Chapter 5

The Induced Innovation Hypothesis
and Energy-Saving Technological
Change

Richard G. Newell, Adam B. Jaffe, and Robert N. Stavins

5.1 Introduction

Thereis currently much interest in the potentia for public policiesto reduce en-
ergy consumption because of concerns about global climate change linked with
the combustion of fossil fuels. Basic economic theory suggests that if the price
of energy relative to other goods rises, the energy intensity of the economy will
fal as a result of a series of behaviora changes:. people will turn down their
thermostats and drive more slowly; they will replace their furnaces and cars with
more efficient models available on the market; and, over the long run, the pace
and direction of technological change will be affected, so that the menu of capita
goods available for purchase will contain more energy-efficient choices.

This last conjecture—that increasing energy prices will lead to technologi-
ca change that facilitates the commerciaization of capital goods that are less
energy intensive in use—is a modern manifestation of the “induced innovation”
hypothesis of Sir John Hicks: “a change in the relative prices of the factors of
production is itself a spur to invention, and to invention of a particular kind—
directed to economizing the use of a factor which has become relatively expen-
sive’ (1932:124-125).

Thereis aconsiderable theoretical and empirical literature on theinduced in-
novation hypothesis, often formulated as the principlethat increases in real wages
will inducelabor-saving innovation. That literature typically analyzes theinduce-
ment effect in the framework of an aggregate production function.* Technologi-
cal change, however, isinherently a microeconomic, product-level phenomenon.
If the inducement mechanism operates with respect to energy, it does so largely
by leading firms to develop and introduce new models of cars, appliances, and
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98 Energy-Saving Technological Change

industrial equipment that deliver greater services per unit of energy consumed.
From this perspective, it seems natural to formulate the inducement hypothesis
in terms of a product-characteristics framework, summarizing the technological
possibilities for the production of a good as a menu of feasible vectors. Each
vector represents the characteristics of technically feasible models, including the
resource cost of producing such models. Innovation is the introduction into the
relevant menu of a vector that was previously not available.

In this we follow Schumpeter (1939), who used “invention” for the act of
creating a new technological possibility and “innovation” for the commercia in-
troduction of a new technical idea. Both are to be distinguished from the third
stage of Schumpeter’s trichotomy, diffusion, which is the gradua adoption by
firms or individuals of commercially available products.? Thus, the induced in-
novation hypothesis implies that when energy pricesrise, the characteristic “en-
ergy efficiency” of items on the capital goods menu should improve faster than it
otherwise would.

In this chapter we formalize the inducement hypothesis in this framework
and test it empirically. We aso generalize the Hicksian notion of inducement
to investigate whether government regulations have affected energy-efficiency in-
novation. We find evidence that both energy prices and government regulations
have affected the energy efficiency of the models of room air conditioners, cen-
tral air conditioners, and gas water heaters available on the market over the past
four decades, athough there have also been substantial improvements in energy
efficiency that do not appear to be induced by price changes or regulations.

In Section 5.2 we describe technol ogical changein termsof product character-
isticsand lay out our econometric approach for estimating induced innovation us-
ing “ characteristics transformation surfaces”” In Section 5.3 we describe our data
and present empirical estimates of such transformation surfaces for three products
over the past several decades, including the extent to which technological change
in these products has been induced by prices and regulations. In Section 5.4 we
develop the distinction between improvements in efficiency due to changes in
technological possibilities and improvements due to the “substitution” of mod-
els dong a given set of technologica possibilities. We econometrically assess
the importance of these factorsin generating changes in the composition of mod-
els actualy offered aong the frontier. In Section 5.5 we offer some concluding
observations.

5.2 TheCharacteristics Transfor mation Surface

5.2.1 Innovation in theproduct characteristics framework

Theoretical analysis within the product characteristics framework has been dis-
cussed by numerous authors.2 Innovationin thisframework can be thought of as
the introduction of a product model with a bundle of characteristics that was not
previously available, or the production of a previously available bundle of charac-
teristicsat acost that islower than was previoudy feasible. To incorporateboth of
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Figure5.1. Innovation in the Characteristics Transformation Surface.

these possibilities, we characterize aproduct model by avector of dimensionality
n + 1, where n is the number of product attributes or characteristics that con-
sumers care about, and the additional vector element is an index of the quantity
of real inputs used to produce that model. In effect, we treat the red cost of pro-
ducing amodel as an additional characteristic of that model. At any pointintime,
the frontier of the technologically feasible production set can then be described
in terms of afunctional relationship between the bundle of characteristics and the
input quantity necessary to produce that bundle.

To be concrete, consider an air conditioner with two characteristics. energy
flow per unit of time f and cooling capacity c. Let k represent the real cost of
producing a model 4 with a particular bundle of characteristics. We approximate
the transformation surface as asimplelog-linear function with & as the dependent
variable* Thus, at a particular point in time we have

hlk’i =a+ Bl hlfi + ﬁg In C; . (51)

The 8 parameters are interpretable as elasticities of product cost with respect
to each characteristic. Figure 5.1 illustrates a projection of the transformation
surface onto the k—f plane for a fixed level of capacity, at two pointsin time. For
the specific example at hand, because energy useis a bad, the curve is downward
sloping, and we would expect 3; to be negative.®

Referring to Figure 5.1, suppose that the curves ¥ and ¥, represent econo-
metrically estimated functions based on the set of models offered for sale at time
to and a later time ¢;, where individual models are represented by the two sets
of pointsin the figure. Suppose further that the price of energy increased be-
tween time ¢y and ¢;. As drawn, three things have occurred. The frontier has
moved toward the origin, making it possible to produce models that are simulta
neously cheaper and more energy efficient than was previously possible. Second,
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the slope of the frontier has decreased, meaning that the e asticity of product cost
with respect to energy flow islower, or, equivalently, that thetrade-off a apointin
time between production cost and energy efficiency has shifted so that energy effi-
ciency isless expensive on the margin. Finally, the subset of feasible models that
are actually offered for sale has shifted noticeably toward |ess energy-intensive
models. We refer to these three kinds of shifts as overall technologica change,
directional technologica change, and model substitution. We take the term “in-
novation” to encompass the combined effect of al these changes in the product
menu.

Figure 5.1 is representative of what occurred (to varying degrees) between
the early 1970s and the early 1990s in the technologies that we examined. In
terms of the overall energy efficiency of the menu of models offered for sale,
we have observed significant improvement. The Hicksian hypothesisis that this
improvement is related to the rise in energy prices. The goa of this chapter is
to develop an empirica framework for measuring the extent to which that im-
provement can be associated with changes in energy prices;, we also generalize
the notion of “inducement” to include the possibility that government-mandated
efficiency standards may have induced energy-efficiency innovation. In order to
do thisin a sensible way, we decompose the overal change in the energy effi-
ciency of the menu into the parts due to overall technological change, directional
technological change, and model substitution. The first two components are re-
lated to changes in the parameters of the transformation surface, represented by
afunctiona reationship as in Equation (5.1). Model substitution corresponds to
“movements along” this surface. In Section 5.4 we show that this decomposition
can be carried out in a straightforward way, once the parameters of the transfor-
mation surface and their changes over time have been estimated. We now turnto
that estimation.

5.2.2 Econometric specification

We investigate technological change by estimating the parameters of the transfor-
mation surfaces and simultaneously estimating how these parameters change over
time. For room air conditioners, central air conditioners, and gas water heaters,
respectively, we separately estimate the following versions of the transformation
surface;

Inky; =a+ B1In fiy + Bolncy + Bo2speed + By3speed + €44 (5.2
Inkjy =a+B1ln fiy +Bolncy + €5 (5.3)
Inkyy =a+ B1ln fiy + Bolncy + BsIngy + € (54)

where k isproduct cost, f isenergy flow, ¢ iscooling or heating capacity, 2 speed
and 3 speed are dummy variables indicating the number of fan speed settingsin
roomair conditioners, g is storage capability in gas water heaters, + indexes prod-
uct models, ¢ indexes time, and ¢ is an independently distributed error term with
zero mean. Note that we have simplified notation by omitting product-specific
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subscriptson the «, 3, and v parameters; they are not restricted to be equal across
products.

To alow for autonomous technologica change, we alow the parameters of
the surfaces to vary flexibly as second-order functionsof time.® Weintroducein-
duced technologica change by alowing the relevant parameters to vary as func-
tions of the relative price of energy p and the level of energy-efficiency standards
s. We show in Section 5.4 that “overall” improvements in technology are associ-
ated primarily with changes in «, while “directiona” technological change rela
tive to energy efficiency is associated with changesin 3;. It isnot clear whether
Hicks should be interpreted as saying that rising energy prices stimulate overdl
technological change, directional technological change favoring energy, or both.
Newell (1997) shows that an effect of changing energy prices on the direction
of technologica change can be derived from a mode of the firm’s optima in-
vestment in research. An effect on the overal rate of technological change could
perhaps be motivated by a satisficing or evol utionary model in which any “shock”
to the economic environment stimulates innovation. We will estimate versionsin
which inducement is permitted in both the « and 3; terms, and also versionsin
whichitislimited to affecting 3; .

Thus, the varying coefficients of the estimated surfaces take on the following
form:

a=ag+ art+ ast’ +aslng + au Inp:—j + ass (5.5)
B1 = Bio + Buit + Piat® + Bz Inp;_; + Pras (5.6)
B2 = P20 + Boat + Boot® (5.7)

wheret istime, p istheredative price of energy, s isthelevel of energy-efficiency
standards, and ¢ is aggregate product shipments.” To control for any effects of
aggregate production level s on product cost, we alow the constant term to vary as
afunction of product shipments, ¢.8 The subscript 5 indicates that the associ ated
price occurred j years prior to year t. Based on assessments in the literature of
thetooling and redesign time required to bring energy-saving product innovations
to market,? we estimate equations using the three-year lag in the rel ative price of
energy (i.e, j = 3). Note again that we have simplified notation on the « and 3
parameters, which are not restricted to be equal across products.

5.3 Estimation on the Transfor mation Surface
over Time

531 Data

Using the Sears catalog (Sears, Roebuck and Co. 1958-1993) and other publicly
available data sources, we compiled a database of information on 735 room air
conditioner models offered for sale from 1958 through 1993; 275 central air con-
ditioner models from 1967 through 1988; and 415 gas water heater models from
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Figure5.2. Changesin Energy Efficiency.

Thefigure shows athree-year moving average of the annual rate of change of mean energy
efficiency of models offered for sale.

1962 through 1993. The catalogs contain a wide variety of product models over
many decades, a comprehensive set of descriptive data on product characteris-
tics, and importantly, transaction prices, as opposed to list prices (which may be
subject to discount).’® Below, we describe the variables used in the analysis and
summarizetheir construction. Table 5.1 provides descriptive statisticsand unitsof
measurement; see Newell (1997) for additional detail on data sources and meth-
ods of variable construction.** Note that all references to “mean” or “average’
values for characteristics refer to the mean value of models offered for salethe
means are not weighted by the number of units sold, for example.

Model Characteristics

We assembled data on the cooling/heating capacity, energy flow, energy effi-
ciency, nominal price, and other characteristics of all models of room and centra
air conditionersand gas water heaters from the Sears catal og over the 36-year pe-
riod from 1958 to 1993. We a so included storage capability for gas water heaters
and dummy variables indicating whether aroom air conditioner had multiplefan
speeds (i.e., two or three rather than one). The mean capacity of available mod-
els of al three products changed very little over the sample period, faling on
average by less than 0.3 percent per year. Energy flows fell faster, leading to a
net rise in the mean energy efficiency of the three products (Figure 5.2). Centra
air conditioners experienced the greatest annualized rates of change in energy ef-
ficiency (2.6 percent), followed by room air conditioners (1.2 percent), and gas
water heaters (0.3 percent).
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Table5.1. Summary Statistics for Variables.

Overall Initial year Final year Mean
Sym- Std Std Std  growth
Variable bol Mean dev Mean dev Mean dev rate(%)
Room air conditioners (1958-1993; N = 735)
Energy flow (1,000 watt) f 15 10 19 06 12 08 -13
Energy efficiency (Btu/hr/ e 7.6 14 59 10 90 06 12
watt)
Cooling capacity c 114 67 108 31 106 62 -01
(1,000 Btu/hr)
Nominal price (US$) 376 166 248 64 548 166 2.3
Product cost (overall k 1.00 0.46 185 047 086 026 -22
normalized mean = 1)
Shipments (millions/year) q 339 121 1.67 - 3.08 - 18
Relative price of D 1.08 0.10 125 - 114 - 03

electricity (1975=1)
Central air conditioners (1967—1988; N = 275)

Energy flow (1,000 watt) I 44 15 61 18 35 14 -26

Energy efficiency e 8.3 17 64 01 108 04 25
(Btu/hr/watt)

Cooling capacity c 351 100 393 121 372 140 -03
(1,000 Btu/hr)

Nominal price (US$) 911 404 531 158 1,299 313 44

Product cost (overall k 1.00 0.26 123 037 085 021 -18
normalized mean = 1)

Shipments (millions/year) q 266 091 1.01 - 435 - 72

Relative price of pf 1.04 0.10 1.02 - 111 - 03

electricity (1975=1)

Gas water heaters (1962—-1993; N = 415)

Energy flow (1,000 Btu) f 441 122 470 120 400 77 -05
Energy efficiency e 098 005 094 0.03 105 005 03
(90° gal/1,000 Btu)

Heating capacity (90° gal/hr) 430 110 444 116 420 85 -02

(¢}

Storage capability g 418 111 363 74 468 140 08
(gallons)

Nominal price (US$) 173 96 79 21 284 104 4.2

Product cost (overall k 1.00 0.30 120 031 090 033 -09
normalized mean = 1)

Shipments (millions/year) q 356 045 3.22 - 454 - 11

Relative price of pf 129 033 113 - 154 - 09

natural gas(1975=1)
Other variables (1958-1993)

Housing starts (millions/year) 151 032 134 - 129 - -01
Median household 36,196 4,149 26,055 — 37,905 - 11
income (US[1994]$)

Note: Meansare for models offered for sale; they are not weighted by units sold, for example. Growth
rates are geometric means over the period available for each technology. Product cost is equal to the
nominal pricedivided by an input price index.
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The transformation surface has as a dependent variable an index of the quan-
tity of real inputs necessary to produce the particular product model. We do not
observe model-specific input quantities. We do, however, observe model -specific
prices. The nomina price of a given product model can be thought of asits pro-
duction cost multiplied by a price/cost markup. Further, the production cost can
be thought of as the quantities of physical inputs needed to produce that model,
multiplied by the prices of those inputs. Thus, to use the model price as a proxy
for the model’s product cost, we must assume that the price/cost markup is con-
stant across models and time for a particular product.1? To the extent that this
is untrue, our computation of the rate of product cost reductions could be bi-
ased. We address thisissue econometrically by including national annual product
shipments!2 for each technology in the transformation surface estimation. This
provides a control for possible markup changes due to economies of scale or de-
mand fluctuations, athough it does not control for possible changes in industria
structure or economic regulation.

Assuming constant markups converts the model’s price into a proxy for its
nominal product cost. To convert nomina product cost into an index of input
guantity, we deflate each model’s nominal unit price (from the Sears catal og) by
an index of input prices. We devel oped separate input price indices for air condi-
tionersand gas water heaters, based primarily on census dataon capital, 1abor, and
materia sfor the corresponding four-digit SIC (Standard Industrial Classification)
industries.*4

To summarize, the (real) product cost for each product model is taken to be
its catalog price, divided by an index of input prices that varies across time, and
is caculated separately for air conditioners and water heaters, but does not vary
across models. The mean nominal prices of the three productsrose at lower rates
than their respective input price indices over the sample periods, implying that
their mean read product costs fell by an annualized 2.2 percent, 1.8 percent, and
0.9 percent, respectively, for room air conditioners, central air conditioners, and
gaswater heaters (Table 5.1).

Relative Price of Energy

We assume that the inducement mechanism is driven by the price of energy rela-
tive to the price of product inputs. We estimate thisrelative price by dividing the
Consumer Price Index (Bureau of the Census 1975, 1996) for el ectricity (for room
and central air conditioners) and natural gas (for water heaters) by the input price
indices described above. The relative price indices for eectricity and natura gas
have varied substantially over the past four decades, falling during much of the
period, but rising sharply in the mid-1970s and early 1980s, coinciding with the
Arab oil embargo of 1973-1974, severa major domestic natura gas shortages,
and other energy shocks (Figure 5.3). Both fuels experienced their lowest price
levelsin the early 1970s, with the peak e ectricity and natura gas price levels of
the mid-1980s being about 35 percent and 85 percent higher, respectively, than
their lowest levels.
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Figure5.3. Changesin Electricity and Natural Gas Prices.

The figure shows a three-year moving average of the rate of change of the relative price
index. Seetext for details on data construction.

Our use of past energy prices as a measure of consumers expectations about
the future path of energy prices raises the possibility of a conservative bias in
our estimates. This could arise from an “errors in variables’ problem associated
with using actual energy prices that exhibit greater variation than the true price
expectations for which they act as a proxy, thereby imputing a coefficient bias
toward zero relative to the true effect of expected energy price changes. In ad-
dition to the expected path of energy prices, the relevant “price’ of energy flow
in the consumer’s choice of optimal energy efficiency will be influenced by the
consumer’s discount rate, their expected utilization of the product, and how long
they expect to have the good in service. Omission of these additional variables
from our analysis will only bias our results, however, if they have changedover
time in a manner that is systematically correlated with the variables we include.
Although this possibility exists, we believe that any biasislikely to be small and
in the direction of making our results understatethe true inducement effects.*®

Energy Efficiency Standards

The National Appliance Energy Conservation Act of 1987 (NAECA) mandated
that minimum energy-efficiency standards be met by room air conditioners and
gas water heaters after 1 January 1990, and central air conditioners after 1 Jan-
uary 1992, or 1993 (United States Code of Federal Regulatidi@95b). Since
manufacturers did not wait until the deadline to meet the standards, we model
the effect of efficiency standards as cumulative over the period of time between
passage and enforcement; that is, we let s = 0,1,2,3,4 for t < 1987, ¢t = 1987,
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t=1988, t = 1989, and t > 1990, respectively. We do not analyze the effect of
efficiency standards on central air conditioners because the compliance deadlines
were beyond the time frame of the data available to us.

5.3.2 Estimation issues

Althoughwe do not focus on the equilibriumthat determines which product mod-
els are offered in a given year, the existence of this equilibrium process raises
the possibility of an endogeneity problem in using the product characteristics as
regressors. We interpret the regression function as tracing out the transforma:
tion surface, which could be thought of as a“supply function” for characteristics.
Thereis, of course, alarge literature on hedonic price regression, in which model
prices are regressed on characteristics, and the regression function is sometimes
used as the basis for estimating a demand function for characteristics.'® It is
well known that a regression of prices on characteristics embodies a variant of
the classic supply/demand simultaneity problem, in which the regression coeffi-
cientsare not, in general, identified as parameters of either the supply or demand
function [Rosen (1974); see aso Epple (1987) and Triplett (1987)]. The ordi-
nary hedonics interpretation of a regression of model prices on characteristics as
ademand function requires an assumption that the data are generated by hetero-
geneous suppliers’ distinct supply functions tracing out the demand curve of ho-
mogeneous consumers. Conversely, our interpretation of the deflated price (i.e.,
product cost) regression as a supply function requires an assumption of hetero-
geneous consumers' distinct demand functions tracing out the supply curve of a
homogeneous production sector.

Thislatter interpretationisplausiblein the current context. Indeed, all models
in the sample are supplied by the same firm, although the models in the Sears
catalog span the space of available models. Different consumers purchase dif-
ferent models with different efficiencies, presumably because they have different
discount rates or different anticipated intensitiesof usage, or face different energy
prices. Further, energy efficiency is different from other characteristics that are
typically thefocus of hedonic analysis. In general, we expect a given consumer to
have a downward-doping demand curve for a given characteristic; for example,
at some point additional computer memory has little value, particularly holding
congtant other attributes. In contrast, the value of energy savings is essentidly
constant for any given discount rate and expected usage. Hence, each consumers
demand curveisinfinitely elagtic, so that thereis unlikely to be simultaneity bias
ininterpreting our estimates as parameters of the supply structure.

Finally, to compensate for heteroskedasticity, we compute robust standard er-
rors using White's (1980) method. There was no evidence of autocorrelation of
residuals along the time series dimension of the estimated equations. To avoid
problems associated with the potential endogeneity of aggregate shipments, we
estimate the surfaces using two-stage least squares, instrumenting for the log of
thequantity of shipmentsusing levelsand changesin thelog of housing starts (Bu-
reau of the Census 1975, 1996) and real household income (Bureau of the Census
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1975; Council of Economic Advisers 1997), in addition to the other explanatory
variables.”

5.3.3 Reaultsof estimation of characteristics transfor mation
surfaces

The estimation results for the three technol ogies are presented in Tables 5.2, 5.3,
and 5.4. We present results for a“pure” autonomous technological change model
and the induced innovation model. Since it is not obvious theoretically that the
inducement mechanism should affect the intercept term, and these effects are in-
deed generaly insignificant, we also present the results when these terms are
suppressed. Overal, the results are consistent with the economic interpretation of
the parameters. The estimated e asticities for the various characteristics al have
the expected signs and reasonable magnitudes; and the coefficient ontimeisnega
tivein al cases, indicating positive autonomoustechnological change. Theresults
confirm that the cost of durable goodsincreases with increasing energy efficiency,
capacity, and other desirable characteristics, and that the cost of producing agiven
bundleof characteristicstendsto fall over timeas aresult of technologica change
in production techniques and product design.

The coefficient onln f (i.e., 510) in each table measures the e asticity of prod-
uct cost with respect to energy flow in 1975; the el asticity for other years depends
on the year and the magnitudes of 8;1, B2, B3, and (4.8 The dasticity is
negative for all three products, as expected, indicating that reductions in energy
flow come at the expense of higher product cost. However, the magnitude of
this trade-off varies significantly among the technologies; a 10 percent decrease
in energy flow (or increase in energy efficiency) was associated with a4 percent
increase in product cost for room air conditioners, a 12 percent increase for cen-
tral air conditioners, and a 40 percent increase for gas water heaters (in 1975).
The estimates a so indicate that multiple fan speeds and increases in capacity are
costly, although, not surprisingly, there are “economies of product scale’ as cost
increases | ess than proportionately with capacity.®

The coefficients a; in each tableindicate the rate of change of theintercept in
1975; the rate of change in other years depends on «a;. The quantitative signifi-
cance of these changes is discussed further in the following section; we note here
only that al three technologies have «; significantly negative, meaning that there
is autonomous overall technological change.

There is aso evidence of autonomous “directiona” change, that is, changes
over time in the dope of the transformation surface. For example, the results
indicate that in 1975 (¢ = 0) the absolute magnitude of the elagticity of product
cost with respect to energy flow was decreasing autonomously by 0.10 and 0.06
annually for central air conditionersand gaswater hesters, respectively, indicating
an autonomous “bias’ of technological change againstenergy efficiency. In al
three cases, however, this component has shifted over the course of time toward
favoring energy efficiency.
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Table5.2. Transformation Surface Estimates; Room Air Conditioners.

Param- Explanatory Autonomous Induced innovation
eter variable innovation Specification 1 Specification 2
B1o In f -0.387 -0.362 -0.383
(0.027) (0.026) (0.026)
B11 tln f 0.80e-3 1.17e-3 151e3
(2.68e-3) (2.88e-3) (2.94e-3)
B12 t*In f 8.33e-4 0.70e-4 3.28e-4
(2.42e-4) (3.14e-4) (2.98e-4)
B3 Inpln f - 0.410 0.361
(0.125) (0.127)
B14 slnf - 0.028 0.034
(0.012) (0.012)
B20 Inc 0.919 0.914 0.937
(0.028) (0.027) (0.027)
B21 tlnc —2.73e-3 -1.04e-3 -1.16e-3
(2.95e-3) (3.05e-3) (3.10e-3)
B2 t’Inc —6.78e-4 -5.90e-4 -8.69e-4
(2.68e-4) (2.93e-4) (2.75e-4)
B3 2speed 0.197 0.202 0.201
(0.016) (0.016) (0.016)
Ba 3 speed 0.300 0.299 0.298
(0.016) (0.016) (0.016)
Qo Constant -0.215 -0.234 -0.220
(0.017) (0.019) (0.016)
a1 t -0.026 -0.026 -0.027
(0.001) (0.001) (0.001)
a2 12 1.05e-3 1.05e-3 0.93e-3
(0.19e-3) (0.19e-3) (0.06e-3)
as Ing -0.083 -0.083 -0.102
(0.024) (0.024) (0.016)
Qa4 Inp - 0.043 -
(0.088)
as s - -0.016 -
(0.010)
# of observations 735 735 735
R? 0.96 0.96 0.96

Note Dependent variable is the log of product cost (In k). Variables are described in more detail
in Table 5.1 and in the text. Estimation method is two-stage least squares, with instrumentation for
shipments (In ¢) using levels and changesin the log of housing starts and real household income in
addition to the other explanatory variables. Robust standard errors are reported in parentheses.
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Table5.3. Transformation Surface Estimates. Centra Air Conditioners.

Param- Explanatory Autonomous Induced innovation
eter variable innovation Specification 1 Specification 2
B1o In f -1.247 -1.205 -1.177
(0.077) (0.087) (0.082)
B11 tin f -0.103 -0.107 -0.103
(0.014) (0.016) (0.014)
Bz ?Inf 4873 4.04e-3 2.8le3
(1.41e-3) (2.14e-3) (1.67e-3)
Bis Inpln f - 0.968 1.201
(0.566) (0.558)
B20 Inc 1.978 1.991 1.978
(0.079) (0.083) (0.078)
Bo1 tlne 0.101 0.107 0.105
(0.013) (0.015) (0.014)
B2 t’Inc —4.43e-3 -5.26e-3 —4.60e-3
(1.41e-3) (1.80e-3) (1.42e-3)
oo Constant 0.086 0.064 0.086
(0.010) (0.018) (0.010)
ai t -0.051 -0.055 -0.052
(0.004) (0.005) (0.004)
s t> -1.48e-3 -0.64e-3 —1.4ge-3
(0.32e-3) (0.65e-3) (0.31e-3)
a3 Ing 0.320 0.385 0.339
(0.055) (0.082) (0.055)
o Inp - -0.421 -
(0.286)
# of observations 275 275 275
R? 0.90 0.90 0.90

Note Dependent variable is the log of product cost (In k). Variables are described in more detail
in Table 5.1 and in the text. Estimation method is two-stage least squares, with instrumentation for
shipments (In ¢) using levels and changesin the log of housing starts and real household income in
addition to the other explanatory variables. Robust standard errors are reported in parentheses.

Turning to theinduced innovati on specifications, thereislittleevidence of sig-
nificant inducement effects on overall technological change. Although four of the
five coefficients (a4 in Tables 5.3 and 5.4; a5 in Tables 5.2 and 5.4) are negative,
none is statistically significant at conventiond levels. In terms of energy-price-
induced changes in the slope, indicated by 3;3, thereis a statistically significant
and robust effect in the predicted direction for room air conditioners.2® For cen-
tral air conditionersthe energy price effect isin the predicted direction; it isstatis-
ticaly significant at only the 0.10 level in the full specification, but is significant
at the 0.05 level after the oy termisdeleted.2! For gas water heaters the induce-
ment effects are always insignificant. Since many of the specific technological
changes that foster efficiency are common between room and centra air condi-
tioners, while water heaters are quite different, these results suggest that changes
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Table5.4. Transformation Surface Estimates. Gas Water Heaters.

Param- Explanatory Autonomous Induced innovation
eter variable innovation Specification 1 Specification 2
Bio In f -3.918 -3.829 -3.925
(0.235) (0.267) (0.221)
B11 tin f -0.055 -0.074 -0.061
(0.032) (0.023) (0.028)
B12 t*In f 0.012 0.013 0.013
(0.002) (0.002) (0.002)
B3 Inpln f - —-0.056 -0.088
(0.263) (0.227)
B14 sln f - -0.079 -0.032
(0.058) (0.051)
B20 Inc 4.670 4557 4.659
(0.238) (0.272) (0.226)
B21 tine 0.071 0.094 0.077
(0.032) (0.023) (0.028)
B22 t?’lnc -0.011 -0.012 -0.011
(0.002) (0.002) (0.002)
Bs Ing 0.381 0.383 0.383
(0.024) (0.025) (0.025)
oo Constant -0.006 -0.010 -0.004
(0.012) (0.012) (0.012)
ai t -0.018 -0.014 -0.018
(0.002) (0.003) (0.002)
as t? 1.156e-4 4.02e-4 0.74e-4
(1.05e-4) (2.37e-4) (1.01e-4)
a3 Ing 0.640 0.594 0.646
(0.092) (0.103) (0.092)
a4 Inp - -0.073 -
(0.065)
as s - -0.025 -
(0.015)
# of observations 415 415 415
R? 0.92 0.92 0.92

Note Dependent variable is the log of product cost (In k). Variables are described in more detail
in Table 5.1 and in the text. Estimation method is two-stage least squares, with instrumentation for
shipments (In ¢) using levels and changesin the log of housing starts and real household income in
addition to the other explanatory variables. Robust standard errors are reported in parentheses.

in energy prices probably did affect technological change in cooling technol ogy,
but not in water heating technol ogy.

Results regarding the effect of energy-efficiency standards on the direction of
technological change (8:14) are quditatively similar. The direction of technolog-
ica change shifted substantialy in favor of energy efficiency during the period
that federal energy efficiency standards were being implemented for room air
conditioners, but not gas water heaters.22 Of course, the concern remains that
the representation of changing regulatory standards by a constant time dummy
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is a blunt instrument that could potentially act as a proxy for factors other than
energy-efficiency standards that were influential during the same time period.

54 Overall ChangesintheMenu of M odels Offered

The results of the previous section indicate that, for all three technologies, there
were changes in the position and slope of the transformation surfaces over time.
We now turn to the question of whether the changes in the menu of products ac-
tually offered can be related to these estimated changes in the positions of the
curves, as well as to “movements aong the curves” The question is illustrated
by Figure 5.4, which shows the position and slope of the estimated surface for
room air conditionersat five-year intervals, based on the estimates of the previous
section. The heavy dot on each lineisthe mean of the characteristics of al mod-
els offered in that year. Consistent with the previous section, the surfaces move
toward the origin and become flatter over time. The figure aso shows that the
mean model offered for sale got much cheaper and slightly more energy efficient
from 1960 to 1980, and then got much more energy efficient and slightly cheaper
from 1980 to 1990. We would like to explain the movements in this mean model
as being driven by the inward shift of the curve (overall innovation), the change
in the slope of the curve (directional innovation), and movements along the curve
at apoint in time (model substitution).

5.4.1 Decomposition of characteristicsinnovation

Because the transformation surface for any given product is continually shifting,
tilting, and changing its composition, there is no unique way to messure these
separate effects. We adapt to the current context a standard approach to decompo-
sition from the aggregate technical change literature. Figure 5.5 presents another
projection of the transformation surface onto the product cost/energy flow plane,
holding constant capacity (and other characteristics, if relevant). For thetime be-
ing, assume that there is a single consumer whose optima product cost/energy
flow combination at time ¢, given technical possibilities represented by W, is
a point a. The line p(])c represents the relative “price” of energy relevant for the
choice of optimal energy efficiency; it is determined by the expected path of en-
ergy prices, the discount rate, and the expected utilization and service life of the
capital good. Assume that, at sometimet,, technical possibilitieshave improved,
as represented by the shift of the transformation surface from ¥ to ¥, and that
energy prices have aso changed so that the price line now has the slope of p}
instead of p(}. Accordingly, optimal energy flow and product cost are now located
at point d.

Measured in terms of energy flow, we can decompose the improvement be-
tween pointsaand d into the distances labeled R, D, and P on the horizontal axis,
which correspond, respectively, to the movements from ato b, from b to ¢, and
from c to d. Point b is the point on the new transformation surface that lies on
aray to the origin from the initial point a Hence, the movement from ato b
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Figure 5.4. Innovation in Characteristics Transformation Surface: Room Air
Conditioners.

The figure illustrates the estimated transformation surfaces over five-year intervals. Vari-
ables are normalized to equal one at their grand means. The dots represent the mean char-
acteristics bundle of models offered for sale at each point in time, and the arrows represent
the overall rate of innovation, measured radially from the origin.

Product cost

Ray to origin
-

Energy flow

Figure5.5. Decomposition of Characteristics Innovation.
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represents equiproportionate improvement in up-front product costs and energy
operating costs, and the distance R corresponding to this movement is a measure
of the rate of overal technologica change. In percentage terms, it is the rate of
decrease in the total cost of the good to its user (i.e., product cost plus energy
cost). Point c lies at the tangency between the new transformation surface and
the old price line. Thus, the horizontal distance D between b and ¢ measures the
effect on energy use of thetilt in the transformation surface between time ¢y and
ty; that is, what we call “directional technologica change” Finaly, point d isthe
new optimum and the movement from c to d, which we label P, is the “model
substitution” effect (given the new technology) brought about by the change in
pricesfrom p§ to p}.23

Expressions for R, D, and P can be derived in continuous time by taking
thefirst-order conditionthat corresponds to the tangency shown in Figure 5.5 and
differentiatingit with respect totime. If the transformation surfaceis expressed as
alog-linear function like those estimated in the previous section, then it is shown
in Appendix 5.A that the rate of change in energy flow for the optimal product
model will be given by

i 1
I 1—-p
1 B 1 Py
1—51x51 1—51xpf’
where optimal values areindicated by an asterisk and p isthe discounted present
value of the expected stream of relative energy prices, asin Figure5.5. The last
termin Equation (5.8) correspondsto P in Figure5.5; it indicates that the optimal
rate of change of energy flow has aterm that is proportional to the rate of change
of the effective energy price. The middle term captures optimal responses to
changes in the slope of the surface; it correspondsto D. The first term includes
changes in the intercept, as well as a weighted average of changes in 3, and
B2. (Recall that 3, relates to the capacity characteristic, which is held constant
in Figure 5.5) It is shown in Appendix 5.A that thisterm is, in fact, the rate of
changeof f* (and of k*) if these rates of change are set equal to each other. Thus,
it isequal to what islabeled R in Figure 5.5. The factor 1/(1 — (3;) appearing
in each term indicates that the optimal responsiveness of energy efficiency to any
of these changes depends on the “costliness’ of energy efficiency. 8, isnegative;
when it is large in absolute magnitude, energy efficiency is expensive, so the
energy-efficiency response to any of these changes is muted.

X (d—l—Bﬂnf* +B21nc*)

N (5.8)

5.4.2 Decomposition of annual changesin ener gy efficiency

Using the values of the parameters estimated in Section 5.3 and data on changes
inenergy prices, itispossibleto cal culate each of the terms on theright-hand side
of Equation (5.8) for any time period.24 Thereis, of course, nothing that ensures
that actual changes in mean efficiency of models offered for sale will correspond
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to the calcul ated changes in optimalefficiency. We explore thisissue by approxi-
mating Equation (5.8) in discrete time and treating it as a regression equation. In
thisway, we alow explicitly for error between the computed “optimal” changes
and the actual changes in energy efficiency. We can aso generaize to alow for
effects of the minimum efficiency standards described above, as well as labeling
standards that require prominent display of energy-efficiency information for all
product models.25 We conjecture that these |abeling standards may have affected
consumers' actua responsivenessto energy prices, and thereby affected the extent
to which firms faced incentives to offer more energy-efficient models as energy
pricesrose.

To alow for al these effects, we estimate for each product a time-series re-
gression of the form

Alne; = U—l—uRt—l—{Dt—l—lOtZTO] Alnp,_;

1
— Pt
+ e Zﬁ]l_ Alnps_;+ 0As; + €, (5.9

where the dependent variable is the rate of change in mean energy efficiency of
models offered for sae, ¢ indicates valuesin year ¢, A indicates annua changes
fromyear t — 1 toyear t, In isthe natural logarithm, R and D are the overall and
directional changes in the transformation surface based on the estimated param-
etersin that year, p isthe relative price of electricity or natural gasto production
inputs, Iy is adummy variable indicating that energy-efficiency 1abeling was not
yet in effect, [; isadummy variable indicating that labeling wasin effect, As is
adummy variable indicating that energy-efficiency standards had been legidated
but not yet achieved (i.e., s = 1 for 1987 < ¢ > 1990), and ¢ is an indepen-
dently distributed error term with zero mean. The subscript j indicates that the
associated price change occurred j years prior to year ¢, where j = 0 isthe con-
temporaneous price and j = j is the most distant price lag included in the lag
structure.?¢ We use this distributed | ag because we do not have atheoretical basis
on which to determine how quickly the menu of product offerings should change
in response to energy price changes.

To summarize, if the mean model is optima for the typica consumer, the
theory behind Equation (5.8) saysthat o should be zero, that 1 and £ should each
be unity, and the r; terms should sum to unity. Our specification alows for this
but does not impose it, and also allows for the possibility that 1abeling regulation
increases the el asticity of average efficiency with respect to energy price, and that
minimum efficiency regulations have an independent effect on average efficiency.
The estimation results are summarized in Table 5.5, while the results for the full
distributed lag version are provided in Appendix 5.B.

Because of the dynamic nature of the equations, as well as the existence of
inducement effects on movements both of and along the surfaces, it is difficult
to assess fully the empirical significance of the price and standards effects on the
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Table5.5. Factors Affecting Changesin Energy Efficiency.

Param-  Explanatory Room air Central air Gas water
eter variable Description conditioners  conditioners  heaters
o ﬁ loAlnp Prelabeling 0.001 1.394 0.326
price effect (0.630) (0.423) (0.529)
m =5 l1iAlnp  Postlabeling 1.175 - 0.577
price effect (0.391) (0.277)
0 As Standards 0.024 - 0.017
(0.025) (0.007)
I R: Rate of innova- 0.055 0.844 —2.045
tion (0.417) (0.882) (2.872)
13 Dy Direction of -0.053 0.047 0.479
innovation (0.145) (0.059) (0.761)
o Constant 0.007 0.001 0.007
(0.007) (0.026) (0.009)
# of observations 35 21 31
1-U Goodness of fit 0.67 0.66 0.61

Note Dependent variable is the rate of change of mean energy efficiency of models offered for sale
(Aln é). Estimation methodis ordinary least squares. Robust standard errors arereported in parenthe-
ses. U isTheil'sU statistic, where 1 — U isameasure of dynamic goodnessof fit. See Appendix 5.B
for parameter estimates of theindividual distributed lag price effects.

basis of the parameter estimates themselves. As an overall estimate of those ef-
fects, we therefore carry out dynamic simulations using the estimated parameters
of Equation (5.8) in which total changes in energy efficiency are compared, both
with and without the historical changes in prices, and with and without minimum
efficiency standards. The results are presented in Table 5.6, including standard
errors based on the underlying parameter estimates.2” Wefirst carry out a* base-
ling” simulation that fits the mode to the actual data,?® and then compare the
baseline with counterfactual simulations that isolate the effects of energy price
changes and energy efficiency standards, as well as autonomous influences.

Effect of Changes in the Relative Price of Energy

In general, the results suggest that there is a substantia positive relationship be-
tween changes in the price of energy relative to production inputs and the rate of
energy-efficiency improvements. We aso find that there was a marked changein
the responsiveness of energy-efficiency innovation to relative prices from the pe-
riod before to the period after energy-efficiency labeling of room air conditioners
and gas water heaters took effect. In the cases of both room air conditioners and
water hesters, these parameters are statistically and economicaly significant for
the period after energy-efficiency labeling took effect, but the effects are smaller
and not significantly different from zero during the prelabeling period. Indeed,
the postlabeling effect for both products is not statistically distinguishable from
the theoretically predicted value of unity.2? Labeling for central air conditioners
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Table 5.6. Historical Effects of Price Changes and Efficiency Standards on
Energy Efficiency, 1973-1993.
Historical simulations of cumulative percent changesin energy efficiency.

Room air Central air Water
conditioners conditioners heaters

Share Share Share
Relative oftotal Relative oftota  Relative  of tota
t01973 change t01973 change t01973  change

Total change (%) (baseline) 29.7 - 58.9 - 11.2 -
(4.5) (35) (2.9)

Price-induced portion (%) 8.2 28 16.1 27 51 46
(5.0) (5.0 (2.4)

Standards-induced portion (%) 7.1 24 - - 7.6 68
3.1 1.8

Autonomous portion (%) 12.7 43 36.8 62 -1.1 -10
2.7 3.7 1.9

Note The baselinesimulation uses the coefficient estimates from Table 5.5 to estimate the cumulative
changein energy efficiency of models offered for salefrom 1973 to 1993, assuming that energy prices
and efficiency standards took their historical values (simulations for central air conditioners extend
only to 1988). We decomposethetotal changeinto price-induced, standards-induced, and autonomous
portions using the parts of the estimated model corresponding to these effects, and including any
induced influences on the movement of the transformation surfaces (based on parameter estimates for
Specification 2 from Tables 5.2, 5.3, and 5.4). The portions do not sum to the total change owing to
the nonlinear nature of the model. Standard errors are reported in parentheses.

did not take effect until after the period covered by our data, so the table presents
asingle price elasticity estimate; it approximates the theoretical value of unity.3°

To assess the cumul ative effect of energy price changes, we compare the base-
line simulations with counterfactual simulations that hold real energy prices at
their 1973 levels, approximately their minimum for our study period.3! The rel-
ative prices of eectricity and natural gas rose 24 percent and 69 percent, respec-
tively, over the simulation period (1973-1993). If the relative prices of eectricity
and natural gas had remained at their low 1973 levels, the model says that about
one-quarter to one-haf of the increase in the energy efficiency of the available
menu experienced since then would not have occurred. Energy efficiency would
have been about 8 percent lower for room air conditioners, 16 percent lower for
centra air conditioners, and about 5 percent lower for gas water heaters.

Effect of Energy-Efficiency Standards

Direct energy-efficiency standards appear to have had a modest positive effect
on energy-efficiency changes during the compliance period from enactment of
legidation to the time of the compliance deadline (1987-1990). For both room
air conditionersand gas water hesters, the point estimate implies that energy effi-
ciency improved about 2 percent per year faster during thisimplementation period
than would otherwise have occurred, implying a cumulative effect of 7 percent
for room air conditioners and 8 percent for water heaters based on the smula
tions. Note that while the “direct” effect of standards on average efficiency levels
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in room air conditionersis statistically insignificant in the regression, the over-
all effect of standards is significant when combined with the “indirect” effect of
standards through D and R, as shown through the ssmulations. This anaysis
does not reveal the extent to which this occurred because inefficient models were
dropped versus new efficient models added, although new, more efficient models
were being added during the compliance period.32

Effects of the Rate and Direction of Technological Change

The parameter estimates for the influence of R and D on changes in mean energy
efficiency do not provide any consistent support for the theoretical prediction of
unitary coefficients. It is possiblethat thisfailureis dueto the arbitrariness of the
mean model as representative of the preferences of thetypical consumer. Another
problemisthat the predicted changes due to the direction of technological change
areextremely sensitiveto the estimated curvature of the surface, particularly given
therelatively dlight curvature that we find in some cases. More generdly, itisem-
piricaly difficult to distinguish the effects of R and D, because of a high degree
of correlation between the rate and direction of technological change, as well as
relatively constant rates of overal technologica change, which makes R difficult
to distinguish from the constant term.

On the other hand, the simulations indicate that a substantial portion of the
overal change in energy efficiency for al three products cannot be associated
with either price changes or government regulations. The autonomous drivers
of energy-efficiency changes (including the constant term) explain up to 62 per-
cent of the total change in energy efficiency. Thus, we can view the induce-
ment hypothesis as either half-full or half-empty; a substantia portion of energy-
efficiency changes appear to be induced, but a large portion cannot be explained
inthisway. Of course, as with the “residua” in standard analyses of technologi-
cal change, the association of these noninduced changes with “time” means only
that we cannot explain exactly where they come from. To the extent that they are
driven by forces such as government-funded research, some portion of what we
label autonomousis probably endogenous in a broader sense.

55 Conclusion

The reemergence of energy efficiency as a policy concern has drawvn new atten-
tion to an old question: To what extent does the innovation process respond to
economic incentives, making it systematically easier over time to economize on
inputs that become more expensive? A natural way to approach this question is
to think of capital goods as products, and their resource-consuming properties as
product characterigtics. In this way, we place microeconomic structure on the
induced innovation hypothesis. In principle, this structure permits econometric
identification of the extent to which the pace of technologica advance, the di-
rection of technologica advance, and changes in the “menu” of offered product
models each respond to changes in resource prices.
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Our application of thisanalytica framework to the evolution of three energy-
using household durable goods yields severa important findings. First, the sub-
stantial observed increases in the energy efficiency of two of the three products
over the past several decades appear to have been associated with overal tech-
nological advance. In the early part of the period, autonomous improvement in
these products appears to have been biased away from energy efficiency. That
is, the up-front costs of the products were decreasing faster than their operating
costs. But the significant increase in energy prices that occurred in the 1970s and
1980s had noticeabl e effects, Slowing or reversing this process. Second, increas-
ing energy prices had an observable effect on which technically feasible models
were offered for sale. Third, this effect of energy-price increases on “model sub-
gtitution” was particularly strong after product-l1abeling requirements went into
effect. Indeed, our simulations suggest that the post-1973 energy price increases
account for one-quarter to one-haf of the observed improvements in the mean
energy efficiency of models offered for sale over the past two decades. Fourth
and finally, government energy-efficiency standards also had a significant impact
on the average energy efficiency of the product menu.

The recent resurgence in interest in endogenous technological change has fo-
cused attention on the mechanisms by which economic agents optimizing de-
cisions affect the overal pace of technological change. But the endogeneity of
the direction or composition of technological change is surely at least as signif-
icant. Further, whereas empirical implementation of endogenous growth models
has been hampered by the difficulty of measuring the underlying exogenous fac-
torsthat drive the system, variationsin relative prices provide interesting “ natural
experiments’ that permit empirical investigation of induced changes in the direc-
tion of technological change. We suggest that the product characteristics approach
providesa useful framework in which to look at these natural experiments.

Appendix 5.A
Theory

A straightforward model of consumer optimization over the product cost £ and
energy flow f of adurable good shows that the consumer will desire a model for
which the marginal cost of f is egua to the consumer’s willingness to pay for
f (i.e, py). Thisfirst-order condition can be represented in elasticity form, as
follows:

Ok /k* s = prf”
of*/ f* ke

where e, ¢ isthe el asticity of product cost with respect to energy flow. This condi-
tion shows that the consumer would liketo purchase amodel such that theratio of
operating costs to product costs (in present value terms) implied by the purchase
isequal to the elasticity of the transformation surface, that is, a point of tangency
such asisshownin Figure5.5.

(5.10)
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Solving Equation (5.10) for f* and taking natural logs,
Inf*=Ink™ +Inexy — Inpy . (5.11)

The transformation surface [Equation (5.1)] givesIn £* asafunction of f, so we
can use that to solve out both In £* and ¢, and, assuming that 5; < 0, we get

Inf*=a+0ilnf"+GInc* +1In(—p1) —Inpy . (5.12)

By taking the derivative of Equation (5.12) with respect to time, holding capacity
constant, we get Equation (5.8) in the text, which shows how consumers’ desired
levelsfor f, and therefore k, might change over time:
- = « n nc
1= ! 2
1 B1 1 Dy
X =, (5.13)
1-8 b/ 1-01 bpy
where time subscripts on al variables and parameters are suppressed for nota
tional convenience.

As described further in the text, the three terms of Equation (5.8) correspond
to R, D, and P in Figure 5.5. To see this, return to the basic transformation
surface of Equation (5.1) and differentiate with respect to time, considering both
the characteristics and the parameters as functions of time:

%:ﬁlx§+ﬁgxg+d+ﬁllnf+ﬁglnc. (5.14)
Now recall that R isthe overall rate of technological change, defined as the per-
cent reduction in k& and f that is implied by movements of the transformation
surface, assuming that these reductions occur proportionately, and holding other
characteristics constant. If k/k = f/f = R, then this equation can be solved for
Rtoyied

R=—1/(1—=01) x (&4 BiInf*+ By Inc*), (5.15)

where the minus sign indicates that cost reductions represent positive
innovation.33
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Appendix 5.B
Statistics
Factors Affecting Energy-Efficiency Innovation (Full Distributed Lag).
Room Centra
Param- air con- air con- Gas water
eter Variable Description ditioners ditioners heaters
Prelabeling
700 5 percent changein 0271 0.670 0.059
x(loAln pt) relative price of energy (0.194) (0.270) (0.414)
o1 1-year lag 0.127 0.724 -0.113
(0.189) (0.341) (0.458)
N0z 2-year lag 0.309 - -0.230
(0.236) (0.466)
7103 3-year lag -0.573 - 0.611
(0.323) (0.356)
No4 4-year Iag -0.116 - -
(0.215)
7105 5-year lag 0.526 - -
(0.268)
70 Total prelabeling price 0.001 1.394 0.327
effect (0.630) (0.423) (0.529)
Postlabeling
N10 = percent changein -0.062 - 0.317
x (11 A Inpy) relative price of energy (0.192) (0.183)
N 1-year lag 0.098 - -0.140
(0.194) (0.233)
N2 2-year lag 0.235 - 0.159
(0.314) (0.234)
13 3-year lag 0.743 - 0.242
(0.277) (0.214)
N4 4-year Iag -0.429 - -
(0.224)
s 5-year lag 0.590 - -
(0.194)
m Total postlabeling price 1.175 - 0.577
effect (0.391) (0.277)
0 As Standards 0.024 - 0.017
(0.025) (0.007)
o R Rate of innovation 0.055 0.844 —2.045
(0.417) (0.882) (2.872)
13 Dy Direction of innovation -0.053 0.047 0.479
(0.145) (0.059) (0.761)
o Constant 0.007 0.001 0.007
(0.007) (0.026) (0.009)
# of observations 35 21 31
1-U Goodness of fit 0.67 0.66 0.61

Note Dependent variable is the rate of change of mean energy efficiency of models offered for sale
(Alneé). Estimation method is ordinary least squares. Robust standard errors are reported in paren-

theses.
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Notes

1. See, for example, Binswanger and Ruttan (1978). See Thirtle and Ruttan (1987)
for asummary of this literature.

2. For an empirical analysis of the diffusion of energy-efficient technologies, see
Jaffe and Stavins (1995).

3. See, for example, Rosen (1974), Triplett (1985, 1987), Trajtenberg (1990), and
Berry et al. (1995) .

4. We also estimated translog versions. The decomposition of innovation discussed
below is considerably more complex in the translog world, and we found that the translog
estimation yielded similar results (Newell 1997). For other products there are additional
characteristics, which are accommodated by simply adding more logarithmic terms. For
notational convenience we generally suppress the model subscript 4 in subsequent equa-
tions.

5. An dternative would be to redefine all characteristics so that they were desirable,
using energy efficiency rather than energy flow, for example. Given our interest in energy-
saving technological change, however, wefoundit useful to formulate the problemin terms
of capital inputs k& and energy inputs f in a manner analogous to a standard production
function when viewed from the perspective of the userof the product, be it a consumer or
afirm.

6. It is of course possible that what we call “autonomous’ and measure with ¢ is
at some deeper level itself endogenous, being associated with research investments, the
state of knowledge and technical experience, or other factors for which we do not have
measures.

7. Traditional estimation of “neutral” technical change would alow only « to vary,
and only as a linear function of time. We add quadratic terms to allow for acceleration
or deceleration in technological change. We allow the 3; and 32 parametersto vary over
time to permit autonomous changesin the slope of the function with respect to the impor-
tant characteristics. We allow energy prices and standards to affect o and 31 to test the
inducement hypothesis; sincethere is no theoretical reason why energy prices or standards
should affect the shape of the surface in the other characteristic dimensions, we do not
enter these variables into 32. Time interaction terms for the fan speed dummies for room
air conditioners and for storage capability for gas water heaters were eliminated because
we found them to be both very small and statistically insignificant.

8. Itisnot clear, a priori, whether we should expect the coefficient on In ¢ to be posi-
tive, owing to an association with demand shocks or the business cycle, or negative, owing
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to economies of scalein production. Because shipments for the products we investigated
have been generally increasing over time, we also face the difficult issue of distinguishing
scale effects from technological change. We therefore do not place too much interpretative
emphasis on the effect of product shipments, viewing it rather as a useful control variable
along the “price-quantity” dimension.

9. An Energy Information Administration (1980) study found that major tooling and
redesign changesto incorporate energy-saving design options require lead times of about
1.5 to 2 years for a single model and longer for an entire product line. Thus, a typical
cycle for introducing new appliance models can be 3 or more years. This time frame is
consistent with other assessmentsin the literature of the time required to develop and bring
new product innovationsto market (Levin et al. 1987).

10. There are, however, occasional sales on products in the Sears catalog. See
Gordon (1990) for athorough review of the advantagesand disadvantages of using various
data sources for such analysis.

11. Tofacilitate interpretation of the parameter estimates of the characteristics trans-
formation surfaces, we normalized the time variable to equal zero in 1975 and we nor-
malized all other purely time-series variables (i.e., energy prices and product shipments)
to equal unity in 1975, or zero after taking natural logarithms. We normalized all other
variables so their normalized means equal unity, or zero after taking natural logarithms.

12. Given data on nominal product prices, we construct a measure of real product
cost, and over time a measure of technological change, by controlling for changesin input
prices. Thus, our measure of product cost k iscalculated aski: = pit /pst, Wherep;, isthe
nominal price of product model ¢ at time ¢ and p, IS an input price index for that product
at time t (subscripting for product models and time is suppressed in what follows). To
clarify the procedure we used, including its possible limitations, consider the relationship
p = uc’, where ¢ is the product’s nominal marginal cost and p is the markup of price
above marginal cost. We thank an anonymous referee for pointing out that the markup can
be decomposed into components representing pure profit 7« and the degree of returns to
scale, leading to p = wyc’, where # = p/¢, v = &/c’, and ¢ is average cost. Our input
cost deflation procedure can be represented explicitly within this framework by expressing
marginal cost asthe product of the input price index and an input index = : p = wyp,x Or
p/ps = k = myz. Over time, this implies that k/k = 7/7 + /v + &/z, confirming
that our measure of real product cost can provide an unbiased measure of technological
change (i.e., reductions in the amount of inputs used to produce a given output) aslong as
the components of markup are together relatively constant over time.

13. We could not obtain model-specific data on product shipments; aggregate data
are from Bureau of the Census (1947-1958, 1959-1994).

14. We constructed Divisia price indices having rates of growth equal to a weighted
average of the rates of growth of labor, capital, and material prices; the weights are the
relative shares of each component in total value. The data are primarily from the census
(Bureau of the Census 1954-1992) using Standard Industrial Classification (SIC) Code
3585, Refrigeration and Heating Equipment for room and central air conditioners, and SIC
Code 3639, Household Appliances—Not Elsewhere Classified for gas water heaters.

15. The “price” of energy flow to an optimizing consumer, py, can be written as
pr = pup, Where p is the price of energy per unit time, « is the utilization level (e.g.,
hours), and p is apresent value factor (which takesinto account the discount rate and prod-
uct servicelife) (Newell 1997). Given thisrelationship, if expected utilization is negatively
correlated with expected energy prices (as we might expect), an estimated coefficient in-
volving the price of energy alone could be biased downwardrelative to the true value. In
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practice, Hausman (1979) estimated the elasticity of air conditioner utilization with respect
to the price of electricity to be —0.04, suggesting that any such bias would likely be quite
small. In any event, the utilization data that would be necessary for our analysis do not
exist. Regarding discount factors, one could use market interest rates as a proxy, but it is
not clear what interest rate to use. If the nominal credit card rate is the relevant discount
rate, this suggeststhat the discount rate has changed very little becausenominal credit card
rates have been remarkably stable over the past three decades. Realinterest rates, on the
other hand, have historically been positively correlated with real energy prices, suggest-
ing that any potential bias from their omission would again underestimatehe effect of
energy prices (recall that the discount rate is inversely related to the present value factor).
Finally, we found no evidence for significant trends in the service lifetimes for these ap-
pliances based on communications with industry experts and other information sources at
our disposal. In practice, we found that our results were generally robust to awide variety
of alternative specifications for the energy “price” variable, including specifications that
included market interest rates.

16. Gordon (1990), for example, uses hedonics to generate quality-adjusted price
indicesfor alarge number of durable goods, including room air conditioners and gas water
heaters.

17.  Shipments of many durable goods, including air conditioners and water heaters,
are correlated with both housing starts and real household income. Housing starts tend to
be correlated with demand for most appliancesfor two primary reasons: almost every new
house requires a new set of appliances; and housing starts are a good indicator of a healthy
economy, which would encourage replacement and discretionary purchase of appliances.

18. Recall that, to facilitate interpretation of the parameter estimates of the trans-
formation surfaces, we normalized the variables; see endnote [11]. Coefficients on those
variables that do not involve interactions with ¢, 2, Inp, or s have the interpretation of
being the elasticity for that variable in 1975.

19. The response of product cost to changesin capacity is best measured by adding
B1 and B3, which gives the elasticity of product cost with respect to capacity holding
constant energy efficiency, rather than energy flow. Thus, a 10 percent increasein capacity
was associated with a 5 percent increase in product cost for room air conditioners, an 8
percentincreasefor central air conditioners, and a7 percent increasein product cost for gas
water heaters (in 1975). Multiple-fan-speed room air conditioners were estimated to cost
20 percent and 30 percent more, respectively, for atwo- or three-speed than for aone-speed
model (see B3 and (4). To some extent, the multiple-fan-speed dummies may be picking
up characteristics not included in the analysis that are also associated with higher-quality
room air conditioners (e.g., adjustable thermostats, rotating louvers, and filter monitors).

20. A positive coefficient for the inducement effect means that an increase in the
energy price or standard makes (31 less negative, thereby reducing the elasticity of product
cost with respect to energy flow.

21. These effects are also of modestly significant magnitude. For example, the es-
timate for 813 in Table 5.2 of 0.41 means that a 10 percent increase in energy prices is
associated with a change in the elasticity of product cost with respect to energy flow of
about 0.04. The base elasticity (810) is about —0.4, so this represents a reduction of about
10 percent in absolute magnitude. The relative magnitude is similar for central air condi-
tioners.

22. Recall that we cannot estimate a standards-inducement effect for central air con-
ditioners becausethere were no standards during the period of our data.
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23. We call P model “substitution” because of its similarity to the concept of input
substitution along a production isoquant or output substitution along a production possibil-
ity frontier, recognizing that thistermis not strictly appropriate becausethe range of model
offerings can be expanded or enriched without a new model alwaysdisplacing an old one.

24. Since energy use per unit of capacity has been falling, and it becomes awkward
to constantly talk about the absolute value of negative numbers, at this point we will switch
from looking at changesin energy flow (f), to changesin “energy efficiency,” which we
denote e. Sinceall of our analyses are carried out holding other characteristics (including
capacity) constant, the rate of change of energy efficiency is simply the negative of the rate
of change of energy flow.

25. Title V of the Energy Policy and Conservation Act of 1975 (EPCA) requires
product labels providing information on the energy efficiency, estimated annual energy
costs, and operating cost ranges for similar products for 13 categories of appliances and
equipment (Office of Technology Assessment 1992; United States Code of Federal Reg-
ulations1995a). The compliance deadline was May 1980 for room air conditioners and
water heaters, but the deadline was delayed until February 1988 for central air condition-
ers. The Sears catalog includeslabel information in tabular form. We model the potential
effect of product labeling on energy-efficiency changes by allowing the coefficient on the
relative price of energy to change from the prelabeling to the postlabeling period, where
the change occursin 1981 for room air conditionersand in 1977 for water heaters.

26. Three conventional methods for selecting the number of lags (i.e., the Akaike
Information Criterion, the Schwarz Bayesian Information Criterion, and the adjusted R?)
recommended the same distributed lag structure for our estimated equations: five yearsfor
room air conditioners, one year for central air conditioners, and three years for gas water
heaters.

27. Recall that we have allowed for inducement effects in the overall movement of
the surface, the change in the slope of the surface, and the movement along the frontier.
Thefirst of these was insignificant, and the second was significant in some specifications
for some products. Hence the inducement effects we simulate and present in Table 5.6 are
based on the parameter estimates from Table 5.5 in conjunction with any induced influ-
ences of energy prices and standards on the measures of R and D, which arein turn based
on parameter estimates for Specification 2 from Tables5.2, 5.3., and 5.4.

28. The baseline simulation replicates actual experience quite well, including cap-
turing turning points in the innovation trajectory. This is supported by a conventional
quantitative measure for dynamic goodness of fit, 1 — U, where U is Theil’s U statistic
(Theil 1961). In addition, decomposing U into its component sourcesrevealed that the vast
majority of the simulation error for the three products was due to unsystematic error—a
desirable property for simulation models (Newell 1997).

29. Thel/(1 — 1) elasticity adjustment is quite important here; the unadjusted price
elasticity for gaswater heatersis much lower than for air conditioners(n; = 0.87,0.73, and
0.14 for room air conditioners, central air conditioners, and gaswater heaters, respectively)
(Newell 1997). Thisis as expected given the less favorable product cost trade-off inherent
in central air and gaswater heater technology.

30. The elasticity estimate for central air without labeling suggests that the labeling
effect for the other two technologies may be due to some sectoral shift other than the label-
ing itself. To test this, we estimated an equation for central air conditioners with dummy
variables for pre- and post-1981 observations as for the other products. Because there
were no labeling requirements for central air, these periods should not differ if labeling
is the true explanation for the shifts found for the other technologies. The result is that
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the postlabeling coefficient is higher than the prelabeling coefficient, but the difference is
small and insignificant. Thissuggeststhat while the difference we ascribeto labelingin the
room air conditioner and water heater equations may be partly due to other (unobserved)
factors (e.g., other information sources), labeling does seem to have some effect. Possibly,
thefact that central air isa“bigger” purchase makes consumers (and hence manufacturers)
sensitive to price trade-offs even without mandatory labeling, but thisis only speculation.

31. The simulations assume that product labeling occurred as it did historically, as
measured in our regressions by a shift in the coefficient on energy prices from apre- to a
postlabeling level.

32. An important limitation of our approach that bears consideration, especialy in
the context of the effect of standards, is our reliance on changes in the mean energy ef-
ficiency of the menu as our measure of energy-efficiency improvements. Obviously, the
mean efficiency can rise because of the disappearance of inefficient models, without any
introduction of new models. The elimination of inefficient modelswas, in fact, the primary
intention of these regulations. Inspection of the distribution of the efficiencies of room air
conditioners and gas water heaters over the time period when these standards were taking
effect suggeststhat the primary effect was the elimination of the distribution’s lower tail.

33. Asisclear from the definition of R, the rate of technological changewill depend
on where measurements take place along the transformation surface. The usual approach
to addressing this measurement issueis to create a productivity index using the mean of the
distancesfrom the old to the new surfacethat are found using rays from the origin through
the realized point on the old and on the new surfaces (which will not generaly lie on the
same ray). In the typical aggregate or firm-level context, the points on the old and new
surfaceswill correspond to points of tangency between the surface and a price hyperplane.
In the empirical application we calculate the rate of innovation as the mean of the rates
found using the mean characteristic levels at the initial and subsequent pointsin time.
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