional dif
ferences which may account for these results 
such as basic regional infrastructure, agglom
eration economies, and labor quality may be 
fruitful avenues for future research. 

FOOTNOTES 

•For a short, yet complete survey of duality theory, see 
Diewert [12]. 

2For an excellent discussion of this point, see the survey 
article by Jorgenson [18). A slightly different and earlier 
nonhomothetic specification of the translog cost model in 
this study allowed for specific testing ofhomotheticity. If a 
cost function is not homothetic, then the production struc
ture cannot be one of constant returns to scale. The results 
of that test strongly supported homotheticity. 

3These constraints are minimal in that economic theory 
indicates that they are applicable to any arbitrary cost 
function. See Christensen, Jorgenson, and Lau [9) and the 
more general discussion in R.G.D. Allen [1, pp. 503-509). 

•The properties of the translog approximation are devel
oped by Denny and Fuss [11). 

•Recently Berndt, Darrough, and Diewert [5) examined 
three flexible function forms applied to Canadian consumer 
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demand functions. Their conclusion was that the translog 
functional form was preferable on theoretical and econo
metric grounds for the specific data set examined. 

sSee Zellner [25] for the development of his original 
"seemingly unrelated regression" method and Kmenta-Gil
bert [19] for the properties of the. iterative Zellner 
procedure. 

"'The broad four region Census Bureau classification was 
used as follows: North= ME,NH, VT, MA,RI,CT,NY, NJ, 
PA; Midwest= OH, IN, IL, MI, WI, MN, IA, MO, ND, SD, 
NE, KS; South = DE, MD, VA, WV, NC, SC, GA, FL, KY, 
TN, AL, MS, AR, LA, OK, TX; West = MT, ID, WY, CO, 
NM,AZ, VT,NV, WA, OR,CA. 

8In an earlier and slightly different version of the model 
in this study, various tests of hypotheses were accomplished 
using nine regional dummy variables. However, no other 
regional variation besides the North-South dichotomy were 
even remotely statistically acceptable. 
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Appendix 

For each state the quantity of capital, struc
tures and equipment is estimated using the per
petual inventory method where 

- I 

and 

d 

capital stock in year t and state s 

price index for structures and equip
ment in year t 

capital expenditures for structures 
and equipment in year t and state s 
average replacement rate for struc
tures and equipment 

The base year to begin the capital stock calcu
lations was 1958 because of the complete capi
tal stock information available in Census of 
Manufactures [24]. The price index, Pit> was set 
equal to 1.0 in 1976. The average replacement 
rate, d, was estimated as the mean rate implicit 
in the aggregate capital stock estimates for 
U.S. manufacturing, 1958-76, following 

Berndt-Christensen [ 4]. The estimated replace
ment rate was .1085 with a standard error of 
.0025. 

The service or rental price of capital was con
structed following the approach of Christensen 
and Jorgenson [8] as: 

PK. =[1-T. PVJ [PI75 r. + d - {1-PI7s)l 

1-T. J 
where 

r. 

PV. 

price of capital in state s 

effective corporate tax rate in states 

cost of capital in state s 

present value of depreciation deduc
t ion on one dollar's worth of invest
ment in state s 

The effective corporate tax rate was computed 
following Field-Grebenstein [14]. The cost of 
capital was assumed equal to the gross return 
on total loans in state s as found in Federal 
Deposit Insurance Corporation [13]. The pres
ent value of one dollar's worth of investment in 
state s was computed assuming sum-of-the-dig
its depreciation method. 




