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1. INTRODUCTION

Productivity is an important measure of efficiency, and iden-
tifying the sources of productivity growth has been a key
issue in economic research. Many sources underlying
productivity growth are identified and studied for firms, in-
dustries, and countries (see Syverson, 2011, for an excellent
survey). Among them, it is widely held that pollution control
has a deleterious effect on measured productivity growth
because productive inputs are diverted from primary produc-
tion to pollution abatement. Pollution control may also have
the impact of diverting funds from R&D on primary produc-
tion technologies and may slow the rate of productivity
growth. There is abundant evidence linking the productivity
slowdown to various pollution control programs in various
industries (see, e.g., Crandall, 1981b; Gollop and Roberts,
1983; Smith and Sims, 1985; Barbera and McConnell, 1986;
Conrad and Morrison, 1989; Féare et al., 1989; Aiken and
Pasurka, 2003; Zivin and Neidell, 2012; see Christainsen and
Haveman, 1981 for a survey).

This study reexamines the pollution control - productivity
nexus and uncovers new evidence from a collection of a
unique data set for the U.S. steel industry in the early period,
1957-76. In order to properly understand the productivity
impact of pollution control, it is important to allow for the
relationships that lie among pollution control, R&D, and
technical change. Previous studies relating pollution control
to productivity have not considered R&D as a potent variable
(Crandall, 1981b; Gollop and Roberts, 1983; Smith and
Sims, 1985; Conrad and Morrison, 1989; Fére et al., 1989;
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Aiken and Pasurka, 2003). On the other hand, studies exam-
ining the effect of R&D on output or productivity have ex-
cluded the pollution control variable (Griliches, 1988; Nadiri
and Schankerman, 198la; Mansfield, 1981). However,
changes in pollution control have no independent and sepa-
rate effect on productivity growth. Rather, they may alter the
firm's R&D activities and determine the direction and rate of
technological innovation (Eads, 1980), which in turn affect
productivity growth. Previous analyses of productivity have
not isolated the pollution effect from R&D and/or technical
change effects, and thus the productivity effect of pollution
control is confounded with those of R&D and/or technical
change. Only by isolating pollution control, R&D, and tech-
nical change effects, can we get a full montage of how
changes in pollution control affect productivity.

Steelmaking generates a substantial amount of pollution, and
there are stringent environmental regulations on pollution
imposed on the U.S. steel industry, which impinges on
productivity growth. The industry has undergone a signifi-
cant transformation in production technology. However, the
major breakthrough in steelmaking technology took place in
the mid 1950’s with the introduction of the basic oxygen
furnace (BOF) (Sumrall, 1982; Oster, 1982). This technolo-
gy has been the dominant technology employed in the U.S.
steel industry over the years. We use an early data set to
trace the effect of the BOF technology on productivity
growth in relation to pollution control subsequent to its in-
troduction in the U.S. steel industry. The data set contains
the actual technology adoption rate that was taking place in
the steel industry, which can be used as a direct measure of
technical change. Previous studies on productivity specify
the rate of technical change as a function of time (see, e.g.,
Diewert and Fox, 2008), but time may act as a proxy for all
the other unknown variables. While there are several studies



Pollution Control and Productivity Growth

estimating the production or cost function of the steel indus-
try (Kopp and Smith, 1981; Oster, 1982; Karlson, 1983;
Lieberman and Johnson, 1999; Collard-Wexler and De
Loecker, 2015), they are largely concerned with input substi-
tution and scale economies with no regard to pollution,
R&D, and technical change in their analyses.

The underlying framework for this paper is a full model of
steel production based on profit maximization characterized
with a translog cost function, which allows us to identify the
components of total productivity growth associated with
scale effects, pollution control, R&D, and technical change,
with allowance for markup behavior. The presence of pollu-
tion control requires a modification of the conventional
measure of scale economies (Chambers, 1988; Diewert and
Fox, 2008). Also, the fact that the steel industry is imperfect-
ly competitive requires an adjustment of the conventional
productivity measure based on competitive marginal cost
pricing with constant returns to scale (Chambers, 1988).
Moreover, previous analyses are based on many restrictive
assumptions on the steel production structure, and various
restrictive hypotheses maintained in these analyses, especial-
ly with respect to pollution control, are examined and tested.

The U.S. steel industry underwent a sharp decline in produc-
tivity growth in the 1957-76 period.! The decline in the de-
mand for domestic steel and slowness to adopt new technol-
ogies were largely responsible for the productivity slow-
down. Steel imports did not always have a detrimental effect
on productivity growth. There is clear evidence that R&D
funds were diverted to pollution abatement, and R&D stock
in general had a negative effect on productivity growth. Pol-
lution control was not an entirely detrimental influence on
productivity growth during the study period. While pollution
control had a dampening effect on productivity growth in the
early years of this period, compliance with more stringent
pollution standards in the later years of the period appears to
have provided an added incentive to the steel industry for
modernization, which yielded an acceleration of productivity
growth. These results are illuminating and in sharp contrast
to existing findings that support the negative view of pollu-
tion control on productivity growth.

Il. THE ANALYTICAL FRAMEWORK

This section presents a theoretical framework for analyzing
pollution control and its impact on productivity growth,
which will form an appropriate base for subsequent empiri-
cal analysis.

1. Market Production of Steel and Pollution

Suppose the steel industry faces a cost function of the form:
C=C(Y,Aw,RT), (1)

where Y is steel output, A is the amount of pollution abate-
ment, w is the price vector of inputs whose elements are w;

1 Collard-Wexler and De Loecker (2015) provide a god discussion of the
U.S. steel industry in recent years, and use more recent data and examine the
link between technical change and productivity. They do not consider the
effects of pollution control and R&D. See Section V for a relevant
discussion of their study relative to this study.
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(i=1,..,n), R is the stock of R&D, T is the level of tech-
nology determined by technical change?, and

C= Z:leixi , total expenditure on inputs, where x; is the

quantity of the ith (i = 1, ..., n) input. Four aggregate inputs
are considered in steel production: capital (K), labor (L),
energy (E), and raw materials (M). There are several
steelmaking technologies such as the basic oxygen, open
hearth, and electric arc furnace processes.®> However, it is
generally accepted that the introduction of the basic oxygen
furnace (BOF) technology in the mid 1950's represents "the
only major technological breakthrough at the ingot level in
the steel industry since before the turn of century” by replac-
ing the open hearth furnace (Sumrall, 1982; Oster, 1982).
While there has been a gradual increase in steel production
or shipment by the use of the electric arc furnace, the BOF
technology has been the dominant technology in the U.S.
steel industry (Collard-Wexler and De Loecker, 2015; see a
more discussion in Section V). For this reason, we focus on
the BOF technology and examine the effect on steelmaking
subsequent to its introduction in the U.S. steel industry.
Technical change is measured by the BOF adoption rate as
given by the fraction of steel output produced with the BOF
technology.

The cost function (1) is assumed to be increasing, linear ho-
mogeneous, and concave with respect to input prices, and
increasing in output (Chambers, 1988). Assuming that input
markets are competitive with the input prices determined
exogenously,* Shephard's lemma applied to the cost function
(1) gives the input demand functions:

oC .

o, (Y, Aw,R,T),i=1..,n (2)
Steel is a marketable output. Pollution, considered a non-
marketable, undesirable output ("bad"), is a byproduct of the
steel production process.® Pollution regulations require
abatement or cleanup of pollutants. It is assumed that pollu-
tion is weakly disposable (Féare et al., 1989), so that a reduc-
tion in pollution can be only achieved by simultaneously
reducing steel production. The tradeoff between steel pro-
duction and pollution abatement is given by

2 To a certain degree, both R&D and the BOF adoption rate measure
technical change (Teleckyj, 1980). R & D is an input measure, while the
BOF adoption rate is an output measure of technical change. In reality,
however, both variables are imperfect measures of true technical change,
and hence the two variables are included in the cost function. This is a
common specification adopted in the study of the R & D effect on output
and productivity (see Griliches, 1988; Nadiri and Schankerman, 1981a, b).

3 A detailed discussion of the steel production process is given in Kopp and
Smith (1981); see also Crandall (1981a), Oster (1982), and Collard-Wexler
and De Loecker (2015).

4 See Grossman (1986) for a detailed discussion of exogeneity of input
prices in the steel industry.

5 It would also be possible to model pollution or pollution abatement as a
direct input in the production process by separating the pollution abatement
capital from total capital input (Kopp and Smith, 1981; Conrad and
Morrison, 1989). However, the output framework is intuitively more
appealing (see Pittman, 1981; Fére et al., 1989).
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dY _ oC/oA
dA  oc/ov

Additional production of steel requires expenditure on in-
puts, so that 6C/dY >0. However, reducing pollution, i.e.,
increasing pollution abatement, increases the cost of steel
production at least over some range because of the diversion
of inputs from steel production to pollution abatement, im-
plying that 6C/6A>0. This determines the negative
tradeoff between steel production and pollution abatement
for a given level of inputs, i.e., dY/dA <0 implying a posi-
tive opportunity cost for reducing pollution in terms of for-
gone steel output.

®3)

The rate of tradeoff between steel output and pollution
abatement depends on input substitution possibilities associ-
ated with the diversion of inputs due to pollution abatement.
If inputs have no substitution possibilities, steel output
would be crowded out by an increase in pollution abatement

on a one-to-one basis, i.e., |dY /dA|=1. If input substitution

is feasible, pollution abatement expenditures do not divert
equivalent expenditures on inputs and output would not fall

by the increase in pollution abatement, i.e., |dY/dA <1.

This tradeoff relation is, however, static in nature and does
not take into account the dynamic adjustment process in-
duced by pollution control. In particular, to the extent that
stringent pollution standards entail technological innovation,
which increases production efficiency from adopting a new
technology, this regulation-induced technical change will
bring about a reduction in costs, i.e., 6C/0A<0 hence we
cannot rule out the possibility that dY/dA>0 implying a
negative marginal value of pollution abatement in terms of
foregone steel output. An important part of this study is to
determine empirically the tradeoff between steel output and
pollution abatement.

The output of steel is sold under conditions of imperfect
competition, so that its price p is a function of the level of
output. The amount of pollution abatement is determined by
market considerations subject to a lower limit on pollution
abatement A° to comply with the mandated regulation. The
profit-maximizing steel firm must choose output and pollu-
tion abatement levels to maximize profit subject to the pro-
duction technology represented by the cost function (1) and
to the pollution abatement constraint. The firm's objective is
then:

maxy, o {P(Y)Y —C(Y,AW,R,T)} @
st.A> A°

Profits are maximized when the following first-order condi-
tions hold:

1, oC

1+ 2)=— 5
p( 77) BV 5)
and
i=§forﬂ>0 (6)

OA
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where 1 is the price elasticity of the demand for steel and A is
the Lagrange multiplier associated with the pollution abate-
ment constraint, which represents the shadow price or oppor-
tunity cost of complying with pollution control regulation.®
Equation (5) is the standard profit-maximizing MR = MC
condition. Equation (6) shows that if pollution regulation is
binding (i.e., A< A”), then 4 >0 and the opportunity cost of
compliance with pollution regulation is the marginal abate-
ment cost of pollution. If, however, pollution control is not

binding (i.e., A> A"), then the opportunity cost of pollution
control would be zero (i.e., 4=0). In addition, with the ap-
propriate second-order condition for profit maximization
met, the optimal output level is implicitly determined from
(5). Substituting it into (2), we obtain the optimal input quan-
tities.

2. Adjusting the Degree of Scale Economies for Pollution
Abatement

The degree of scale economies is usually measured by the
proportionate change in cost resulting from a proportionate
change in output along the expansion path where input prices
and other variables are held fixed and costs are minimized at
every level of output (Hanoch, 1975; Chambers, 1988). This
measure of scale economies is not, however, appropriate for
the steel firm in which pollution is produced as a byproduct.
The problem is that as the output of steel production chang-
es, other variables do not remain fixed. In particular, the lev-
el of pollution, and hence pollution abatement, increases due
to an increase in steel production, which leads to an upward
shift of the cost curve. Thus the total change in cost resulting
from a change in steel production is the sum of a change in
cost due to a change in steel output with pollution abatement
held fixed and a change in cost due to pollution abatement as
pollution abatement changes.

Formally, the degree of scale economies (SE) allowing for
pollution abatement is measured by

SE = gCY + kgCA (7)
where e, is the cost elasticity of output defined by

oy =0INC/oINY, e is the cost elasticity of pollution
abatement defined by &p=0InC/oInAand
k=dInA/dInY a ratio of the percentage change in pollu-
tion abatement to the percentage change in steel production.
Here, a 1% increase in steel production brings about a k %
increase in pollution abatement, incurring a ke, % increase

in cost. SE < 1 implies the existence of economies of scale;
SE = 1 implies constant returns to scale; and SE > 1 implies

6 It is assumed here that pollution emissions are not purchased or sold in a
traditional market. Under the 1990 Clean Air Act Amendments, however,
emissions trading markets will be established for power generating utilities.
Thus pollution emissions can be priced directly in the regions where these
markets apply, and the emissions price can be considered as the opportunity
cost of compliance with pollution control. For the majority of industries at
present, however, traditional command and control regulations impose a
price on emissions in the form of the costs associated with the purchase and
operation of pollution control equipment.
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diseconomies of scale. When k = 0, (7) gives rise to the con-
ventional measure of scale economies given by ¢-, (Cham-

bers, 1988; Diewert and Fox, 2008)”
3. Adjusting Total Factor Productivity Growth for Non-
competitive Behavior

The rate of growth of total factor productivity (TFP) is
measured by (Diewert, 1981)

Wi X dlnx
=1 pY Cdt

dInTFP d InY
T -3 (8)

dt

which represents the growth in output not accounted for by
the growth in inputs, where t is time. Most studies of produc-
tivity rest on the assumptions of constant returns to scale and
competitive product markets with marginal cost pricing
(Gollop and Jorgenson, 1980; Gollop and Roberts, 1983).
For the steel industry, however, these assumptions are not
likely to be appropriate. The industry is subject to imperfect
competition and marginal cost pricing is valid only under
non-increasing returns to scale. The steel industry is also
expected to experience economies of scale or increasing re-
turns to scale because of the relative capital intensity of the
production process.

Assume that the steel industry adopts a markup pricing such
that p=AC(@+m), where AC =C/Y, the average cost of
output, and m=(p—AC)/AC, the markup ratio.® It can be

shown that the markup ratio is related to the price elasticity
of demand and the «cost elasticity of output by
m=(neey —1—1)/(L+17),° Under constant returns to scale

(as defined in the conventional sense, i.e., &gy =1),
m =—-1/(1+n), ; thus the markup ratio is inversely related to
the price elasticity of demand. The value of m implicitly
measures the degree of market power of an industry. For the
competitive firm with marginal cost pricing, m=gs —1.
For the competitive firm with constant returns to scale (as
defined in the conventional sense), m=0. If the industry is
not perfectly competitive, m= 0. Under the markup pricing
rule, the TFP growth equation (8) can be rewritten as

dinTFP _dIny 1 Zn dinx;
dt dt  (Q+m)y&i=Lt ' dt

(9)

where S; =wix;/C the cost share of the ith (i =1, ..., n)
input, whose sum equals unity. Under constant returns to

7 In the special case in which k = 1 equation (9) gives a measure of
multiproduct scale economies that treats pollution abatement as an output
(see Baumol, Panzar, and Willig, 1982; see also Pittman, 1981). For an
empirical analysis, see Kim (1987).

8 Markup ratio can also be defined over marginal cost instead of average
cost. However, markup over average cost is intuitively appealing and gives
rise to TFP growth equation that is more readily interpretable.

9 From gcy =(6C/0Y)/ AC we get 6C/0Y = gcy AC Substituting this
oC/oY into (5) yields p=AC(scy /(L+1/7))
/@+1/7n)) to (1+m) gives the desired

expression  for
= AC(1+ m). Now equating (ECY

expression for m
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scale with marginal cost pricing, equation (9) yields the con-
ventional TFP growth index.

Logarithmically totally differentiating C =Z:in_lwixi with
respect to time and rearranging terms yields the expression:

n dInx dInC dlnw
Zi:lsi dt ‘z. S (10)

Now Iogarithmically totaIIy differentiating the cost function
(1) with respect to time, we find

dinC diInY dinA n oo dinw
ZECY +‘9CA +Z Si +
dt dt dt i=1 dt
(11)
‘ dInR v diInT
Rogt Tt

where go = is the cost elasticity of R&D defined by
gg =0InC/oInR,and & is the cost elasticity of tech-
nical change defined by & =8InC/JdInT. In addition,
S;=0InC/oInw, (i =1, ..., n) from Shephard's lemma.

Substituting (10) and (11) into (9), we obtain the TFP growth
equation:

dInTFP _ (I+m-écy) dInY  &cn dInA
dt (L+m) dt  (d+m) dt (12)
_ ECR d InR _ gCT d InT
(I+m) dt  (@Q+m) dt

Equation (12) contains the sources of TFP growth.® The first
term on the right-hand side describes the scale effect of
productivity growth, which is characterized by a movement
along the average cost curve. Given a markup ratio, econo-
mies of scale (g <1 tend to magnify the effects of output
growth on productivity. Further, for a given markup ratio the
scale component of TFP growth would be zero regardless of
the extent of output growth if competitive marginal cost pric-
ing prevails, i.e., if m=g,, —1. The second term represents
the productivity effect of pollution abatement, which is char-
acterized by a vertical displacement of the average cost
curve. To the extent that pollution control imposes a resource
constraint (e, >0) an increase in pollution abatement will
reduce productivity growth. If, however, pollution control
drives technological innovations that reduce costs (gqs < 0)
an increase in pollution abatement will raise productivity
growth. The third term measures the effect of R&D stock on

10 Equation (12) is similar to that derived from Nadiri and Schankerman
(1981a) who allowed for the effect of R&D, but not of pollution abatement,
on productivity growth. However, they did not consider the relation among
the markup ratio, the price elasticity of demand, and the cost elasticity of
output. Moreover, they treated the R&D variable as a direct productive input
by estimating its service price -- like the rental price of capital -- assuming
that the firm optimally adjusts R&D stock. This study, in contrast, does not
assume the firm's optimal behavior with respect to R&D, and R&D is
included as a factor affecting productivity growth; thus there is no need to
estimate the service price of R&D as in Nadiri and Schankerman (1981a,b).
Instead, the cost elasticity of R&D is needed.
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productivity. This effect also results in a shift of the average
cost curve. The last term measures the productivity contribu-
tion of technical change. If there is technical progress, it
leads to a downward shift of the average cost curve. The
decomposition of the TFP growth in (12) requires infor-
mation about the markup ratio and the cost elasticities of
output, pollution abatement, R&D, and technical change
along with growth rates of these variables. Many studies of
productivity, in contrast, rest on a regression framework re-
lating productivity (typically labor productivity) to pollution
abatement or R& D (see Crandall 1981b; Mansfield 1980).
The regression framework fails to identify the channel
whereby variables affect productivity.

I11. THE EMPIRICAL MODEL

The foregoing theoretical considerations give proper guid-
ance for the specification of the empirical model. To esti-
mate and identify the separate effects of TFP growth requires
a functional specification of the cost function (1).

1. A Translog Specification of the Cost Function

Consider the cost function specified by a popular translog
form (Christensen, Jorgenson, and Lau, 1973):

INC =ay+ay InY +a, InA+Zi,b’i Inw,

+ag INR+1/2)aw(InY)? +ay, InY INA

+Zi5“ INY INW, + pyg INY INR+(L/ 2)aas (INA? (13)
+Zi5AilnAlnwi +pr INAINR+
(1/2)Zizjﬁijlnwilnwj +Zi FaINWINR + g (INR)?

where i, j = K, L, E, M. Symmetry implies that
B =P (i= j)and linear homogeneity in input prices im-
plies the parametric restrictions:

Ziﬁi =in5y. :Zi Ohi :Zi Bi :Zjﬁij :Z:i¢IR =0(14)

Technical change over the time period under consideration
was, to a considerable extent, embodied in the BOF process
that greatly enlarged the scale of output. To capture this as-
pect, we assume that technical change occurs in an "output-
augmenting” form such that Y =Ye?T where 6 is the rate of
change in output due to technical change.*

Applying Shephard's lemma to (13), we obtain the cost share
equations:

ol
S nC
I olnw

= B+ |n\?+5Ai|nA+zJ—ﬂij|nwj +¢InR (15)

for i = K, L, E, M. Logarithmically differentiating (13) with
respect to Y, A, R, and T yields the following cost elastici-
ties:

11 Other specifications of technical change were tried, but turned out to be
unsuccessful.
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oy =0y +ay INY +ayp INA+ 3,8 Inw, + oy INR (16)
gca=aptoya INY +apa INA+ 800 Inw + ppg INR - (17)
Er = OR + g INY +oyg INA+ Y 50 Inw; + peg INR - (18)
and
&t :(aY + oy In?+aYAInA+Zi5Y| InW; + pg InR)ﬁT (19)

The cost elasticities of these variables are used to derive the
degree of scale economies and TFP growth.

The profit-maximizing MR = MC condition (5) gives

Y

-1
c =(1+1] (ozY +ay INY +a, INA+Y 5, Inw, + pe In R).
77 I

(20)
To estimate the price elasticity of demand n, the demand for
steel equation must be specified, which takes the form:

InY =by +7Inp+b, INP, 0 +bs INV (21)

impo
where p is the domestic price of steel, Py, Is the import

price of steel, and V is an index of products made with steel,
measured by the level of aggregate industrial production.*?
The majority of steel imports during the time period under
study came from Japan. Thus the import price of steel largely
reflects the Japanese steel price adjusted by changes in the
exchange rate between the U.S. and Japan. Much of steel
demand originates in the construction and automotive indus-
tries, whose activities are highly affected by aggregate indus-
trial production in the economy.

2. Tests of Hypotheses

As shown in the previous section, the measure of scale econ-
omies allowing for pollution abatement is defined as the sum
of the cost elasticities of steel output and pollution abatement
adjusted by k from (16) and (17), we get

D (B +kSp) INW; + (g +kop)INR
The most important scale hypothesis is whether or not the
production technology exhibits constant returns to scale.

From (22), this requires that the following parameter re-
strictions on (13) hold:

(22)

oy +kap =1

Qyy =0yp =0pp =0y =0y =06 =y =0nk (23)
=0pL =0pg =0aw = PR =0

In the analysis of the productivity effect of pollution control,
it is commonly maintained that pollution abatement costs are
separable from the costs of producing output by treating pol-

lution abatement costs as additive increments to the direct
production costs (Denison, 1979; Kopp and Smith, 1981).

12 Various specifications of the demand function were tried by including
other variables. But they turned out to be insignificant, so they were
excluded in the final analysis.
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This implicitly assumes that pollution abatement expendi-
tures divert equivalent expenditures on factor inputs. As
such, an increase in pollution abatement expenditures sys-
tematically reduces productivity in known proportion to the
ratio of this expenditure increase to total production cost.
The cost function (1) can then be rewritten as the sum of
production and pollution abatement costs:

C(Y,AW,RT)=C(Y,W,RT)+C(AW,R,T) (24)

which implies that marginal cost of steel production is inde-
pendent of changes in pollution abatement, i.e.,

82C1omdY = 0,2 A necessary condition for (24) to hold is

Furthermore, in the TFP growth equation (12), changes in
pollution abatement are hypothesized to have an important
effect on productivity growth. However, if pollution abate-
ment has no productivity effect, -, =0 for a given markup

ratio. In this case all parameters related to pollution abate-
ment in the cost function would be zero. From (17), this im-
plies the following parameter restrictions on (13):

Ap=0Qyp =0pp =0Opk =0 =0pg =0am =Par =0 (25)

R&D is also presumed to be an important factor affecting
productivity growth. If R&D has no productivity effect,
&g = 0for a given markup ratio. Then from (18) we have

TR=PR=PmR =R =Ar =Pr =hr = Arr =0 (26)

The basic technical change hypothesis is that g =0. If

technical change has no productivity effect, then from (19),
this implies that 6=0.

3. The Estimation Method

The translog cost function (13), the cost share equations (15),
the MR = MC condition (20), and the demand for steel equa-
tion (21) form a system of simultaneous equations to be es-
timated. Additive disturbances are postulated for each of the
equations. The disturbances are assumed to have a multivari-
ate normal distribution with zero mean vector and constant
covariance matrix, but contemporaneous correlation across
equations is allowed. Since the cost shares sum to unity, the
cost share equation for materials is deleted, and the maxi-
mum likelihood method is utilized to estimate the parame-
ters, subject to symmetry (S = B; fori= j)and linear ho-

mogeneity in input prices (14), which give rise to within and
across restrictions on the parameters. The maximum likeli-
hood estimates are invariant to the choice of the equation
deleted.

13 If pollution abatement is treated as an additional output, this condition is
referred to as nonjointness in production (see Baumol, Panzar, and Willig,
1982). Nonjointness means that inputs can be additively split up between
separate production processes for each output.
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IV. ESTIMATION AND DISCUSSION OF RESULTS

We now proceed to discuss the results of estimating the em-
pirical model developed in the previous section for the U.S.
steel industry for the period 1956-76. A discussion of the
sources of data and the construction of variables used in this
study is provided in the Appendix. The majority of data used
in this study are also employed by Crandall (1981a).

Table 1 presents parameter estimates for the translog cost
function (13) and the demand function (21) together with
asymptotic standard errors.** The individual parameters of
the translog cost function are used to estimate the cost elas-
ticities of variables and their estimates are, by and large, sig-
nificant with few exceptions. The parameter estimates of the
demand function are also significant. The standard errors of
the regression are low and R2's are high, indicating a good
fit. The Durbin-Watson (DW) statistics leave some questions
about autocorrelation. However, except for the labor share
equation, their values are in the indeterminate range at the
5% level of significance, so autocorrelation appears not a
serious problem for the whole system.

For the demand function, the estimated price elasticity of
steel is -0.7148, implying that the demand for steel is inelas-
tic. The import price elasticity of 0.4577 shows that an in-
crease in the import price of steel would lead to higher de-
mand for domestic steel. This implies that domestic and im-
ported steel are substitutes. A change in industrial production
has a pronounced effect on the demand for steel, as evi-
denced by its elasticity of 0.7993.

1. Tests of Restricted Models

The choice of an appropriate model is crucial in empirical
analysis. To this effect, five hypotheses discussed in Section
Il are considered in Table 2. These hypotheses impose re-
strictions on the general translog cost function (13). Likeli-
hood ratio tests are used to compare the estimating equations
with and without the corresponding restrictions imposed.
The test statistic is chi-square distributed with degrees of
freedom equal to the number of restrictions imposed. For
constant returns to scale, two measures of scale economies
are considered: the conventional measure that does not allow
for the pollution abatement effect and the adjusted measure
that allows for it. As can be seen from Table 2, two hypothe-
ses of constant returns to scale are overwhelmingly reject-
ed.’ The hypothesis of separability of production and pollu-
tion abatement costs is rejected, and the hypothesis of no
pollution control effect is also rejected. In addition, hypothe-
ses of no R&D and technical change effects are rejected.
These results suggest that the general cost function (13),
which places no restrictions on technology, is a proper

14 Some problems were encountered in the joint estimation of the cost
system and the demand function, which involve the convergence problem
and unreasonable parameter estimates. Thus the demand equation is
estimated separately.

15 For ease of estimation, k was constrained to 1.
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description of the underlying structure of steel production technical change have measurable effects on productivity
and that changes in pollution abatement, R&D stock, and growth in the U.S. steel industry.

Table 1. Parameter Estimates of the Cost and Demand Functions (Asymptotic Standard Errors in Parentheses).

Parameter Estimate Parameter Estimate
The Cost Function

9.5814 0.0045
“0 (0.0156) one (0.0018)
0.4739 0.0115
“ (0.0875) OAm (0.0030)
-0.0251 02722
oA (0.0168) PAR (0.0615)
0.3126 0.2085
Pr (0.0031) P (0.0148)
0.4003 -0.0730
A (0.0039) BrL (0.0127)
0.0582 -0.0341
Fe (0.0015) Pre (0.0064)
0.2287 -0.1013
Pu (0.0033) BKM (0.0077)
0.0482 0.2291
R (0.0781) AL (0.0173)
0.4695 -0.0159
v (0.4315) e (0.0116)
-0.0830 -0.1401
YA (0.0462) BLm (0.0096)
-0.1116 0.0185
o (0.0219) Pee (0.0113)
-0.0450 0.0315
on (0.0293) BEM (0.0060)
0.0268 0.2008
o (0.0107) Aam (0.0093)
0.1298 0.0677
S (0.0172) e (0.0057)
0.4460 -0.0422
PR (0.0642) %z (0.0074)
-0.0387 0.0003
“an (0.0228) fer (0.0027)
-0.0073 -0.0258
On (0.0035) e (0.0039)
] -0.0086 0.2328
AL (0.00519) VR (0.0253)
-0.2325

0
(0.0557)
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The Demand Function

0.0980 -0.7148
by n
(0.0284) (0.3974)
0.4577 0.7993
bZ b3
(0.2247) (0.1351)
Summary Statistics
Equation Standard Error of Regression R? DwW
Cost 0.0135 0.95 2.2224
Capital share 0.0067 0.96 1.6853
Labor share 0.0122 0.81 2.3817
Energy share 0.0032 0.89 1.9369
MR - MC 0.0198 0.91 1.2443
Demand 0.0743 0.87 1.4137
Log of likelihood function 321.637
Table 2. Test Statistics for Restricted Models.
Critical Value
Hypothesis Test Statistic?
1% 5%
Constant returns to scale
w/o adjustment for pollution abatement 96.229 18.475 14.067
w/ adjustment for pollution abatement 113.306 26.217 21.026
Additivity of production and pollution abatement costs 12.533 6.635 3.841
No pollution abatement effect 38.000 18.475 14.067
No R&D effect 43.178 18.475 14.067
No technical change effect 9.467 6.635 3.841

a Minus twice the difference between the log likelihood values for the restricted and restricted models.

2. The Growth of Relevant Variables

Since productivity growth involves time changes, it is in-
structive to see how variables affecting TFP growth have
changed over time. Table 3 reports average annual growth
rates of steel output, pollution abatement, R&D stock, and
technical change. The average annual growth rate of output
was 0.37% over the 1957-76 period, implying that there was
virtually no increase in steel production in this period. How-
ever, output growth rates varied considerably for distinct
subperiods. When the sample is broken into two subperiods,
output grew at the annual average rate of 1.31% during
1957-66, but grew at a negative rate of 0.57% during 1967-
76. When the sample is divided into four subperiods, the
highest output growth took place in 1962-66, but steel pro-
duction underwent negative growth in 1957-61 and 1967-71.

The average annual output growth rate in the 1970's was
about 1%. (A detailed discussion of factors affecting output
growth follows later.)

Pollution abatement grew at an annual rate of 10.10% during
the sample period. During 1957-66, it grew at an average
rate of 4.14% per year and jumped to a very high rate of
16.05% per year during 1967-76. Looking at four subperi-
ods, pollution abatement grew at a negative rate of 4.68%
per year in 1957-61, while the greatest increase of 16.81%
per year occurred in 1967-71. It must be remembered that the
regulation of environmental or pollution conditions in the
United States began in earnest with the creation of the Envi-
ronmental Protection Agency (EPA) by passing the Clean
Air Act Amendments in 1970 and the Clean Water Act
Amendments in 1972.
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Table 3. Average Annual Growth Rates of Variables (Average Annual Percentages).

H. Youn Kim

Period Output Pollution Abatement R&D Technical Change
1957-61 -3.25 -4.68 30.10 44.42
1962-66 5.86 12.96 10.94 36.65
1967-71 -2.15 16.81 3.82 14.82
1972-76 1.01 15.28 0.74 3.24
1957-66 131 414 20.52 40.54
1967-76 -0.57 16.05 1.27 9.03
1957-76 0.37 10.10 10.90 24.79

R&D stock grew at an average annual rate of 10.90% during
1956-76. The average rate of growth of R&D stock was
20.52% per year in 1957-66 and 1.27% per year in 1967-76.
R&D stock increased at a decreasing rate during the sample
period. It is important to note from Table 3 an inverse rela-
tionship between growth rates of pollution abatement and
R&D stock. This provides clear evidence that a large fraction
of R&D funds was diverted to find ways of complying with
pollution control and other regulatory constraints in the steel
industry. The annual rate of growth of technical change,
measured by the BOF adoption rate, was 24.79% on average
but was decreasing during the sample period. In particular,
the BOF adoption rate grew at an average annual rate of
40.54% in 1957-66 but fell significantly to a rate of 9.03% in
1967-76. This suggests that although the BOF process was
introduced rapidly in steel making in the mid 1950's, its
adoption rate has slowed significantly over the period. Clear-
ly, a marked decline in the rate of growth of R&D stock and
technology adoption rate was taking place during the sample
period.

3. The Cost Elasticities of Variables, Scale Economies,
and Markup Ratio

The cost elasticities of variables and the markup ratio are
essential in analyzing TFP growth. The cost elasticity of a
variable describes a proportionate change in cost commensu-
rate with a 1 % change in that variable. Table 4 gives the
estimates of the cost elasticities of relevant variables along
with the estimates of scale economies and markup ratio over
the sample period. The estimated cost elasticities of output
are all positive and less than one with the exception of the
first three years, implying cost advantages in steel produc-
tion. In fact, this is further evidenced by the estimated values
of scale economies, suggesting that the underlying steel
technology exhibits sizeable economies of scale.'® According
to Table 4, the average markup ratio was 25.97% per year
over the sample period, and a downturn in the markup ratio
in 1974-76 appears to have reflected the 1973 oil crisis.
Since the markup ratio is markedly different from zero for all
years, this implies that the steel industry is clearly imperfect-

16 Karlson (1983) found the same result using cross-sectional data for U.S.
steel firms. He was not, however, interested in productivity analysis.

ly competitive. If competitive marginal cost pricing prevails,
the markup ratio is related to the cost elasticity of output by
Mm=¢gcy —1which reduces to m=0if &, =1. Since

gcy <1 for the entire sample period, this provides evidence

against marginal cost pricing, implying non-competitive be-
havior of the steel industry.

The estimated cost elasticity of pollution abatement is posi-
tive from 1956 through 1966 and negative from 1967
through 1976. This means that the steel industry incurred a
positive marginal abatement cost of pollution in the early
period, but pollution control led to declining costs in the lat-
ter period. It appears that there was a considerable resource
diversion in steel production entailed by pollution control in
the early period. However, in the latter period compliance
with more stringent pollution standards (or more vigorous
enforcement of the pollution laws) appears to have provided
an added incentive for the industry to adopt the BOF tech-
nology, thereby reducing costs.!” In particular, the BOF
adoption rate was 17.5% in 1965; it increased to 48.2% in
1970 and to 61.6% in 1975 when pollution control standards
became increasingly stringent. It is known that a (new) BOF
unit is cheaper to build than an (old) open hearth unit and
better lends itself to automation and pollution control (Lynn,
1981).18 Interestingly, similar evidence was uncovered by
Bresnhahan and Yao (1985) for the automobile industry. Ac-
cording to them, the increasing stringency of automobile
emission regulations forced car manufacturers to expand
their technological base. This regulation-induced technical
change caused the cost of compliance in car manufacturing
to decrease despite new stricter emissions standards.

17 It is also found that pollution abatement decreases marginal cost of steel
production. The effect of pollution abatement on marginal cost of
production (evaluated at the point of approximation of the translog cost

function) is given by ay a +ay ap - From Table 1, the estimate is negative,

suggesting that an increase in pollution abatement decreases marginal cost
of production.

18 In this regard, one steel executive states that the deciding factor which
induced his company to build a new basic oxygen unit and close an open
hearth unit was that pollution control equipment for the open hearth would
cost $12 million compared to $4 million for similar equipment for the basic
oxygen furnaces, even though their steel making capacities were comparable
(Federal Trade Commission Report, 1977, p. 144)
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Stricter pollution control requirements are likely to bring
about a reduction in costs through a change in the optimal
input mix. In particular, an increase in pollution control re-
quirements tends to have a capital and labor - saving effect
on input use of steel production. Since capital and labor con-
stitute a significant portion of steel production cost, a sub-
stantial cost savings can be expected to occur in compliance
with a tighter pollution control regulation.® This reflects the
fact that, to the extent that pollution abatement regulations
render a large part of the capital stock obsolete because
preexisting capital equipment cannot be easily adapted to
pollution control technology, it may be less costly to retire
the capital early than to operate it. It must be pointed out,
however, that tighter pollution control regulations increase
compliance costs, whereas increased efficiency from mod-
ernization and in the use of inputs decreases the costs of pol-
lution abatement. When these two effects are taken into ac-
count, we find that the increased efficiency from pollution
control more than offset the resource diversion due to com-
pliance in the latter period.

Turning to the R&D elasticities, the estimates are negative
for some years but are, by and large, positive, which appears
rather puzzling. An investment in R&D in general leads to
innovations that results in more efficient production, causing
a downward shift of the average cost curve; the cost elastici-
ty of R&D would then be negative. R&D investment di-
rected toward the development of new or improved process-
es or products can be expected to have this effect. A positive
value of R&D elasticity, however, indicates that R&D activi-
ty in the steel industry has not been productive in terms of
reducing costs.?° This appears to suggest that the steel indus-
try used R&D funds mostly for consumption rather than for
investment.?* Technical change brings about the decreased
use of inputs, leading to declining costs. With the exception
of the first three years, the technical change elasticities are
all negative, and the estimates have increased steadily (in
absolute size) over time up to 1973. This reflects a substan-
tial cost-reducing effect of the BOF diffusion process in steel
production. The positive value of the cost elasticity of tech-
nical change in the 1956-58 period, however, implies tech-
nical regression.

19 The cost elasticity of a variable can be shown to be the weighted sum of
input demand elasticities, with the weight given by the cost shares. The
estimated input demand elasticity with respect to pollution abatement
evaluated at the sample midpoint (1967) is -0.0419 for capital, -0.0400 for
labor, 0.0615 for energy, and 0.0377 for materials, respectively. This means
that an increase in pollution control reduces the demand for capital and labor
and increases the demand for energy and materials. The resulting cost
elasticity of pollution abatement is -0.0186.

20 Many studies of R&D examine the effect of R&D on output (see

Griliches, 1988). The elasticity of output with respect to R&D ( &g ) can
be derived from the cost function by &g =—&mg /&gy - Using the

estimates for &g and &gy from Table 4, the average elasticity of R&D

over the sample period is -0.0417, which suggests a negative effect on
output.

21 To the extent that R&D activity aimed only at process (not product)
improvement raises productivity (Scherer, 1982), this result also suggests
that R&D activity in the steel industry was geared to product improvement.
Further, it can be argued that the steel industry experienced diminishing
returns from R&D due to the exhaustion of inventive opportunities
(Griliches, 1988).
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4. Productivity Growth and Its Determinants

The growth rate of TFP is computed for each year of the
sample period by using the required growth rates of variables
taken from Table 3 and the cost elasticities and the markup
ratio from Table 4. Table 5 identifies the mean annual con-
tribution of each source of TFP growth to the average annual
rate of growth of TFP in each subperiod. The entries in the
table are calculated using Térnqvist discrete approximations
to continuous variables for Y, A, R, and T in the TFP growth
rate in (12). The average annual rate of TFP growth during
1957-76 was 1.07%. From 1957 to 1966, TFP grew at an
average rate of 1.24% per year, and it grew at an average rate
of 0.91% per year from 1967 to 1976. However, there was
considerable variation in TFP growth across four subperiods.
From 1957 to 1961, TFP grew at a negative annual rate of
1.56%. From 1962 to 1966, a drastic reversal took place;
TFP experienced a relatively high growth rate of 4.05% per
year in this period. From 1967 to 1972, TFP growth fell
sharply to 0.14% per year, and it rose to 1.68% per year from
1972 to 1976. The average annual rate of 1.07% in TFP
growth in the steel industry in the 1957-76 period is of small
magnitude but appears modest relative to those of other in-
dustries (Gollop and Jorgenson, 1980; Griliches, 1988). Fur-
ther, the estimated TFP growth rates are compared with the
BLS's labor productivity (LP) growth rate, which shows that
labor productivity growth is, in general, higher than TFP
growth.

The decomposition of TFP growth isolates the underlying
components of productivity growth associated with scale,
pollution abatement, R&D stock, and technical change ef-
fects. For the entire period, the scale effect on average re-
duced annual TFP growth by 0.01 percentage points. This
appears relatively small in magnitude, accounting for a
0.93% reduction in the 1.07% rate of increase in TFP. How-
ever, it grossly masks the important variation of the scale
contribution across subperiods. In fact, the scale effect was
the dominating force in TFP growth in the steel industry. For
example, in 1957-61 the scale effect reduced TFP growth by
3.38 percentage points per year, accounting for the largest
negative contribution to TFP growth in this period. In con-
trast, in 1962-66 the scale effect increased TFP growth by
4.02 percentage points per year, which accounts for the
greatest positive contribution to TFP growth in this period.
In 1967-71, the scale effect made a negative contribution of
1.37 percentage point to TFP growth, still accounting for the
largest negative contribution in this period. However, in
1972-76 the scale effect rebounded to make a 0.68 percent-
age point contribution to TFP growth.

In order to understand the variation in the scale effect across
subperiods, it is important to note that the degree of scale
economies (more precisely the cost elasticity of output) and
output growth rates mainly determine the scale contribution
to TFP growth. Since the steel industry has experienced per-
vasive economies of scale in the sample period, output
growth rates will have a major influence on the scale effect
in TFP growth. Indeed, the pattern of the scale effect over
the subperiods reflects considerable variability of changes in
output (see Table 3), which largely explains the retardation
of TFP in the steel industry. This indicates that scale econo-
mies in production have not played a large role as a contrib-
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uting factor to TFP growth over the sample period. It appears considerable excess capacity during the sample period with
that when steel demand exhibited increasing variability, the capacity utilization averaging around 81.32% (Crandall,
steel industry was adjusting by altering capacity utilization 1981a). This excess capacity restrained plant expansion
rates in preference to adding fixed capital stocks. With slug- plans and retarded productivity growth in the steel industry
gish output growth, the steel industry was operating with

Table 4. Estimated Cost Elasticities of Relevant Variables, Scale Economies, and Markup Ratio.

Elasticity of Cost with Respect to

Year Output Pollution Abatement R&D Technical Change Scale Economies Markup Ratio (%)
1956 -0.4379 0.5872 -0.1819 0.0004 0.1492 28.52
1957 -0.1379 0.4292 -0.0128 0.0002 0.2912 25.18
1958 -0.1317 0.3836 -0.0704 0.0005 0.2518 31.56
1959 0.0508 0.2969 0.0492 -0.0002 0.3477 29.31
1960 0.1459 0.2432 0.0876 -0.0011 0.3892 26.96
1961 0.2236 0.2027 0.1073 -0.0021 0.4264 23.18
1962 0.2843 0.1597 0.1336 -0.0037 0.4440 32.45
1963 0.3504 0.1185 0.2082 -0.0063 0.4690 22.38
1964 0.4452 0.0755 0.2611 0.0125 0.5208 20.06
1965 0.4873 0.0457 0.2764 -0.0197 0.5330 24.62
1966 0.4862 0.0049 0.1820 -0.0286 0.4911 24.17
1967 0.4407 -0.0186 0.0130 -0.0333 0.4220 21.71
1968 0.4667 -0.0365 0.0161 -0.0402 0.4301 31.25
1969 0.4995 -0.0617 0.0147 -0.0495 0.4377 21.69
1970 0.4898 -0.0698 -0.1111 -0.0548 0.4200 22.50
1971 0.4468 -0.0561 -0.1144 -0.0551 0.3906 30.77
1972 0.4724 -0.0641 -0.1280 -0.0614 0.4082 26.34
1973 0.5904 -0.0504 0.1580 -0.0758 0.5405 30.49
1974 0.5504 -0.0790 0.0147 -0.0716 0.4713 24,52
1975 0.4339 -0.0813 -0.3345 -0.0621 0.3526 25.86
1976 0.4359 -0.0735 -0.3340 -0.0632 0.3623 21.95

Average 0.3139 0.0931 0.0131 -0.0305 0.4071 25.97

Table 5. Decomposition Of TFP Growth (Average Annual Percentage Rates of Changea)
Sources of TFP Growth
Period LP Growth Rate” TFP Growth Rate® Scale Effect Pollution Effect R&D Effect Technical Change Effect
-1.56 -3.38 1.46 0.62 -0.26
1957-61 -0.38
(100) (216.67) (-93.59) (-39.74) (16.67)
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4.05 4.02 -0.54 17 2.28
1962-66 3.90

(100) (99.26) (-12.35) (-42.22) (56.30)

0.14 -1.37 0.36 -0.05 1.20
1967-71 0.59

(100) (-978.57) (257.14) (-35.71) (857.14)

1.68 0.68 1.07 0.36 0.29
1972-76 1.49

(100) (40.48) (63.69) (-21.43) (17.26)

1.24 0.32 0.46 -0.55 1.01
1957-66 1.76

(100) (25.81) (37.10) (-44.35) (81.44)

0.91 -0.34 0.72 -0.21 0.74
1967-76 1.04

(100) (-37.36) (79.12) (-23.08) (81.32)

1.07 -0.01 058 -0.37 0.87
1957-76 1.40

(100) (-0.93) (54.21) (-34.58) (81.31)

a The numbers in parentheses refer to percentage contributions of the components of TFP growth.
b Average annual labor productivity growth rate in the steel industry. The authors' calculations taken from the Handbook of Labor Statistics.

¢ The sum of scale, pollution abatement, R&D, and technical change effects.

Pollution abatement, in general, had a positive effect on TFP
growth in 1957-76. On average, the pollution abatement ef-
fect increased TFP growth by 0.58 percentage points, corre-
sponding to 54.21% of TFP growth in 1957-76. Except for
the 1962-66 period, the pollution effect is positive and its
effect is strong enough to measurably affect productivity
growth. In particular, the pollution abatement effect in-
creased TFP growth by 1.07 percentage points in 1972-76,
accounting for 63.69% of TFP growth. The positive cost
elasticity of pollution abatement (see Table 4) accounts for
this positive contribution of the pollution abatement effect to
TFP growth. No empirical study has uncovered the possibil-
ity that pollution control can provide a positive inducement
to productivity growth. Instead, previous studies attribute
most of the productivity slowdown to pollution control or
government regulations (see Crandall, 1981b; Denison,
1979; Gollop and Roberts, 1983; Smith and Sims, 1985;
Conrad and Morrison, 1989; Fare et al., 1989). It must be
noted that to the extent that pollution control diverts re-
sources from steel production, it reduces productivity
growth. On the other hand, when more stringent pollution
laws create an added incentive for technical change that
would not exist in the absence of pollution control, it will
contribute to an increase in productivity growth. The ulti-
mate impact of pollution control on productivity growth de-
pends on which effect dominates. This study's finding sug-
gests that the regulation-induced incentive effect can out-
weigh the resource diversion effect of pollution control, thus
raising productivity growth.

The contribution of R&D to productivity growth was, by and
large, negative with the exception of the 1957-61 period. For
example, the R&D effect, on average, reduced TFP growth
by 0.37 percentage points in 1957-76. R&D investment that
reduces the unit cost of production raises productivity. How-
ever, the estimated cost elasticity of R&D was, in general,
positive (see Table 4), and the rate of growth of R&D stock

was declining over the sample period as funds were reallo-
cated from R&D to pollution abatement (see Table 3). This
explains the pronounced negative relationship between the
R&D effect and productivity growth. Interestingly, Link
(1982) presents similar evidence for a sample of U.S. manu-
facturing industries. He disaggregated R&D expenditure into
the activities to comply with regulations and the traditional
innovative activities, and observed that a significant portion
of R&D was directed in the 1970's toward compliance with
environmental regulations. The regulation-related R&D ex-
penditures were found to be negatively related to productivi-
ty growth. Link's analysis, however, rests on a regression
framework and does not consider the relationship among
pollution control, R&D, and technical change. This study's
finding is in sharp contrast to most previous studies, which
aver a strong positive relationship between R&D and output
or productivity growth (see Nadiri and Schankerman, 1981a;
Mansfield, 1981). It is, however, indicated that R&D had no
substantial effect on the post-1973 productivity slowdown in
the United States (see Griliches, 1988).

After the scale effect, technical change was the second major
source of productivity growth in the steel industry. Technical
change leads to greater efficiency gains, which enhance
productivity growth. In the steel industry, this occurred
mainly due to the diffusion of the BOF technology intro-
duced in the mid 1950's. Technical change contributed an
average of 0.87 percentage points annually in 1957-76,
which accounts for 81.31% of TFP growth in this period.
However, the contribution of the new technology has dimin-
ished steadily over time. The technical change effect peaked
in 1962-66 and became less important afterwards. The tech-
nical change effect of 2.28% in TFP growth during 1962-66
can be attributed to the installation of a large number of BOF
plants. However, slowness to adopt BOF and other new
technologies (see Table 3) and technical retardation is evi-
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Table 6. Average Annual Growth Rates of Demand Variables (Annual Percentages).

Period Output Domestic Price of Steel Import Price of Steel Industrial Production
1957-61 -3.25 2.72 -3.67 1.75
1962-66 5.86 0.60 -1.51 7.67
1967-71 -2.15 4.36 -0.12 1.74
1972-76 1.01 10.67 7.02 3.90
1957-66 131 1.66 -2.59 4.71
1967-76 -0.57 7.51 345 2.82
1957-76 0.37 4.58 0.43 3.77

dent in the declining importance of the technical change ef-
fect over the period.??

5. Demand Variables and Productivity Growth

It was found that output growth was the major force driving
TFP in the steel industry. It may be informative to examine
factors affecting output growth and their contribution to
productivity growth.

Output growth is determined by demand conditions, which
were identified as the domestic and import prices of steel and
aggregate industrial production. During the entire sample
period, output grew at an average annual rate of 0.37%, vir-
tually a zero growth. This sluggish output growth can be, to
a large extent, explained by the demand factors listed in Ta-
ble 6. The domestic price of steel was increasing at an aver-
age rate of 4.58% per year, which had a substantial dampen-
ing effect on output growth during the sample period. Given
the estimated price elasticity of domestic steel of -0.7148
(see Table 1), a 4.5% annual increase in the domestic steel
price would have resulted in a 3.28% reduction in steel de-
mand in this period. The import price of steel increased at an
annual rate of 0.43% from 1957 to 1976. This price increase
is rather small. However, since domestic and imported steel
are substitutes, only a modest increase in domestic steel de-
mand should occur from the slow increase in the import
price of steel in the sample period. U.S. industrial production
grew at an average annual rate of 3.77% from 1957 to 1976.
This relatively large increase in industrial activity should
produce a considerable effect on output growth of the steel
industry. Given the demand elasticity of industrial produc-
tion of 0.7993 (see Table 1), the 3.77% increase in industrial

22 Most previous studies that examine the factors affecting productivity
growth have employed a regression framework (see Mansfield, 1980;
Crandall, 1980b; Link, 1982). To see how the regression framework gives
biased results, the following OLS regression is run for 1957-1976 (t values
in parentheses):
Aln TFP = 0.0088 + 0.7094Aln Y + 0.0793AIn A + 0.1900Aln R - 0.1188AIn T .
(1.4747) 22.2579)  (6.6941) (6.1804)  (-5.7452)
This suggests that increases in output, pollution abatement, and R&D have
positive effects, but an increase in technical change has a negative effect on
TFP growth, a result that is incompatible with this study's decomposition
analysis.

production in 1957-76 increased steel demand by 3.01% per
year. It thus appears that high industrial activity has tended
to offset the large negative effect induced by increases in
domestic steel price in this period.

Looking at four subperiods, from 1957 to 1961 output grew,
on average, at a negative rate of 3.25% a year. This negative
output growth is mainly accounted for by a 2.72% increase
in the domestic steel price, a 3.67% decrease in the import
price of steel, and a 1.75% increase in industrial production.
In this period, labor cost in the steel industry rose rather
sharply because of the strike in 1959, contributing to higher
steel prices, and the economy was mired in the recession of
1958, which slowed industrial production. Further, a reduc-
tion in the import price of steel caused a reduction in domes-
tic demand for steel. As the import price of steel declined
relative to the domestic price, there was a substitution of
imported steel for domestic steel, leading to a decrease in
output growth in this period. A decrease in the import price
of steel reflects low Japanese steel price as well as changes
in the exchange rate between U.S. and other countries. The
period 1957-62 is largely characterized by high import pres-
sure, which contributed to a negative output growth. From
1962 to 1966, output rebounded from a negative growth rate
of the earlier period. The increase in the domestic price of
steel slowed down considerably, and the decrease in the im-
port price also slowed down. Moreover, there was a sharp
increase in industrial production. All of these contributed to
a relatively high growth of steel output in this period. From
1967 to 1971, the steel industry appears to have the recurrent
problem experienced in the 1957-61 period in terms of out-
put growth; that is, high domestic steel prices, reflecting high
wages and inappropriate pricing policies, largely contributed
to negative output growth in this period.

The period from 1972 to 1976 is perhaps the most interest-
ing. In this period, output growth rebounded to a small rate
of 1.01% per year. However, the forces inducing this output
growth are markedly different from those of the 1962-66
period. There were measurable increases in the domestic
price of steel, which largely reflected OPEC-induced energy
price increases. Steel wages also rose sharply in this period.
Moreover, higher pollution abatement costs in this period
would have contributed to a higher steel price. On the other
hand, the import price of steel increased markedly in this
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Table 7. Decomposition of the Scale Effect in TFP Growth (Average Annual Percentage Rates of Change?).

Sources of the Scale Effect in TFP Growth
Period Scale Effect in TFP The Domestic Price of The Import Price of | Industrial Production Residual
Growth? Steel Effect Steel Effect Effect Effect

-3.38 -1.94 -1.68 1.40 -1.16
1957-61

(100) (57.40) (49.70) (-41.42) (34.32)

4.02 0.39 -0.63 5.58 -0.54
1962-66

(100) (-9.70) (-15.67) (138.81) (-13.44)

-1.37 -2.78 -0.05 1.24 0.22
1967-71

(100) (202.92) (3.65) (-90.51) (-16.06)

0.68 -6.26 2.64 2.56 1.74
1972-76

(100) (-920.59) (388.24) (376.47) (255.88)

0.32 -1.07 -1.07 3.42 -0.96
1957-66

(100) (-334.38) (-334.38) (1068.75) (-300.00)

-0.34 -4.63 1.36 1.94 0.98
1967-76

(100) (1361.76) (-400.00) (-570.59) (-291.17)

-0.01 1.98 0.12 1.82 0.03
1957-76

(100) (19800.00) (-1200.00) (-18200.00) (-300.00)

2 The numbers in parentheses refer to percentage contributions of the components of the scale effect in TFP growth.
® The sum of the domestic and import prices of steel, industrial production, and residual effects.

period, largely due to the Voluntary Restraints Agreements
(VRAS) on imports (Crandall, 1981a). The increase in the
import price of steel in this period had a positive effect on
output growth, reflecting a "reverse" substitution of domestic
steel for imported steel as the import steel price rose. While
there was a rather large growth in industrial production, high
domestic steel price appears to have swamped the positive
demand effects triggered by industrial production and a high
import price of steel in this period.

Table 7 summarizes the contribution of demand variables to
productivity growth. The required demand elasticities are
taken from Table 1 and the growth rates of demand variables
are taken from Table 6. As can be seen there, the rise in the
domestic price of steel over time was a drag on productivity
growth in the steel industry. During the whole sample peri-
od, the domestic price effect decreased TFP growth by 1.98
percentage points. The import price effect in general had a
positive contribution to productivity growth, increasing TFP
growth by 0.12 percentage points in the 1957-76 period.
However, this result is rather misleading. From 1957-61 to
1967-71, the import price effect had a negative effect on
productivity growth. In contrast, it had a positive effect on
TFP growth in the 1972-77 period.?® This positive effect on
productivity growth comes from the fact that the import price
of steel increased considerably in the 1972-76 period (see
Table 6), causing a substitution of domestic steel for import-
ed steel. While the domestic price effect had a strong nega-

2 Grossman (1986) analyzed the effect of imported steel on domestic
employment and found that an increase in the import price of steel had
increased the demand for labor. The positive relation between the import
price of steel and productivity growth is consistent with Grossman's finding.

tive effect on productivity growth, industrial production has
had a markedly positive effect on productivity growth, in-
creasing TFP growth by 1.82 percentage points in the 1957-
76 period. The industrial production effect was strong
enough to mitigate the negative contribution of the domestic
price effect. Residual factors have had a small effect on
productivity growth, accounting for a 0.03 percentage point
increase in TFP growth in the 1957-76 period.

V. SUMMARY AND CONCLUSION

This study has described and analyzed productivity growth
in the U.S. steel industry in the early period, with particular
reference to the effects of pollution control. The steel indus-
try had suffered from a sharp decline in productivity growth
in the 1957-76 period. Changes in productivity growth are
decomposed into the components attributable to scale ef-
fects, pollution control, R&D stock, and technical change by
allowing for markup behavior, and we have found the fol-
lowing contributing explanations for the steel industry's
productivity problem:

o Despite pervasive economies of scale experienced
by the steel industry, scale economies have not
played a key role as a contributing factor to TFP
growth over the years. The principal cause of the
productivity problem in the steel industry was low
or negative output growth stemming from sluggish
demand. As a result, the steel industry operated
with considerable excess capacity with consequent
productivity retardation. Substantial price increases
in domestic steel resulting from high wages and in-
appropriate pricing policies were largely responsi-
ble for low output growth. Strong industrial activity
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played a role in mitigating the negative steel price
effect on productivity growth. Steel imports have
not always had a detrimental impact on productivity
growth. While steel imports had a negative effect in
the early period, they had a positive effect on
productivity growth in the latter period. In the latter
period, there were marked increases in the import
price of steel, leading to higher demand for domes-
tic steel, which in turn yielded a productivity im-
provement.

e Pollution control was not an entirely detrimental in-
fluence on productivity growth. Pollution control
had a dampening effect on productivity growth in
the early period. However, compliance with in-
creasingly stringent pollution standards in the latter
period appears to have enticed and forced the steel
industry to be more efficient in the use of inputs and
have provided an added incentive to adopt the BOF
technology, which vyielded an acceleration of
productivity growth. This finding is in marked con-
trast to those of previous studies.

e There is evidence that R&D funds were diverted to
pollution control expenditures, and R&D stock was
not productive in the steel industry. This, coupled
with the reduced rate of R&D stock accumulation,
has in general led to reduced productivity growth, a
result that is at odds with previous findings.

e There was substantial adoption of a new (BOF)
technology in the early period. However, over the
years there was technical retardation and considera-
ble slowness in the adoption rate, which resulted in
low productivity growth.

While the main focus of this paper has been on examining
the link between pollution control and productivity growth,
an important feature of the model is an explicit allowance for
technical change and its effect on productivity growth in the
U.S. steel industry. We used an early data set and examined
the effect of the BOF technology on steelmaking subsequent
to its introduction in the mid 1950’s in the U.S. steel indus-
try. This technology has been the dominant technology em-
ployed in integrated steel mills in the U.S. over the years, but
there has been a gradual increase in steel production or
shipment by mini-mills since the mid 1980’s (see Collard-
Wexler and De Loecker, 2015, Figure 1). Mini-mill steel
plants are identified primarily by the use of an electric arc
furnace to produce steel. While there are many explanations
for the decline in integrated steel mills in the U.S., the failure
to adopt improvements in steelmaking technology has often
been identified as one of the central causes of the decline
(see Lieberman and Johnson, 1999). Our finding showed that
there was slowness in the BOF adoption rate in the later pe-
riod that led to low productivity growth, which might have
played a role in this decline.

Collard-Wexler and De Loecker (2015) investigate the
productivity impact of mini-mills in the U.S. steel industry,
using plant-level data between 1963 and 2002. There was a
sharp increase in productivity in the steel industry during this
period. They found that while this sharp increase in the in-
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dustry’s productivity was largely due to an increase in
productivity by integrated mills, mini-mills also played a
significant role (see their Tables 7 and 8). This is as ex-
pected, and our results using earlier data also showed that the
major driver of productivity in 1957-75 was the adoption of
the BOF technology employed in integrated mills (see Table
5).

In 1957-75, the portion of steel production or employment
by mini-mills was very small relative to that by integrated
mills (see Collard-Wexler and De Loecker, 2015, Fig. 1).
However, Collard-Wexler and De Loecker’s (2015) analysis
is limited to address many issues examined in this study.
They do not provide information about the movement of
productivity over time (see also Berman and Bui, 2001, for
oil refineries). This information is more important to under-
stand how productivity changed during their study period.
We found that while there was a sharp increase in produc-
tivity in 1957-75, there was a sharp decline in productivity
growth during this period. More importantly, they do not
explore the link between pollution control and productivity
growth with allowance for R &D.

The U.S. steel industry is still suffering from sluggish de-
mand from dwindling steel consumption, resulting in over-
production of steel. It may be noted, however, that both the
inputs used in steelmaking and the products remain remarka-
bly stable over the years (Collard-Wexler and De Loecker,
2015). Since productivity growth measures the relationship
between output and inputs over time, this suggests that alt-
hough we used an early data set for the U.S. steel industry,
our findings can be still relevant to examine the issues facing
the industry with respect to productivity growth. We hope
that our findings will enable a better understanding of the
nature and causes of the productivity problem and provide
ways to improve productivity in the steel industry. In par-
ticular, given that low demand is the major cause of the
productivity problem facing the U.S. steel industry, stimulat-
ing demand is the paramount task that the industry must un-
dertake to raise productivity (see also Lieberman and John-
son, 1999). Reconsideration of the industry's traditional pric-
ing policies seems particularly germane. In closing, we be-
lieve that the finding that pollution control can provide a
positive inducement to productivity growth is revealing and
merits attention. We do not, however, suggest or advocate
that stricter pollution standards are necessary to improve
productivity growth. Rather, it is suggested that researchers
and policymakers heed this issue more closely instead of
blindly accepting the negative view of pollution control on
productivity growth.

DATA APPENDIX

The data used in this study are for the U.S. steel industry on
an annual basis from 1956 to 1976. They come from various
sources from which variables are constructed. There are al-
ways acute data problems and the construction of variables is
in no way perfect, but it is hoped that the constructed data set
serves the purpose well.

The output of steel () is raw steel measured in thousands of
tons, which is taken from the Federal Trade Commission
(FTC)'s Staff Report on the United States Steel Industry and
its International Rivals. Pollution abatement (A) is measured
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by the steel industry's pollution control expenditures divided
by the consumer price index. Pollution control expenditures
are reported in the American Iron and Steel Institute (AISI)'s
Annual Statistical Report for each year from 1965 to 1976.
But from 1956 to 1964 the AISI Report only an aggregate
sum for pollution expenditures. Thus allocation of pollution
expenditures over this period on the basis of the steel indus-
try's total sales was necessary. We summed annual sales
from 1956 to 1964 to obtain total sales. Then each year's
sales were taken as a percentage of total sales. This percent-
age for each year for the 1956-64 period was multiplied by
total pollution expenditures over the 1956-64 period in order
to arrive at annual pollution expenditures for this period.

Most of input data come from the FTC's Staff Report, with
the exception of capital. The price of labor (W) is defined as
the wage rate per hour. The price of energy (We) is a Divisia
index which is comprised of the prices of fuel, electric pow-
er, and natural gas. The price of materials (Ww) is represent-
ed by a Divisia index composed of the prices of coking and
non-coking coal, iron ore, and scrap. The price of capital
service (Wk) is estimated with a well-established procedure.
The cost of capital is first calculated as current-dollar value
added minus current-dollar labor costs. The estimated capital
cost is then divided by the gross book value of assets deflat-
ed by the producer durable price index to obtain the price of
capital. The data are obtained from the Census of Manufac-
turers. Total cost (C) is the sum of expenditures on capital,
labor, energy, and materials. The cost share of each input (S
fori = K, L, E, M) is then obtained by dividing the expendi-
ture of each input by total cost.

Total revenue (pY) is obtained from the AISI's Report. The
price of steel (p) is the price of U.S. steel obtained from the
AISI's Report divided by the manufacturers' producer price
index given in the Handbook of Labor Statistics, U.S. De-
partment of Labor. The import price of steel (Pimport) iS the
price of Japanese steel divided by the aggregate price index
for all manufacturing and then multiplied by the U.S. - Japan
exchange rate. The price of Japanese steel is obtained from
the AISI's Report, the producer price index comes from the
Handbook of Labor Statistics, U.S. Department of Labor,
and the U.S.-Japan exchange rate comes from the Interna-
tional Monetary Fund's International Financial Statistics. The
real industrial activity (V) is the Federal Reserve Board's
index of industrial production, taken from the Federal Re-
serve Bulletin.

R&D expenditures for the steel industry are reported in the
National Science Foundation's Research and Development in
Industry. From these expenditures the R&D stock (R) is cre-
ated by deflating R&D expenditures by the consumer price
index taken from the Council of Economic Advisers' Eco-
nomic Report to the President and then using standard per-
petual inventory methods that determine each year's net
change in the stock by allowing for new investment and for
depreciation (see Nadiri and Schankerman, 1980b). The
measure of technical change (T) that took place in the steel
industry is the BOF adoption rate given by the percentage of
steel output made with the BOF process, which is obtained
from the AISI's Report.
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