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PREFACE

An earlier RAND analysis (Park and Acton, 1983) of the response of
business customers to time-of-day electricity rates found that response
was, on average, very small (but statistically significant). This finding
seemingly contradicted the results of some earlier studies that reported
substantial response. In this report, the authors attempt to reconcile
the conflicting evidence to arrive at a widely acceptable view of the
effect of time-of-day rates on business customers’ load curves.

This report was prepared with the support of the National Science
Foundation (Grant SES 8320010, Dr. Laurence C. Rosenberg, pr03ect
officer). Other project publications include:

e Acton, J. P, and S. M. Besen, “Experiments in Bulk Power
Transmission,” paper delivered to conference on “Competitive
Issues in Electric Power,” Northwestern University, March 5-6,
1987.

e Acton, J. P.,, and S. M. Besen, “Assessing the Effects of Bulk
Power Rate Regulation: Results from a Market Experiment,”
Applied Economics, Vol. 19, No. 5, May 1987, pp. 663-85.

e Acton, J. P., and R. E. Park, “Response to TOD Electric Rates:
What Should the Regulator Do in the Face of Conflicting Evi-
dence?” in the Proceedings of the Sixth International Sympo-
sium on Forecasting, Paris, June 15-18, 1986..

® Quirmbach, H. C., and J. P. Acton, “Structural Reform in Elec-
tric Power: A Framework for Analysis,” The RAND Corpora-
tion, R-3596-NSF/RC, August 1987.

An earlier version of this material was presented to the Sixth Inter-
national Symposium on Forecasting, held in Paris, June 15-18, 1986.
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SUMMARY

Time-of-day pricing is now an established feature of U.S. electricity
ratemaking. This was not the case ten years ago when such rates were
rare in the United States. For policy and analysis purposes, it is
important to understand the amount of customer response to the intro-
duction of time-of-day (TOD) rates. The information will help deter-
mine how regulators and utilities introduce or modify TOD rates, and
it will assist in anticipating how much adjustment can be expected in
utility loads and associated costs of supply.

There have been widely different estimates of the effects of TOD
rates on business customers, who represent the largest loads placed
under TOD pricing. If one set of estimates is accurate, rapid extension
of the rates to additional customers is justified; if different estimates
are accurate, TOD rates may be introduced at a more modest pace, at
least on efficiency grounds.

In principle, the reasons for different estimates of response must be
differences either in the population analyzed or in methods of analysis.
We systematically examine several recent studies and original datasets
to determine reasons for the apparent differences in reported response
and to provide a current assessment of the likely adjustments for U.S.
business customers.

RANGE OF REPORTED FINDINGS

Four types of studies have been used to estimate response among
U.S. business customers: (1) studies by the utilities themselves, often
reporting average change within the TOD business class; (2) structured
econometric studies, employing models derived from economic theory
and generally applied to the data from a single utility; (3) pooled
analysis of large datasets drawn from several utilities, employing rela-
tively unrestrictive models to estimate response; and (4) extrapolations
of European response to the U.S. situation, based on analysis of
categories of load shapes for different customers, or application of
econometric techniques to relate loads to prices in different time
periods.

The apparent results for each type of study can be summarized as
follows: :
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1. The utilities report modest response to TOD rates among

their customers. Out of the four studies we reviewed, three

2 found reductions in peak-period electricity consumption in the
order of one or two percentage points on average, with the
largest response reported at 10 percent.

2. In contrast, several structured econometric studies estimate
price elasticities that, in combination with the TOD prices
applied to these customers, would imply peak-period load
reductions of 10 percent or more. Of the five econometric
studies we reviewed, three reported large price elasticities,
while two reported much more modest elasticities that are
consistent with the small load shifts reported by the utilities
overall.

3. The pooled analysis of the experience of almost 4000 custom-
ers on TOD rates in ten U.S. utilities found modest response
on average—around 1 percent reduction in relative peak loads.
A few industrial groups, and a few customers within those
groups, accounted for the majority of response by the business
customers.

4. The original load shape analysis, conducted before U.S.
experience was available, projected the reductions in patterns
of use if U.S. customers were to display the same load shape
as the corresponding industrial group that had faced TOD
rates for several decades. It calculated reductions of 14 to 25
percent, even if total electricity use were held constant.

The interested regulator or policy analyst needs to know if the
actual response is nearer 1 percent or in excess of 10 percent. Further-
more, if the true differences are due to flawed analytic methods, it is
important to avoid them in similar circumstances in the future.

ANALYZING REASONS FOR REPORTED DIFFERENCES

Our analysis of reasons for reported differences focuses on the three
approaches taken by analysts outside the utilities. We find that differ-
ences are due both to the populations analyzed and to the methods
employed, but that population differences dominate in explaining the
apparent conflicts.

We examined five studies that applied structured econometric
models to individual customer data. These structured models take
advantage of economic theory to provide the functional form for the
estimation equations. They often impose restrictions on the relation-
ship among variables based on theory; the appropriateness of these
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restrictions may or may not be testable with the data available. Of the
studies, three reported large price elasticities. These studies assumed
that a translog cost function was appropriate for modeling, and
estimated translog cost-share or expenditure-share equations. Further-
more, they represented price as a single value in each consumption
period, even if the TOD rate had both an energy (kwh) and a max-
imum demand (kw) charge. These three studies were estimated using a
small number of firms, each drawn from a single utility. In one case
(Chung, 1978), four firms were selected from the cement industry.
Chung reports peak-period price elasticities as high as -.99 and as low
as -.04, with a pooled value of -.14. A second study (Chung and Aigner,
1981) applied the same methods to monthly data from 64 customers
drawn from 13 different industrial groups. Peak-period elasticities
ranged from -.227 to +.013, with a mean value of -.087. The third
study (Tishler, 1983) used an innovative model to analyze data from
three customers drawn from a single utility. Tishler assumes quadratic
cost functions and derives profit-maximizing demand equations for
electricity and labor, subject to the constraint that the amount of labor
is fixed around the clock (and not variable from shift to shift, or within
eight-hour shifts). The own-price elasticities for electricity during peak
range from -.265 to -.147 in the constrained case and are generally
insignificant when the constraint on labor use is dropped. Clearly the
assumptions that go into the specification of the model have a large
effect on the resulting estimates. In summary, the responsive price
elasticities reported by Chung (1978) and by Chung and Aigner (1981)
seem to reflect primarily the small sample sizes and the extreme values
of response for particular individual firms. Their extreme values are
not consistent with the overall response reported by utilities them-
selves. The Tishler study seems to reflect primarily the results of the
model assumptions and the representation of price rather than actual
changes in consumption due to actual price changes.

Two other studies employ structured econometric models on larger
datasets and find much more modest price responses than the three -
studies just reviewed. Hirschberg and Aigner (1983) use data from 104
customers to estimate translog cost-share equations in a similar spirit
to the first two studies reviewed above. Hirschberg and Aigner allow
for a larger number of consumption periods, and they estimate separate
effects for energy and maximum-demand charges. The energy elastic-
ity estimates over the 19 industries analyzed vary from -.811 to +.396;
the pooled value aggregated over all industries falls in the much more
narrow range -.028 to +.030 for the different consumption periods.
Finally, Woo (1985) uses data on 560 customers drawn from a single
utility. He employed a generalized Leontief expenditure share function
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to estimate his price elasticities and compared these results with a
translog expenditure-share specification. The elasticities in the gen-
eralized Leontief model are consistently small and negative; the trans-
log elasticities, in contrast, are usually larger and negative, and some-
times take on positive values. Woo concludes that the generalized
Leontief form is better suited to these data, for which, in fact, the price
effects are very small.

Although the primary reason for difference among these studies
seems to be variability among customers (which is exacerbated in stud-
ies employing only a small number of firms), there are some fundamen- -
tal problems with the translog models as well. Based on theoretical
analysis and simulation, we find that the translog form applied to
expenditure-share data misspecifies the relationship between expendi-
ture and quantity shares when quantity shares are fixed. The fitted
equation necessarily overestimates peak expenditure (and hence quan-
tity) shares at some prices and underestimates them at other prices,
giving the appearance of significant price effects when none are in fact
present. Furthermore, studies that represent the different components
of the rate structure separately in the estimation equations seem to do
a better job of capturing actual response than do studies that combine
these two terms into a single price in each period of time.

The pooled analysis of a large dataset containing almost 4000 busi-
ness customers overcomes the limitation of studies that are heavily
influenced by the response of a small number of firms. Park and
Acton (1983) report initial analysis using a ten-utility dataset of com-
mercial and industrial customers facing mandatory TOD rates. That
analysis employed a single measure of response (change in relative
peak load) and was estimated over a single winter month and a single
summer month. This early analysis found modest overall response to
the introduction of TOD rates (consistent with the utilities’ own find-
ings), as well as considerable variability from industry to industry. In
order to determine whether the early results depend on the measure of
response or the months chosen, we broaden the analysis in this report
to include additional measures of response and all months of the year.
We find that using all months confirms the earlier results. Large
customers on average reduced their relative peak loads by about one
percentage point when TOD rates were introduced in these ten utili-
ties. The response varies markedly from one industry to another, with
the wood products, primary metals, machinery manufacturing, and util-
ity industries showing especially large reductions. Commercial custom-
ers show a small, but statistically significant, decrease in relative peak
consumption in the broader analysis (the response was not statistically
different from zero in the earlier analysis). These findings hold up



ix

under broader measures of change that include changes in maximum
demand as well as energy consumed in each of the pricing periods—
peak, shoulder, and off-peak. Customers make a small but statistically
significant increase in relative off-peak electricity consumption when
TOD rates are introduced. A finding for which we do not have a ready
explanation is that relative maximum demands increase (that is, within
period load factors decline) in each of the pricing periods in the second
year after TOD rates are introduced.

Finally, we examined the use of load shape analysis in characterizing
customer response. Early research used this technique on European
industrial data at a time when U.S. data were not available for
analysis. Because European data did not contain before-and-after
information, the analysts characterized this as “intrinsic load shape
analysis,” that is, the very shape of the customer’s daily load curve sug-
gested a response to the terms of the TOD rate. In extensions of this
work, Acton and McKay (1983) compared seasonal shifts in loads as
customers faced different price structures and pricing levels throughout
the year. In this analysis, we apply the same categorical analysis to
the ten-utility dataset to contrast patterns under standard rates with
those under the first year of TOD rates. Intrinsic load shape analysis
of European data finds that 31 percent of 448 French industrial
customers display a load that suggests a specific response to the terms
of the TOD rate, and an additional 6 percent move in a direction con-
sistent with price response. In contrast, between 6 and 9 percent of
U.S. firms display a “responsive” load shape, and an added 8 to 9 per-
cent move in a direction-consistent price response.

CONCLUSION AND RECOMMENDATIONS

Time-of-day rates do lead to statistically significant changes in elec-
tricity use among U.S. commercial and industrial firms, but the degree
of change is much more modest than some early studies suggest. The
primary reason for apparent overestimation of response is that some
studies used samples of firms that are unrepresentative of the business
class as a whole. In addition, some analytic methods are unsuited to
estimation when the true response is very small.

This study leads to the following recommendations for analysts and
decisionmakers who wish to determine quantitatively the effects of
TOD rates:

1. Avoid studies based on very small samples of firms. A few
firms account for almost all of the observed response. In
small samples, one or two firms can dominate the apparent
response. The utilities’ own analysis of overall response and
RAND’s analysis of 4000 business customers confirm that the



central tendency is a modest response by the group as a whole
and find that a few firms make substantial response.

Avoid estimates based on structured econometric studies that
apply the translog functional form to expenditure data. Such
models are incapable of fitting zero response, yet produce coef-
ficients that seem to represent statistically significant shifts in
demand. Since in fact the majority of firms make little or no
response, such models are especially inappropriate for TOD
electricity data.

Where possible, break the periods of the day into finer units
for analysis. Because rating periods often change through the
year, more accurate results are obtained if demand is
represented in blocks of hours (morning hours, afternoon
hours, etc.) rather than peak, shoulder, off-peak.

Estimate the effects of different components of the rate struc-
ture separately. When TOD rates have separate prices for
energy (kwh) and maximum demand (kw) in the periods of the
day, it is important to represent the quantities and prices
separately rather than to aggregate them into a single value.
Use of aggregate values can inflate the apparent response and
mask the source of effect.
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I. INTRODUCTION

BACKGROUND

Until the early 1970s, virtually no time-of-day (TOD) rates for elec-
tricity users in the United States existed, despite their use for several
decades in many other countries and despite their use for long distance
telephone calls in the United States. (There were, however, a few off-
peak waivers of maximum kw demand charges and an occasional spe-
cial off-peak rate for electric water heating.) As a result, there was
insufficient domestic evidence upon which to estimate probable effects
of a TOD rate.!

Following the 1974 oil embargo, the rapid rise in fuel costs and the
growing awareness that new capacity (especially nuclear) was turning
out to be much more expensive than previously thought, regulators
began to consider TOD and other forms of peak-load pricing. Even
modest suggestions represented a radical departure from non-TOD
rates (which often had the additional feature of a declining block rate
structure that lowered further the cost of electricity to the very largest
customer). For example, increasing the peak-period price by 25-100
percent above the average price of electricity and lowering the off-peak
rate by 10-50 percent would cause a peak/off-peak differential of
between 1.4:1 and 4:1.2 If any general escalation of price were to
accompany the new rate (as often was needed in the face of rapidly ris-
ing fuel costs and the diminishing basis for declining block rate struc-
ture), the changes under consideration appeared even more dramatic.

The reactions—especially from larger customers, who were candi-
dates for the new rates, and from heads of ratemaking offices within
utilities—often contained two main features: (1) no response is

14Time of day,” “time of use (TOU),” and “peak load” are often used interchangeably
to describe pricing schemes that charge different prices depending on the time at which
the good is used. Such pricing schemes are sometimes based on preannounced periods
for different price levels and sometimes are determined by changes in the current
marginal costs of the system. In addition to these types of time-varying rate structures,
interruptible rates may also require that a customer reduce consumption on short notice
or face a substantial surcharge. In the present analysis, we are confining our attention to
conventional TOD or TOU rates that vary the price of electricity over two or three
preannounced periods each day, may have different charges on weekends and holidays,
and may have different price levels by season of the year.

2Such differences would have been justified on the basis of marginal costs in many
situations.



possible and therefore such TOD rates represented “penalty pricing”
for customers who might be charged them; or (2) response was highly
uncertain and could lead to volatile shifts in demand and revenue that
would jeopardize the utility. In the absence of existing U.S. evidence,
some parties turned to European experience, and much of the discus-
sion was very polemical, taking the form of asking whether or not the
European experience with pricing had been a “success” (without being
very systematic about.what success would mean in this context).

The analysts and forecasters who set the more narrow goal of using
European data to quantify the magnitude of likely change due to peak-
load pricing faced a problem with statistical underidentification (since
a linear combination of peak, shoulder, and off-peak prices would gen-
erally be observed in the rates from a given European country) and the
absence of before-and-after data to quantify the speed of adjustment
that may have accompanied introduction of TOD rates for European
industrial customers.? Nevertheless, many useful insights were
gained—especially on which industries were more responsive and which
were not regarding the terms of a time-of-day rate and possible
changes in the aggregate load curves through time. The European
experience also provided selective evidence regarding interruptible rates
of the load management type.

TOD rates were implemented in a piecemeal fashion in the United
States beginning in the mid-1970s. By the end of the decade, about
one-half of the states had some form of TOD rates available at least to
some of its customers. In general, where they were offered, these rates
were mandatory for the largest commercial and industrial customers
and optional for larger. By 1980, between 10,000 and 20,000 customers
had at least one year of experience under TOD rates.

CONFLICTING EVIDENCE

By the early 1980s, TOD electricity rates were subject to active pol-
icy debate: Should regulators extend the rates to many more custom-
ers? Should regulators slow the pace of adoption, or should they with-
draw the rates for some of the customers to whom they had been

3Mitchell, Manning, and Acton (1978) present a collection of much of the European
evidence that was available to U.S. analysts, and Acton and McKay (1983) make an
attempt to identify the effects of separate components of a pricing structure from Euro-
pean data. Before-and-after comparisons in these data are confined almost exclusively to
changes through time in the aggregate system load curve or so-called “intrinsic” load-
shape analysis, where the customer’s pattern of demand almost inevitably suggests a
response to peak load rates. See Acton and Mitchell (1980 and 1981) for a discussion of
this latter technique.



applied? The type of evidence available to inform the debate at that
time was three-fold: (1) more detailed evidence of European response
to the rate structures, (2) reports by the U.S. utilities of customer
response to the introduction of TOD rates in their service territories,
and (3) econometric analysis of the relationship between TOD prices
and the quantity of electricity consumed in different time periods. If
some evidence were to be believed, the new rates should be introduced
quite rapidly. If other evidence were correct, then utilities should
proceed quite cautiously (at least on efficiency grounds). By and large,
the utilities’ own analysis suggested a very modest adjustment to TOD
rates, whereas the econometric analysis of U.S. data and the extrapola-
tion of European experience suggested a larger response.

This is the core of the dilemma facing the regulators. If they are to
believe the modest response reported by the utilities themselves, then
TOD rates based on marginal costs may be regarded as improving effi-
ciency, but only to a modest degree. If, on the other hand, the higher
elasticity values calculated from the econometric models are
accurate—or if the modified load shapes implied by the European
analysis were appropriate—then a much more ambitious program of
applying the rates to additional groups of customers in the industrial
and commercial class would be justified.

In principle, the reasons for apparent disagreement over the
response to TOD rates fall into two main categories:

o Nonrepresentative data being analyzed: Data may be drawn
from too limited a population or from a population that does
not apply to the customers being considered for TOD rates.

e Inappropriate analytic techniques being applied: Some of the
analytic techniques rely on structured econometric models that
may to some extent predetermine the results.

A lot has happened since these early discussions of TOD rates, and
analysts have had an opportunity to examine more systematically the
response of U.S. customers who have come under the terms of TOD
electricity rates. It is the purpose of this study to examine all of the
currently available evidence on business customer response to TOD
electricity rates, to determine if there are important differences in find-
ings, and, if so, what are the likely reasons so regulators and other
forecaiters can select the more appropriate or reliable sources for their
needs.

“We confine our attention to business customers for several reasons, including their
importance as a class (accounting for approximately two-thirds of total electricity con-
sumption in the United States), the fact that they have received relatively little attention



OVERVIEW

In Sec. II we briefly present the picture of apparent conflict among
different studies of customer response. Section III summarizes five of
the most important of the structured econometric studies of U.S.
customer response. Since several of these studies fit expenditure share
equations derived from a translog specification of the firm’s cost func-
tion, the section also looks closely at such models to see if the
econometric specification itself may be leading to spurious findings. In
Sec. IV, we present new findings based on RAND’s data covering ten
U.S. utilities and approximately 4000 customers on. TOD rates, along
with the corresponding price elasticities based on analysis of this ten-
utility database. Section V reports new load-shape analysis of U.S.
data; this is a less powerful analytic technique than the econometric
approach, but it provides useful insights to the pattern of response
among business customers; and it provides a link to the earliest
analysis of European data. Our conclusions are presented in Sec. VI.

with respect to their TOD response, and the fact that residential customers have received
a relatively large amount of attention, both under experimental TOD rates and under
nonexperimental conditions. See, for example, papers contained in the Journal of
Econometrics, Sept./Oct. 1984.



II. A REVIEW OF THE APPARENTLY
CONFLICTING STUDIES

Broadly speaking, two groups of individuals have analyzed response
to TOD rates by commercial, industrial, and residential users: (1)
analysts at the utilities themselves and (2) outside analysts usually
writing to an academic audience. At first look, these different sources
of evidence provide striking contrasts in whether or not TOD rates
lead to important changes in customer loads by time of day. In
succeeding chapters, we consider possible reasons for the wide disparity
in findings—including rate level, rate structure, length of time that
rates were in effect, and differences in customers covered—but first we
report the divergence, apparent when the published studies are con-
sidered.

THE UTILITIES’ OWN STUDIES

Utility analysts tended to favor load-curve analysis, employing
before-and-after comparisons and disaggregating by major industrial
groupings. These studies measure short-run adjustment to TOD rates.
Many of the studies reported the effects of TOD rates during the first
year of operation. In general, they found modest overall effects (e.g.,
1-2 percent reduction in peak-period usage relative to non-TOD rates)
with most industrial groupings and the commercial class as a whole
making no apparent response to TOD rates. These results are
reviewed in Acton and Mitchell (1980) and are summarized in Table 1.
A few utilities reported an analysis of individual customer response
within the industry groupings. By and large, they found that, even in
the industrial grouping showing an above-average response, the major-
ity of individual customers show no change or relatively modest
change, while a few customers reveal a much larger adjustment. The
exception to the very modest response was found in early reports by
Wisconsin Power and Light, where it appeared that TOD rates had led
to a reduction of 10 percent in class kw demand and kwh consumption.

These results are based on the fragmentary experience of only four
utilities. The cautious reader would have to wonder if their experience
is typical of the response to be expected by other utilities with different
customer mixes. In the discussion following we present our analysis of
4000 large customers observed over a period of one to five years on ten



Table 1

SUMMARY OF ESTIMATED REDUCTIONS IN
PEAK-PERIOD LOADS BY TOU CLASS

Percentage

Reduction
Utility Estimating Method Types of Data (kw)  (kwh)
PG&E Evolution of load curve TOU class 1.3-2.0
SCE Evolution of load curve TOU class 0.6-1.6 0.7-1.2
SDG&E  Evolution of load curve TOU class 3.5 5-6
WP&L Customer survey Reported scheduling

and equipment changes 10

WP&L Evolution of load curve TOU class 9.7

SOURCE: Acton and Mitchell (1980).

different TOD rate structures that were drawn from ten utility sys-
tems.

RAND’S EARLIER ANALYSIS OF LARGE BUSINESS
CUSTOMER RESPONSE TO TIME-OF-DAY RATES

Load-Curve Analysis

RAND’s initial analysis of data from ten U.S. utilities with TOD
rates for large business customers conveyed much the same picture as
the utilities’ own analyses. Table 2, reprinted from Park and Acton
(1983), shows that relative peak load declined by only one percentage
point on average when TOD rates were introduced. The response
varied considerably by industry. As shown in Table 3, customers in
some industries reduced relative peak loads by 5-9 percentage points
on average. Park and Acton also note that the majority of firms, even
in the most responsive industries, did not noticeably change their daily
electricity consumption pattern, while a few firms making larger
changes accounted for all of the small observed average changes.

RAND’s analysis was based on data for a large fraction of the
customers that were on TOD rates at the time the data were gathered.
Their results were generally consistent with the utilities’ own analyses.
But RAND analyzed only one winter and one summer month and



relied on but one measure of the change in load shape (change in rela-
tive peak load). The cautious reader must ask whether the results
would differ for other months or other measures. In the discussion
below, we present new analysis based on full-year data as well as
expanded measures of response.

Regression Analysis

RAND also fitted a regression model to the ten-utility data; high
and low values, bracketing the range of their price-elasticity estimates
from seven alternative specifications, are in Table 4.

The tabulated elasticities appear to be consistent with the small
mean response noted by RAND and the utilities, but comparison with
some structured econometric studies described next raises questions
about whether the elasticities are really that low. In the discussion
below, we present some theoretical analysis to identify a flaw in the
structured econometric models and estimate the magnitude of the prob-
lem through simulation.

STRUCTURED ECONOMETRIC STUDIES

The non-RAND analysts usually analyzed individual customer data
from a single utility system and employed econometric models of
demand to determine the effects of prices in different rating periods.

Table 2

AVERAGE CHANGE IN RELATIVE PEAK LOAD
UPON INTRODUCTION OF TOD RATES

Mean Change
Classification (percentage points)  t-statistic

Continuing

standard rates 0.07 (0.5)
Introduction

of TOD rates -0.97 (-17.3)
Continuing

TOD rates —-0.12 (-1.4)

SOURCE: Park and Acton (1983).



Table 3

*

CHANGE IN RELATIVE PEAK LOAD UPON INTRODUCTION
OF TOD RATES, BY INDUSTRY

Industrial Mean Change
Classification (percentage points) t-statistic

Industrial not

elsewhere classified —0.54 (-1.2)
20 Food products —0.66 (-1.0)
24 Wood products -9.06 (-7.0)
26 Pulp and paper -0.70 (-0.7)
28 Chemicals —0.30 (—0.4)
29 Petroleum -0.07 (-0.1)
30 Rubber and plastic —1.94 (-1.9)
32 Stone, clay, glass -0.39 (-0.6)
33 Primary metals —4.84 (-7.1)
34 Fabricated metals —0.53 (-0.6)
35 Machinery —6.14 (-7.3)
36 Electrical machinery -0.68 (-1.0)
37 Transportation equipment -0.96 (-1.8)
48 Communications 0.34 (0.4)
49 Utilities ~3.03 (-3.0)

All industrial -1.33 (~17.3)

All commercial -0.03 (-0.1)

SOURCE: Park and Acton (1983).

Table 4

PRICE ELASTICITIES ESTIMATED FOR APPROXIMATELY 4000 FIRMS
DRAWN FROM TEN U.S. UTILITY SYSTEMS

Elasticity with Respect to High Low
Peak-energy price differential —0.024 -0.013
Peak-demand price -0.014 —0.012
Noncoincident demand price —0.002 —0.000

They fit so-called “flexible functional forms,” usually choosing the
translog form. Some of the early reports suggested own price elastici-



ties of -.25 to -.99 for peak-period consumption.! These values, if accu-
rate and representative for all customers in the group, would imply a
much greater response to TOD rates than suggested by the 1-2 percent
reduction in peak-period usage that was reported by the RAND
analysis and by the utilities. For example, at Chung and Aigner’s
mean elasticity, a peak price equal to twice the off-peak price would
reduce relative peak load by about ten percentage points. Since the
ratio of 2:1 for peak to off-peak prices is roughly accurate for many of
the U.S. utilities analyzed (including Chung and Aigner’s), the cautious
reader must ask whether the impression of high response conveyed by
these econometric estimates is really accurate. Is there perhaps some-
thing about the structured model specifications or the choice of firms
to analyze that strongly influences the results? In the discussion
below, we present theoretical and simulation analysis that identifies
weakness in some type of models specified and we question the
representativeness of some databases.

EUROPEAN EXPERIENCE

European Load-Shape Analysis Applied to
California Industry

Analysis of European data also suggested that a relatively large
peak-period response might be expected in the United States. In one
of the earliest attempts to project likely response among U.S. custom-
ers, Mitchell, Manning, and Acton (1978) analyzed individual load
curves on an industry-by-industry basis for French industrial custom-
ers and compared these with the load shapes of the same industries in
California data. They asked what would be the change in peak energy
and kw demand if U.S. customers were to display the same load shape
as their European counterpart industry in response to a TOD rate
applied over a six-hour period. The answer depends upon a number of
assumptions, so the authors reported a range of values under different
assumptions. As summarized by Acton and Mitchell (1981; which also
contains a correction to the original calculations), peak-period use
could be expected to drop 14-25 percent, even if total electricity con-
sumption were held constant, if U.S. industry were to display the load
shapes of their European counterparts. This projection is calculated
from winter load curves, when customers face a peak to off-peak energy

ISee Chung (1978), Chung and Aigner (1981), and Tishler (1983), discussed below in
Sec. III.
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price differential of more than three to one. Although this difference is
greater than most U.S. tariffs, the response appears to be consistent
with the results of some of the structured econometric studies, but it is
much higher than that implied by the utilities’ own studies and the
RAND analysis. Being cautious, we must ask which is to be believed
and why. In the discussion below, we present a new load-shape
analysis of U.S. customers to help determine if the difference is due to
analytic technique or to data.

European Regression Analysis

Using a more detailed dataset of hourly observations drawn from all
seasons of the year for French and British industrial customers, Acton
and McKay (1983) estimated the effects of peak, shoulder, and off-peak
prices on electricity consumption in each of these pricing periods.
Their conclusions for French industrial customers are presented in
Table 5. This table reports full-price elasticities, which take account of
both the overall expensiveness of electricity, as well as the relative
expensiveness in different pricing periods.? The British data for 110
customers on load-management tariffs does not provide as satisfactory
a basis for estimation, but Acton and McKay were able to report arc
elasticities for the customers, distinguishing those with and without
self-generation capability (which enhances the possibilities for reducing
purchased electricity). The range of values estimated over three con-
secutive years are shown in Table 6.

The European regression results, like the load-shape analysis, sug-
gests that a fairly large response is to be expected. Although the

Table 5

QUANTITY ELASTICITIES OF DEMAND FOR ELECTRICITY
BY FRENCH INDUSTRIAL CUSTOMERS

Elasticity with Respect
to Price in Period

Period Peak Shoulder Off-peak
Peak —.147 —-.588 .687
Shoulder -.110 —.256 —-.057
Off-peak -.113 —.081 : —.663

SOURCE: Acton and McKay (1983).
NOTE: Share values based on annual average consumption.

%See discussion in Sec. IV below for the method of calculating full-price elasticities.
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Table 6

ARC ELASTICITIES OF DEMAND WITHIN PRICING PERIODS
FOR LARGE BRITISH INDUSTRIAL CUSTOMERS ON LOAD MANAGEMENT TARIFFS,
WITH AND WITHOUT SELF-GENERATION

Period Without With
Peak +0.05 to ~0.24 —-0.24 to —0.61
Near peak +0.19 to +0.41 —0.29 to -0.51
Night +0.13 to —0.00 -0.12 to —0.31

estimates are in broad agreement with some of the structured
econometric results based on U.S. data, it must again be asked how
these results are to be reconciled with the low average response
reported by the utilities themselves and by the RAND study. In the
discussion below, we identify some features of the rate structures and
the length of time available for adjustment that differ between the
United States and Europe.

PLANS FOR RECONCILIATION OF VARIOUS
STUDY RESULTS

In the following three sections, we will attempt to answer the ques-
tions about various studies’ disparate results.. We suggest that much of
the apparent conflict would disappear if the same customers were
analyzed by each method. The differences in results, to a very large
extent, reflect differences in the populations analyzed. To a smaller
extent, the preponderance of significant reductions in peak load found
by some of the structured econometric studies results from the fact
that the translog functional forms used are incapable of fitting data for
an unresponsive customer.



III. STRUCTURED ECONOMETRIC ANALYSES

In this section, more detail is reported on a number of structured
econometric studies. The following five (one conference paper and four
journal articles) are probably the best known of those conducted by
nonutility analysts using individual customer data.

THREE STUDIES THAT FOUND LARGE RESPONSE

Chung (1978)

Chung’s (1978) pioneering analysis analyzed data on four cement
firms that were subject to Pacific Gas and Electric’s TOD tariff for
large business customers. He had 34 months of data (May 1975
through February 1978), including 13 months of TOD rates.

Chung assumed a translog cost function from which he derived
translog cost-share regression equations. His equations included a sea-
sonal dummy variable to account for changes in peak-period definitions
between the summer and winter seasons, and an output variable (state-
wide cement production) to account for the effect of changes in the
scale of operation.

The concept of price is a little slippery when, as is usually the case,
the tariff charges separately for kwh energy consumption and kw max-
imum demand.! Chung follows the common practice of defining price
in a given pricing period as the sum of the kwh energy consumption
charge and the kw demand charge for that period, divided by kwh
energy consumption. Typically, the TOD tariffs analyzed replace (a) a
uniform kwh price and a noncoincident kw demand price that applies
to maximum demand no matter what time of day it occurs with (b)
kwh prices that are just slightly higher in the peak period than in the
off-peak period and a substantial kw demand charge that applies dur-
ing the peak period only. In these circumstances, the common

IElectricity is often priced according to two measures of consumption: a charge per
kilowatt hour and a charge per kilowatt of maximum demand. A kilowatt hour (kwh)
measures the amount of energy consumed. A kilowatt (kw) measures the rate at which
electricity is consumed; it is an instantaneous measure of rate of use (analogous to the
speed at which a vehicle travels—whereas the kwh is analogous to the distance covered).
The charge per kilowatt of maximum demand is usually applied over a particular period
of time—for example, maximum demand in a month.

12
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calculation yields a peak-period price that is several times as large as
the off-peak price, with most of the difference due to the demand
charge.

This common method of calculating price is faultless if energy con-
sumption and maximum demand for each period always move in the
same fixed proportions. If not, then the calculated price will vary
(endogenously) as the relationship between maximum demand and
average demand varies from month to month, even though the tariff is
constant. Then it is more appropriate to enter the (exogenous) energy
and demand prices separately, as do Hirschberg and Aigner (1983).

Chung’s estimates are summarized in Table 7. The high and low
values tabulated are for the most and least elastic estimates across the
four firms analyzed. The pooled value was estimated using pooled data
on all four firms. The peak period own-price elasticities were calculated
as b; /M; + M; — 1, evaluated at M; equal to the mean of the cost-
share values. These are Hicksian elasticities, that is, they hold total
expenditure on electricity constant. Cross-price elasticities are calcu-
lated as b; /M; + M;, evaluated at mean shares. They are mostly
small and positive.

The cement industry is often found to be especially responsive in
European data and, overall, high response is confirmed by Chung’s
analysis. Ifor his most responsive customer, Chung estimates own price
elasticities of —0.99 in the peak pricing period and -0.23 in the
shoulder period. The pooled estimate, however, is dramatically lower
than that of his most responsive firm, indicating that the extreme
value should not be taken as a general finding. Furthermore, the large
differences among the estimates for the four firms indicate that even
the pooled estimate is not a reliable estimate for cement customers as a
group.

Table 7

PRICE ELASTICITIES ESTIMATED FOR FOUR CEMENT FIRMS
(Pacific Gas and Electric Customers)

Elasticities High Pooled Low
Pealt kwh -0.99 -0.14 —0.04
Shoulder kwh -0.23 -0.03 0.07

Off-peak kwh —0.66 -0.58 -0.09
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There are a number of possible problems with Chung’s analysis. (1)
Calendar effects are apparently not controlled for. The relative
number of peak, shoulder, and off-peak hours varies from month to
month depending on the number of weekends and holidays. This vari-
ation would affect the expenditure shares even if actual consumption
patterns were absolutely fixed. (2) Commodity definitions are tied to
pricing periods not hour of the day. But the pricing periods are
defined differently for summer and winter months. Thus “peak
electricity” is afternoon consumption in the summer, evening consump-
tion in the winter. The inclusion of a seasonal dummy variable in the
equations mitigates the problem but does not completely solve it.. The
effect of including the seasonal dummy is to base the estimates of the
price coefficients on within-season variation, which is the right way to
do it. The still active and probably unrealistic constraint is that the
peak-period coefficient is the same for the summer afternoon peak and
the winter evening peak, while the shoulder period coefficient is the
same for the summer evening shoulder and the winter afternoon
shoulder. It would be more reasonable to assume that afternoon
elasticity is the same, regardless of whether it is during summer or
winter. (3) As noted above, the definition of price as the usage-
sensitive portion of the bill divided by kwh consumption is correct only
if within-period load factors are constrained to be constant. (4) The
translog functional form is known to have bad global properties in
some circumstances. We will investigate the likely effect of this fourth
problem later in this section.

Chung and Aigner (1981)

Chung and Aigner (1981) applied Chung’s methods to analyze
monthly data for 64 Pacific Gas and Electric customers. These
customers were drawn from 13 industrial and commercial groupings at
the four-digit Standard Industrial Classification (SIC) level, with a
minimum of three firms in each grouping. The data cover the 41-
month period October 1975 to February 1979; for approximately the
first 16 months, standard rates were in effect.

As in Chung, the translog cost function was used to generate
expenditure-share regression equations. Also, prices were calculated as
in Chung, by lumping together energy and demand charges.

R-squared values for the estimated equations ranged from 0.97 to
0.99. Hicksian elasticities were calculated as in Chung. Most of the
peak-period own-price elasticities were statistically significant; most of
the shoulder and off-peak own-price elasticities were insignificant.
Cross-price elasticities are mostly small, positive, and insignificant.
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The range of elasticity estimates shown in Table 8 is from the most to
the least elastic of the 13 industrial groupings; the mean is the arith-
metic average across all 13 groupings. Peak-price elasticity for the
most responsive industry is about —0.23, but as in the previous study,
the mean elasticity is only a fraction of this value.

Because Chung and Aigner use the same methods as Chung, this
study is subject to all of the possible problems that are itemized above
for the Chung study.

Tishler (1983)

Tishler (1983) used an innovative model to analyze data for three
Southern California Edison customers, an envelope manufacturer, an
oil field operator, and a machinery manufacturer. His model attempts
to account for the difficulty of changing nonelectricity inputs to the
production process continuously throughout the day. For example,
labor must ordinarily be employed for a full eight-hour shift. He starts
with a quadratic production function, then finds profit-maximizing
input demand equations for peak, shoulder, and off-peak electricity,
and labor, subject to the constraint that the amount of labor is fixed
around the clock (not just during each shift separately). The resulting
demand equations are linear in prices and three added variables—
heating and cooling degree days and daylight hours—with coefficients
constrained across the equations. The dependent variables are electric-
ity consumption per hour during each of the three price periods; using
consumption per hour avoids the spurious calendar effects noted for
the two previously described studies. The equations are estimated by
seemingly unrelated regression to account for contemporaneous correla-
tion, but autocorrelation is ignored.

Table 8

PRICE ELASTICITIES ESTIMATED FOR 13 INDUSTRIES
(64 Pacific Gas and Electric Customers)

Elasticities High Mean Low
Peak kwh -0.227 -0.087 0.013
Shoulder kwh —0.244 —0.087 0.193

Off-peak kwh -0.510 —-0.128 0.013
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Tishler used 36 months of data for each of the three firms, from
January 1978 through December 1980, all of which are months with
TOD rates in effect. The customers are in three different industries,
pulp and paper (SIC 26), petroleum (SIC 29), and machinery manufac-
turing (SIC 35). »

Estimated elasticities for the three firms are given in Table 9.
These are evaluated at December 1980 values, but would probably not
be much different for other sample months, because TOD rates were in
effect for all of them. Cross-price elasticities are all negative and are
generally about as big as the own-price elasticities. Unconstrained esti-
mates of the separate demand functions yield generally insignificant
estimates that depart substantially from the constrained estimates;
clearly, the assumptions that go into the specification of the model
have a large effect on the estimates.

Tishler chose these three firms for analysis simply to demonstrate
his methodology. He does not suggest that they are in any way
representative either of their own industrial groupings or, even less, of
industrial firms in general.

There are a number of possible problems with Tishler’s study; some
of them overlap with those listed for Chung. (1) The “constant labor
around the clock” assumption appears to be driving the results. (2)
Price is defined as average usage-sensitive cost per kwh, as in Chung,
and Chung and Aigner. (3) Because TOD rates are in effect for all
sample months, there is very little price variation. Additionally,
Tishler notes that there is little variation in consumption. Under these
circumstances, it seems more likely that the strong elasticity estimates
result from the model assumptions and problems than from actual con-
sumption changes due to actual price changes.

Table 9

PRICE ELASTICITIES ESTIMATED FOR THREE FIRMS
(Southern California Edison Customers)

Envelope 0Oil Field Machinery
Elasticities = Manufacturing Operator Manufacturing

Peak kwh —0.147 —0.157 -0.265

Shoulder kwh -0.129 —0.166 —0.090
Off-peak -0.116 —0.172 —0.073
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TWO MORE RECENT ECONOMETRIC STUDIES THAT
REPORT SMALLER RESPONSE

Hirschberg and Aigner (1983)

Hirschberg and Aigner (1983) used data for 104 Southern California
Edison firms grouped in 19 industrial and commercial two-digit SIC
categories; some of the SIC groups contain only a single firm. The
data cover 60 months (January 1976 through December 1980) of which
the last 39 months are under TOD rates.

Their method is a substantial improvement over Chung and Aigner,
avoiding all except one of the possible problems noted for that earlier
study. They estimate translog cost-share equations for seven commodi-
ties: morning, afternoon, evening, and night energy; morning, after-
noon, and evening “potential energy.” Potential energy (PE) is the
excess of maximum demand during a time period over average demand
during that period, multiplied by the number of hours in the period.
Energy price is demand price divided by the number of hours in the
period, plus kwh price; that is, it is the usage-sensitive cost per kwh for
flat consumption within the period. Potential energy price per kwh is
demand price divided by the number of hours in the period. (Alterna-
tively, and perhaps more intuitively, the “nonuniformity” commodity
could be the amount by which maximum demand in a period exceeds
average demand that period. Then price per kw of nonuniformity is
the demand price.) The commodity periods are chosen so that prices
are approximately uniform across all hours in each period during sum-
mer and winter, daylight savings and standard time. Complete
uniformity would require the definition of more periods, which would
probably result in unstable estimates. Cross-price effects between
nonadjacent energy commodities, and between energy and noncoin-
cident demand commodities, are constrained to be zero at mean levels
of cost shares. In addition to prices, the equations include total energy
consumption as an output proxy, cooling degree days, and daylight
hours. The equations are estimated by iterative, seemingly unrelated
regression (SUR) with a transformation to account for estimated auto-
correlation of residuals.

Hirschberg and Aigner’s findings are summarized in Table 10. The
high and low values in the table are the most and least elastic esti-
mates across the 19 two-digit SIC groups analyzed. Elasticities are cal-
culated in the usual way from the estimated price coefficients (see
Chung and Aigner). The majority of the 19 x 7 = 133 elasticities are
statistically insignificant. As in Chung, and Chung and Aigner, there
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Table 10

PRICE ELASTICITIES ESTIMATED FOR 19 INDUSTRIES
(104 Southern California Edison Customers)

Elasticities High Aggregate Low
Morning energy ~0.708 0.001 0.356
Afternoon energy -0.291 0.030 0.063
Evening energy -0.811 -0.025 0.121
Night energy ~0.767 —0.028 0.396

is a substantial difference between the high estimation values and the
aggregate values. (The aggregate values are demand-weighted averages
of the individual SIC group estimates.)

This study avoids most of the problems of those discussed above.
The only possible problem left from Chung and Aigner is the use of the
translog function and the attendant sensitivity of calculated elasticity
to the magnitude of the cost share at which it is evaluated. However,
the improved price definition probably yields smaller ranges of prices
than in Chung and Aigner, so that the translog should be a better
approximation. Also, the presence of seven commodities instead of just
two 021' three may mitigate the problems with the translog functional
form.

Woo (1985)

Woo (1985) uses experimental data on a stratified random sample of
560 Pacific Gas and Electric small business customers (with maximum
demand less than 500 kw). He uses data for four months (May
through August 1982), during a time when about one-quarter of the
firms were on each of three TOD rates and one-quarter were on flat
rates. Meter failure and other problems reduced usable data to 1761
customer-months. Like Tishler, Woo chose not to use before-and-after
data, which apparently were available. Thus Woo’s results are largely
based on cross-sectional, rather than time series, variation.

Where all of the previously discussed studies used the translog func-
tional form, Woo fitted a generalized Leontief expenditure-share

2In his unpublished dissertation, Hirschberg (1984) extends the analysis in Hirschberg
and Aigner (1983) in a number of ways, including a comparison of three flexible func-
tional form cost functions. We refer to the dissertation for details.
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function. The experimental TOD rates had no demand charge, so price
each period is straightforwardly the energy charge per kwh that period.
Flat-rate price was calculated as total usage charge divided by total
kwh and is normalized so that price equals one in all periods. For
comparison with the generalized Leontief estimates, Woo also fitted a
set of translog expenditure-share equations.

Woo’s results are summarized in Table 11. The own-price elastic-
ities are calculated as (de /dp) (p,/e) with total electricity consump-
tion held constant. Woo, in contrast to authors of the previously dis-
cussed studies, evaluates estimated elasticities at several different com-
binations of prices. The elasticities in the generalized Leontief model
are consistently small and negative at all price ratios. The translog
elasticities, in contrast, are usually larger and negative, and sometimes
take on positive values. Woo concludes that the generalized Leontief
form is better suited to these data, for which, in fact, the price effects
are very small.

RECAPITULATION

The studies by Hirschberg and Aigner, and by Woo, are both
broadly consistent with the low average response reported by the utili-
ties and by RAND. In contrast, the studies by Chung, Chung and
Aigner, and Tishler all convey the impression that TOD rates result in
substantial load shifts. How can the contradiction be resolved?

Table 11

PRICE ELASTICITIES ESTIMATED FOR EXPERIMENTAL TOD RATES
(Pacific Gas and Electric Customers)

Price ratios

Elasticities 1:1:1 1.9:1.6:1 4:1.5:1 8:5:1

Generalized Leontief

Peak -0.038 -0.030 -0.021 -0.019

Shoulder —0.022 —0.020 -0.024 -0.016

Off-peak -0.032 —-0.042 -0.051 -0.075
Translog

Peak 0.043 —0.052 -0.086 -0.088

Shoulder —0.096 —0.100 -0.110 -0.108

Off-peak —0.220 -0.174 —0.174 1.036
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Chung studied only four firms, all of them cement manufacturers, an
industry that others have found to be unusually responsive. Chung
found a very high peak-period own-price elasticity for one firm, more
moderate but still substantial elasticities for two others, and insignifi-
cant response by the fourth. These results may accurately reflect the
response of these particular firms, but they shed little light on the
response to be expected from business customers as a group.

Tishler studied three firms and estimated substantial peak-period
own-price elasticities for all of them. As with Chung, these results
could reflect the selection of particularly responsive firms for analysis.
In addition, Tishler’s model incorporates the strong assumption that
the same amount of labor must be employed at all hours of the day, an
assumption that implies cross-equation constraints that substantially
influence his results. Even if Tishler’s three firms were representative
of all business customers, his model might still overstate their respon-
siveness.

Chung and Aigner’s results are harder to explain away. Their data
for 64 firms in 13 different industrial and commercial groupings are
almost certainly more representative of business customers as a group
than are the handful of customers analyzed in the other two studies.
And to be sure, they estimate high elasticities for some industries and
low (or even positive) elasticities for others. Yet their mean estimated
peak-period own-price elasticity suggests an average response that is at
least an order of magnitude greater than the utilities report. (For
example, at Chung and Aigner’s mean elasticity, a peak price equal to
twice the off-peak price would reduce relative peak load by about ten
percentage points—much more than the 1 or 2 percent actually
observed.)

In the following section, we shall explore the possibility that Chung
and Aigner’s use of the translog flexible functional form may account
for their relatively high mean elasticity estimate.

TRANSLOG EXPENDITURE-SHARE EQUATIONS MAY
INCORRECTLY SHOW SIGNIFICANT ELASTICITIES
FOR UNRESPONSIVE CUSTOMERS

We are left with a curious discrepancy between the results of some
structured econometric studies and most other studies of large custo-
mer response to time-of-day electricity rates. The structured
econometric studies (in particular, Chung, 1978; Chung and Aigner,
1981) fit expenditure-share equations derived from a translog specifica-
tion of the firm’s cost function, and find substantial, statistically
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significant effects of prices on consumption patterns for many custom-
ers or groups of customers. In contrast, the other studies (for example,
Pacific Gas and Electric, 1979; Southern California Edison, 1979; Park
and Acton, 1983) find a very small average response; only a few of the
customers in a few especially responsive industries adjust their electric-
ity consumption patterns when time-of-day rates are introduced.

One reason for the discrepancy is that the translog form used in the
structured econometric studies misspecifies the definitional relationship
between expenditure and quantity shares when quantity shares are
fixed. The fitted equation necessarily overestimates peak-expenditure
(and hence quantity) shares at some prices, and underestimates them
at other prices, giving the appearance of significant price effects when
none are in fact present.

We illustrate the effects of this misspecification using the translog
functional form in this section.

Plots of Fitted Expenditure Shares
and Implied Quantity Shares and Elasticities

To explore the behavior of translog functions like those estimated by
Chung (1978) and Chung and Aigner (1981), we constructed artificial
nonstochastic data for a firm with fixed peak-period quantity shares.
We assumed that there were two pricing periods (peak and off-peak),
and fixed the peak quantity share at 0.6. We generated 20 months of
“before” data for standard rates (with a peak to off-peak price ratio of
1), and 30 months of “after” data for time-of-day rates with peak to
off-peak price ratios ranging from 1.2 to 7.0.

The fixed quantity shares are plotted against the peak to off-peak
price ratios in Fig. 2, where they appear as a solid horizontal line. The
corresponding expenditure shares are plotted as a solid line in Fig. 1;
these increase from 0.6 when the peak to off-peak price ratio equals 1.0
to about 0.91 when the ratio equals 7.0.

We fitted a translog equation to the expenditure shares in Fig. 1.
The equation has the form

e =a, + bylog(p), 1)

where e is the peak-period expenditure share, p is the peak to off-peak
price ratio, and a, and b,, are estimated coefficients. The fitted equa-
tion is shown by the dashed line in Fig. 1. Notice that the fitted equa-
tion is not sharply enough curved to track the actual expenditure
shares. Consequently, it overestimates expenditure shares at some
prices and underestimates them at other prices.

Quantity shares calculated from the fitted values for expenditure
shares are shown by the dashed line in Fig. 2. An underestimate of
expenditure shares implies an underestimate of quantity shares, and
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similarly for overestimates. Consequently, the quantity shares implied
by the fitted translog expenditure-share equation make it look as
though peak quantity shares first decrease, then increase with rising
peak-period prices.

The elasticity of peak quantity share with respect to the peak to
off-peak price ratio is plotted against price in Fig. 3. The solid line
shows the elasticity that is implicit in the fitted translog expenditure
share equation. The dashes delimit an approximate 95 percent confi-
dence interval around the estimated elasticities. Notice that the fitted
translog expenditure-share equation implies small but statistically sig-
nificant negative elasticities at lower peak-price levels, and significant
positive elasticities at higher peak prices.

We constructed our data so that quantity-share elasticities are zero
everywhere, yet the fitted translog expenditure-share equation
misleadingly implies that elasticities at most prices are significantly
different than zero. If analysts calculated the elasticity at a single
point (say at flat-rate prices, or, as in Chung, and Chung and Aigner,
at the mean expenditure share), they might find a perfectly reasonable
elasticity and have no reason to question it. The elasticity at flat-rate
prices is about —0.11 and highly significant. The elasticity at the mean
expenditure share is about —0.05 and also significant.

Definitional vs. Fitted Relationships

The misleading elasticity estimates described above occur because
the translog equation (1) misspecifies the true relationship between
expenditure shares and quantity shares when quantity shares are fixed.
The true relationship arises directly from the definition of expenditure
shares and is easy to write down.

Let

x = peak-period quantity share (and thus 1 — x = off-peak period
quantity share),

P = Pp /Py, normalized peak price (and thus 1 = normalized
off-peak price),

e = peak-period expenditure share.
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Then by definition,

PR . — (2)
px +1—x

In applications of flexible functional forms, one fits a regression
equation to expenditure shares to estimate

e = f(p), 3

where the functional form f(p) depends on the specification chosen.
In the translog case described above, e is specified as the semi-
logarithmic function (1).

There is no choice of parameters in (1) that will do more than
approximate the nonlinear form (2) when quantity shares x are fixed.
The approximation will necessarily show some degree of price respon-
siveness even though there really is none.

The approximation will be better, the smaller is the range of peak to
off-peak price ratios p. In some applications, the range will be small
enough so that estimated quantity-share elasticities are very small and
statistically insignificant. However, Chung (1978) and Chung and
Aigner (1981) calculated prices using a method that can produce very
large peak to off-peak price ratios.? Their estimates are very likely sub-
ject to the misspecification problem described above.

The misspecification problem does not arise if Eq. 1 is fitted to
quantity shares rather than expenditure shares, that is, if one were to
fit

x =a, + bylog(p).

Technical Details: Quantity-Share Elasticity Estimates
and Standard Errors

In order to plot the relationships shown in Figs. 2 and 3, we needed
to calculate quantity shares, elasticities, and standard errors based on
the estimated expenditure-share equation. We did that as follows:

To calculate quantity shares, we substituted estimated expenditure
shares in the inverse of Eq. 2, that is,

3They calculated the usage-sensitive charge in each pricing period by summing the
energy price per kwh times kwh consumption and the demand price per kw times kw
demand. They then divided the usage sensitive charge by kwh consumption during the
period to obtain the “price” for that period.
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x=-—°% @)
e +p —pe

We calculated the elasticity of peak quantity share with respect to
peak price by differentiating Eq. 4:

x-elas = (p /x) (dx /dp)

_ (/%) (p(de/dp) — e + €7
(e + p — pe)*
where de /dp is found by differentiating whatever functional form is

specified in Eq. 3. In the case of the translog specification, we dif-
ferentiated Eq. 1 to get

, (5

dp

To calculate standard errors, note that in this case x_elas is a linear
function of by,

de _ bw
.

x-elas = constant by, + constants,
where

p/x
(e + p — pe)*’

so it is simple to calculate the variance of x_elas as

constant, =

var(x_elas) = constantfvar (bpp)-

CONCLUSIONS

It has been widely noted that flexible functional forms, including the
translog, may have bad global properties (Caves and Christensen, 1980;
Barnett, Lee, and Wolfe, 1985). Although they are by definition capa-
ble of assuming an arbitrary slope at an arbitrary point, they may well
exhibit anomalous properties, such as positive price elasticities, at
other points. Our results in this section are certainly related to global
properties of flexible functional forms, but not as directly as one might
think at first. Flexibility gives the form the capability of achieving
arbitrary first and second derivatives at an arbitrary point. The global
properties literature deals with the size of the region around such a
point in which the form exhibits regularity properties (including
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nonpositive price elasticities). But in our example, the regression equa-
tion is not fitting the true slope at any point on the true function. In
fact, regression is poorly designed to do that. It fits a scatter of points
as best it can with the specified functional form, and the slopes result
from that fit. Regression does not fit slopes as such at all.

It is probably a bad idea to test the null hypothesis of zero price
effects with a functional form like the translog that is incapable of
representing zero price effects. Furthermore, in any regression applica-
tion, one should bear in mind that the choice of a functional form may
strongly influence the elasticity estimated at any particular point.
Flexible functional forms are not magic; they exhibit the same kinds of
behavior and the same kinds of problems as do naive forms.



IV. ADDITIONAL ANALYSIS
OF TEN-UTILITY DATA

We reported our initial analysis of ten U.S. electric utilities’ experi-
ence with mandatory time-of-day rates for large business customers in
Park and Acton (1983). Our analysis there was confined to a single
measure of the effect of TOD rates (change in relative peak load),
using data from only one summer and one winter month (June and
November). We found that large customers on average reduced their
relative peak load slightly—about one percentage point—when time-
of-day rates went into effect for them. The average response was nega-
tive (or statistically insignificant) for each of the utilities. Response
varied markedly from one industry to another; commercial customers
as a group showed no significant response.

It is natural to ask whether our results depended importantly on our
choice of response measure or on our choice of months to analyze. We
answer that question here, by broadening the analysis to include addi-
tional measures of response and all months of the year. For the most
part, our new results are quite consistent with those in our earlier
report.

We describe how we calculated the various measures in the following
subsection. We then present the results of the new calculations and
compare them with our earlier results.

MEASURES OF CHANGE IN RELATIVE LOADS

In Park and Acton (1983), we defined a single measure of response
to TOD prices: change in relative peak load. Relative peak load for a
particular customer is that customer’s average hourly kwh consumption
during peak-period hours, expressed as a percentage of average hourly
kwh consumption during all weekday hours.! The averages are taken
over billing months, periods during which prices charged the customer
are constant. Change in relative peak load for a particular customer is
that customer’s relative peak load during a billing month, minus the
relative peak load during the same month one year earlier. The pri-
mary results presented in Park and Acton (1983) are weighted aver-
ages, taken over groups of customers, of changes in relative peak load.

l“Weekday hours” are the 5 x 24 = 120 Monday-through-Friday hours each week,
except for those occurring on a standard set of seven national holidays.
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The customer groups are defined in various ways, for example, by util-
ity or by industry, and the weights used in the averages are initial-year
average weekday kwh consumption. We found that relative peak loads
generally declined slightly but significantly when TOD prices were
introduced.

Here, we extend our measures of relative loads to include shoulder
and off-peak pricing periods, kw demand as well as kwh energy con-
sumption, and aggregate changes as well as weighted average changes.
From here on, we shall use the term “relative load” generically to
include either relative kwh consumption or relative kw demand.

Measures of kwh Consumption for Other Pricing Periods

If relative peak consumption declines when TOD prices are intro-
duced, relative off-peak consumption should increase. Relative
shoulder period consumption may increase or decrease, depending on
the balance between own-price and cross-price effects. We define our
measures of relative shoulder and relative off-peak consumption in a
way that is precisely analogous to relative peak consumption. That is,
relative shoulder consumption for a particular customer is that
customer’s average hourly kwh consumption during shoulder period
hours, expressed as a percentage of average hourly kwh consumption
during all weekday hours, and similarly for relative off-peak consump-
tion.

Measures of kw Demand

The measures defined above describe how kwh consumption shifts
among pricing periods when TOD prices are introduced. Our measures
of kw demand describe how consumption patterns change within pric-
ing periods. For a particular firm, relative peak demand is its max-
imum hourly demand during peak hours during the billing month,
expressed as a percentage of average hourly kwh consumption during
peak hours.? Exactly similar calculations measure relative shoulder and
relative off-peak demand. As with relative consumption, changes are
measured from one billing month to the same month a year later.

Ideally, one would want to know the effect of TOD prices on total
demand at the time of a utility’s yearly system peak, since it is to a
large extent the system peak that determines how much generating

2We use hourly demand rather than 15- or 30-minute demand because hourly demand
is available for all ten utilities, but the narrow measures are not.
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capacity the utility has to install. However, demand at the time of sys-
tem peak is an extremely volatile measure, and, as we shall see in the
next section, our measures are already more volatile than we would
like. Also, extracting demand at system peak from the raw data files
would be a very expensive job. Consequently, we shall limit ourselves
to the demand measures defined here.

Measures of Aggregate Change

In Park and Acton (1983, pp. 19-20), we pointed out a potential
problem with our measure of relative peak consumption: the mean of
individual changes—even the weighted mean—will not in general equal
the overall change for all customers as a group. Numerically, this
turned out not to be a very large problem for relative peak consump-
tion in our sample of firms. However, it may be a problem for the
other measures defined above, so we must specify aggregate measures
with which averages of the individual measures can be compared.

Aggregate relative peak consumption for a group of customers is
obtained by first adding up average hourly peak consumption for those
customers, then summing over all average hourly weekday consump-
tion, and lastly dividing the first sum by the second. Similar calcula-
tions yield aggregate relative shoulder consumption and aggregate rela-
tive off-peak consumption.

Aggregate relative peak demand is similarly calculated: Add up the
individual customers’ maximum kw demands during peak hours, add up
their average hourly kwh consumption during peak hours, and divide
the first by the second. Note that this, like the individual customer
calculations in the previous subsection, yields a measure of noncoin-
cident demand during the peak period. Similar calculations yield
aggregate relative shoulder demand and aggregate relative off-peak
demand.

RESULTS

The main questions that we want to answer in this section are: Does
the use of all months, rather than just one summer and one winter
month, change our results very much? How do the results for other
measures of change in relative load compare with those for change in
relative peak kwh consumption? How well does the weighted average
change in relative load correspond to aggregate changes?
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Results for All Months

Weighted average changes in relative peak energy consumption, cal-
culated using all months, are shown in the first columns of Tables 12
through 14. These tables here correspond to Tables 3.2 through 3.4 in
Park and Acton (1983), which are based on just one summer and one
winter month. The use of all months substantially increases the
number of observations with which we have to work, to a total of
111,259, including 19,201 when TOD rates were first introduced.?

Our earlier conclusions are unchanged by the use of all months.
There was a small but highly significant drop in relative peak con-
sumption when TOD rates were introduced, but little or no change
under either continuing standard rates or continuing TOD rates (Table
12). Relative peak consumption declined for most of the individual
utilities when TOD rates were introduced (Table 13). Those utilities
with significant declines based on two months of data continue to show
significant declines when we use all months; they are joined by one
additional utility, Consolidated Edison. Change in relative peak con-
sumption continues to be either negative or insignificant for all indus-
tries when calculated using all months (Table 14). The same four
industries—wood products, primary metals, machinery manufacturing,
and utilities—continue to show especially large reductions. The overall
decrease for all industrial customers is slightly smaller than before, and
that for commercial customers is slightly larger.

The correlations across categories (weighted by number of custom-
ers) between the all-month results and the two-month results is high

Table 12

WEIGHTED AVERAGE PERCENTAGE CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES

Rate Peak  Shoulder Off-peak Peak Shoulder Off-peak
Change (kwh) (kwh) (kwh) (kw) (kw) (kw)
Cont. Standard 0.11 -0.10 0.00 0.92 0.94 1.03
(19) (-2.0) 0.1) (0.5) (2.4) (1.5)
Intro. TOD -0.84 0.19 0.47 -0.73 2.30 0.24
(-17.1) 3.7 (12.7M (-0.5) (5.8) (0.4)
Cont. TOD 0.00 -0.10 0.05 13.78 3.20 9.31

(-0.0) (-3.3) 2.1) (15.6) (13.4) (25.4)
NOTE: t-statistics in parentheses.

3The corresponding numbers of observations were 19,535 and 3,296 in Park and
Acton (1983).
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for all three tables: 0.996 for Table 12 (introduction of TOD rates),
0.945 for Table 13 (utilities), and 0.959 for Table 14 (industries).

Results for Other Measures

Tables 12 through 14 also show the results for change in relative
consumption during shoulder and off-peak periods, as well as change in
relative demand for all three periods.

The changes for relative consumption during shoulder and off-peak
periods are reasonable. Shoulder changes could, in theory, go either
way; we calculate these changes to be relatively small and marginally
significant. Off-peak relative consumption should increase when TOD
rates are introduced, and indeed it does.

Peak and off-peak relative demands did not change significantly
when TOD rates were introduced, while shoulder relative demand
increased.

Table 13 v

WEIGHTED AVERAGE PERCENTAGE CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES, BY UTILITY

Peak Shoulder Off-peak  Peak  Shoulder Off-peak

Utility (kwh) (kwh) (kwh) (kw) (kw) (kw)
SCEAS81 -1.10 -0.12 0.70 —2.87 -0.13 -1.67
(-8.5) (-1.4) (6.5) (-1.7) (-1.5) (-1.6)
SCET73 -1.26 0.75 0.03 8.34 0.76 5.38
(-8.7) (7.6) 0.3) (4.4) (7.7 (4.6)
Dwp —-0.20 — 0.10 2.86 — 2.89
(-12) — (0.7) (1.3) — (2.2)
PGEA23 —1.44 -0.10 0.83 -1.39 -0.10 -1.23
(-7.1) (-0.7) (4.9) (-0.5) (-0.7) (-0.7)
PGEA22 -041 0.35 -0.09 491 0.35 5.50
(-2.7) (3.3) (-0.7) (2.4) (3.3) (4.4)
WEP -2.09 — 2.08 —3.64 — —9.40
(-10.5) — (12.7) (-1.4) — (-5.9)
MGE ~1.48 — 1.26 —6.80 — -12.92
(-0.9) — (0.9) (-0.3) — (-1.0)
WPLCP4 0.25 — 0.03 1.02 — -0.63
(0.3) — 0.0) 0.1) — (-0.1)
LIL 0.08 -0.39 0.15 1.90 -0.40 —-3.30
(0.2) (-2.1) (0.6) (0.5) (-2.1) (-1.5)
CON —0.34 — 048 -11.74 — —1.81
(-2.6) — (4.4) (—6.7) — (-1.7)

NOTE: t-statistics in parentheses.
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Table 14

WEIGHTED AVERAGE PERCENTAGE CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES, BY INDUSTRY

Peak Shoulder Off-peak Peak Shoulder Off-peak

Industry (kwh) (kwh) (kwh) (kw) (kw) (kw)
Industrial not -0.49 0.02 0.23 -0.25 0.51 -0.12
elsewhere classified —(3.0) (0.1) 1.7 (-0.1) (0.6) (-0.1)
20 Food products -0.16 —0.04 0.25 2.96 4.05 4.06
(-0.6) (-0.2) (1.2) 0.9) (2.5) (2.0)
24 Wood products —6.38 0.64 2.69 -0.21 4.56 7.87
(—13.4) (1.9) 6.8) (-0.0) (1.7) (2.0)
26 Pulp and paper —0.28 0.43 0.01 3.35 0.83 2.19
(-0.8) (1.8) (0.0) 0.8) (0.4) (0.8)
28 Chemicals -0.19 0.28 —-0.14 —1.86 3.22 1.75
(-0.8) (1.5) (=0.7) (-0.6) (2.2) (0.9)
29 Petroleum 0.03 -0.11 0.05 0.51 -0.81 0.30
0.1) (=07 (0.3) 0.2) (-0.7) (0.2)
30 Rubber and plastic —1.52 1.05 0.16 43.30 6.32 12.86
(—4.0) (3.5) (0.5) (8.5) (2.6) (4.1)
32 Stone, clay, glass ~1.59 0.31 0.57 3.67 6.03 5.93
(—6.7) (1.8) (2.9) 1.2) (4.6) (3.1)
33 Primary metals -4.59 0.51 2.84 -3.19 2.26 —-17.76
(-18.0) (2.2) (13.4) (=09 (1.2) (-3.7)
34 Fabricated metals —-0.47 2.80 -0.84 5.16 3.34 6.76
(—~1.4) (8.9) (-3.0) (1.1) (1.3) (2.5)
35 Machinery —4.44 —1.54 4.05 -5.26 2.83 —11.81
(-13.7) (—4.8) (15.1) (-1.2) (1.1) (—4.5)
36 Electrical -0.21 0.20 0.03 -0.16 0.94 —0.39
machinery (-0.8) (1.0) 0.1) (-0.0) (0.6) (-0.2)
37 Transportation -0.26 —0.02 -0.16 —6.74 3.12 2.93
equipment (-1.3) (-0.1) (-1.0) (-2.6) (2.4) (1.8)
48 Communications 0.23 1.27 —-0.20 —6.43 -3.83 -0.30
(0.6) (2.5) (-0.7) (-14) (~0.9) (-0.1)
49 Utilities —3.46 0.32 2.12 13.30 8.66 —0.48
(-8.3) (0.9) (6.1) (2.4) (2.5) (-0.1)
IND -1.03 0.21 0.50 0.89 2.46 1.08
(-15.5) (4.0) 9.2) (1.0) (5.7) (2.0)
COM -0.29 0.00 0.39 -5.16 0.86 —2.05
(-2.7) (0.0) 4.3) (-3.5) (0.6) (-2.3)

NOTE: t-statistics in parentheses.

Table 12 shows large and highly significant increases in relative
demand during all three periods under continuing TOD rates. We do
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not have a good explanation for this puzzling result. It is not a result
of using average rather than aggregate results; the next section shows
that the same puzzling pattern appears when we use aggregate mea-
sures.

Relation between Average and Aggregate Results

Table 15 summarizes the correlation (weighted by number of
customers in each category) between the weighted average changes in
relative loads reported in Tables 12 through 14 and aggregate changes
in relative loads, across the categories represented in the three tables.
(Detailed comparisons between the weighted averages and the aggre-
gate changes are in Appendix Tables A.1, A.2, and A.3.)

The correlations are all quite high for peak and off-peak periods, but
they are erratic for shoulder periods, as shown in Table 15. The high
correlations indicate that it does not matter very much whether we use
average or aggregate measures.

CONCLUSIONS

In summary, we can answer the questions with which we began this
section as follows:

o Using all months, rather than just one summer and one winter
month, confirms our earlier results. Large customers on aver-
age reduced their relative peak load only slightly when time-of-

Table 15

CORRELATIONS OF AVERAGE AND AGGREGATE MEASURES
OF CHANGE IN RELATIVE LOAD, ACROSS VARIOUS
CATEGORIES OF OBSERVATIONS

Peak Shoulder Off-peak Peak Shoulder Off-peak

Groups (kwh)  (kwh) (kwh) (kw) (kw) (kw)
Rate change .897 —-.488 477 961  —.008 976
categories  (.29) (.68) (.68) (.18) (.99) (.14)
Utilities 915 916 921 .865 .856 .981
(.00) (.03) (.00) (.00) (.06) (.00)

Industries .980 072 986 749 661 928
(.00) (.78) (.00) (.00) (.00) (.00)

NOTE: Rounded p-values in parentheses (.00 shown for p < .005).
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day rates went into effect. The average response was negative
(or statistically insignificant) for each of the utilities. Response
varied markedly from one industry to another. In a small but
interesting departure from our earlier results, commercial
customers as a group showed a very small but statistically sig-
nificant decrease in relative peak consumption when we
analyzed all months.

e A small but statistically significant increase in relative off-peak
electricity consumption when TOD rates were introduced com-
plements and confirms the observed decrease in relative peak
consumption. The other measures did not show any consistent
change, except for relative demand during all three periods
under continuing TOD rates. These three measures showed
large and highly significant increases, a puzzling result for
which we do not have any ready explanation.

e Weighted average changes in relative load correspond fairly
closely to aggregate changes. The two types of measures are
largely interchangeable in this application.

ELASTICITIES ESTIMATED WITH
THE TEN-UTILITY DATA

The overall elasticities estimated by Park and Acton and summa-
rized in Table 4 at the beginning of this report are quite low, consistent
with the other results of the RAND study and the utilities’ own stud-
ies. But are they consistent with the observation that some industrial
groups exhibit substantially higher than average response?

The answer is yes. Although Park and Acton did not tabulate elas-
ticity estimates for individual industrial groupings, they did provide an
easy means of calculating those elasticities, using their elasticity for-
mula (Park and Acton, 1983, p. 41):

elasticity = (aS)b,(p /RPL).

Elasticity is with respect to any one of the three prices that Park and
Acton included separately in their equations—

e PK-peak energy price differential
e PD-peak demand price differential
e PN-noncoincident demand charge
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The term aS is the estimated industry effect; we shall use the non-
linear estimates from their Table 4.2, p. 38. The term b, is the
estimated coefficient for the price under consideration; again, we shall
use their nonlinear estimates, which are in Table 4.3, p. 39. The term
p/RPL is the ratio of initial values of price and relative peak load
(RPL); we shall use 1 cent for PK, $4 for PD, $1 for PN, and 1.1 for
RPL, terms that are reasonably representative of many U.S. TOD
rates during the period of analysis.

The resulting elasticities are shown in Table 16. Although most of
the elasticities are quite small (consistent with a very small overall
response), some, notably those for wood products and primary metals,
are considerably larger (consistent with a substantial differential
response in different industrial groupings).

Table 16

ELASTICITIES FOR TWO-DIGIT SIC CODES
(Based on Park and Acton Nonlinear Econometric Estimates)

Elasticity with
respect to
Industrial Classification PK PD PN
Industrial not

elsewhere classified —-0.003 -0.005 -0.001

20 Food products -0.007 -0.013 -0.002
24 Wood products -0.087 -0.162 —-0.024
26 Pulp and paper ) —-0.003 —-0.006 -0.001
28 Chemicals -0.001 -0.001 —0.000
29 Petroleum 0.001 0.001 0.000
30 Rubber and plastic —-0.016 -0.030° -0.004
32 Stone, clay, glass -0.0056 —-0.009 -0.001
33 Primary metals —-0.037 -0.069 -0.010
34 Fabricated metals -0.005 -0.009 —0.001
35 Machinery -0.021 —0.038 —0.006
36 Electrical machinery -0.006 -0.011 —0.002
. 37 Transportation equipment —0.005 —0.010 —0.001
48 Communications 0.001 0.001 0.000
49 Utilities 0.005 0.009 0.001

Commercial 0.000 0.001 0.000




V. LOAD-SHAPE ANALYSIS

INTRODUCTION

In early projections of possible response to TOD rates, Mitchell,
Manning, and Acton (1978) calculated the change in peak-period usage
if U.S. industry were to display patterns of electricity consumption the
same as load shapes of the corresponding industry in France (where
customers had faced the Green Tariff for a decade or more).! Acton
and McKay (1983) extended this analysis of European data to a com-
parison of seasonal shifts in loads as customers faced different price
structures and pricing levels throughout the year. In both sets of
analysis, we could not observe before-and-after changes by European
customers. We are now in a position to report-a load-shape change
analysis using U.S. data and to compare this with the more limited
analysis that could be performed with European data.

SUMMARY OF THE EUROPEAN LOAD-SHAPE ANALYSIS

As summarized in Acton and Mitchell (1981), this method led to a
projected reduction in peak-period demand of 14 to 25 percent for the
17 industries surveyed if U.S. firms were to display a similar ex post
load pattern. In using this methodology, the authors were aware of its
limits, but virtually no empirically based alternatives were available at
that time. In particular, the French data only permitted observations
after the time-of-day rates had been in effect for some time; we had no
idea what load pattern the customers had been before the introduction
of time-of-day rates and therefore we could not know for sure the
amount of change that took place.

Acton and Mitchell characterized this as “intrinsic load-shape
analysis,” that is, the very nature of the customer’s daily pattern of
electricity use suggested a response to the terms of the TOD rate. Fig-
ures 4 and 5 illustrate the hypothetical relationship between rate struc-
ture and load shape. Under a non-TOD rate (Fig. 4) the customer may
display a consumption pattern that rises to its maximum during day-
time hours. Under the terms of a TOD rate (those of the French

1See Acton and Mitchell (1981) for a summary of these calculations, which also con-
tains a correction for some errors in the original calculation.

38
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Fig. 4—Hypothetical relation between a non-TOU rate and
daily load curve
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Fig. 5—Hypothetical relation between a TOU rate and the
corresponding daily load curve
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Green Tariff in the peak season are shown in Fig. 5-a), a highly
responsive customer may show a partial reduction in use during
shoulder hours of 6-7, 9-17, and 19-22; and it may reduce electricity
use even further during the peak charge hours of 7-9 and 17-19 (Fig.
5-b). Such a load shape is not definite proof response, but in the
absence of any alternative explanation, it is highly suggestive of price-
response.

In all, they defined six load shapes that correspond to different
potential reactions to such a three-period pricing structure:

1
2

3

Flat: Usage in each period is within 5 percent of daily average.
Day peaking: Consumption is above average in peak hours and
below average in off-peak hours.

Reduced peak usage: Peak usage is below average, and
shoulder usage and off-peak usage are above average.

Reduced peak and shoulder usage: Both peak and shoulder
usage are below average over a 24-hour period, and off-peak is
above average.

SOURCE: Acton and McKay (1983).

Fig. 6—Breakdown of winter load shapes for largest French firms
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5  Center day peaking: These customers reduce their usage in the
peak periods by at least 15 percent below the amount that is
observed in the center eight hours of the day (9 am. to 5
p.m.).

6  All others: Failed the above classifications.

Figure 6 shows the distribution of the 448 largest industrial customers
in France by these load categories (categories 1 and 6 have been com-
bined in this diagram). In this analysis of winter usage, 31 percent
show an intrinsic load shape in one of the three categories that is
highly suggestive of a tariff-specific response.

In subsequent work, Acton and McKay (1983) examined daily load
data from four seasons for the largest customers covered by the French
TOD rate. Based on a review of hourly load curves from 448 industrial
customers covered by the Green Tariff, 31 percent display a load shape
that suggests a specific response to the terms of the three-period TOD
rate. The analysis, reported in detail in Acton and McKay (1983), is
summarized in Table 17. We have shown the tabulation for the
months of October and December, since the French rates change
between those months by the addition of the twin two-hour peak pric-
ing periods in the morning and evening. In this comparison, a total of
146 firms (33 percent) move from one load category to another that is

Table 17

DISTRIBUTION OF FRENCH INDUSTRIAL CUSTOMERS BY LOAD SHAPE

December Grouping

Reduced  Center
Flat and Day- Reduced Peak and Day-
Random Peaking Peak Shoulder Peaking

October Grouping 1, 6) 2) 3) 4) (5) Total
Flat and

random (1,6) 108 23 19* 22* 5% 177
Day-peaking (2) 21* 117 5% 4* 12* 159
Reduced peak (3) 3 2 1 2* 2 10
Reduced peak

and shoulder (4) 15 7 10 35 3 70
Center

day-peaking (5) * 8 4* 4* 9 32
Total 154 157 39 67 31 448

*Indicates movement to load-shape consistent with greater TOD price
response.,
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suggestive of greater response to the specific terms of the winter TOD
rates.

NEW ANALYSIS OF U.S. LOAD SHAPES

In our sample of roughly 4000 firms, we observe approximately 1800
firms in the same summer month (or the same winter month) under
both TOD and non-TOD rates. We contrast their load under standard
rates with the same month in the first year under TOD rates. We
define three (or four) load-shape clusters in the spirit of the earlier
work. Cluster 1 (flat) means that consumption in each rating period is
within 5 percent of the daily hourly average; cluster 2 (day peaking)
means that peak rating period usage is 5 percent or more above the
24-hour average; cluster 3 (reduced peak) means that peak rating
period usage is 5 percent or more below the daily average. If the utility
also has a shoulder rating period, then cluster 4 (reduced peak and
shoulder) means that both peak and shoulder usage are 5 percent or
more below the daily average.? Clusters 3 and 4 represent “responsive”
customers in this context based on intrinsic load-shape analysis.
Furthermore, customers who move from peakier to a flatter load shape
(e.g., cluster 1 to clusters 3 or 4; or cluster 2 to clusters 1, 3, or 4), also
suggest response to the rates. .

A number of interesting things are revealed by applying this analysis
to U.S. data. Concentrating first on 1199 industrial users who are
observed in summer before-and-after TOD rates (Table 18), we find
that 38 (3.2 percent) were in responsive categories 3 or 4 before the
TOD rates were introduced. After TOD rates, 69 (5.8 percent) were in
these two responsive categories. An additional 96 firms (8 percent)
moved from day peaking to flat or random load shape, so that a total
of 13.8 percent of the firms may be displaying the expected response to
TOD rates.?

Table 19 represents the corresponding break out for winter for the
1097 U.S. industrial firms that are observed before and after introduc-
ing TOD rates. The number of firms in responsive load stages 3 and 4
went from 82 to 101 (7.5 percent to 9.2 percent) and an additional 100
firms (9.1 percent) moved from day peaking to flat or random load
shapes. Therefore, a total of 201 (18.3 percent) of the firms may be
displaying the expected response to TOD rates.

2The cluster 5, center day peaking, applies only to French data (where a twin 2-hour
peak rate applies).

30ffsetting this, 78 customers (6.6 percent) moved to a “peakier” load shape after the
rates were introduced.

“In the winter, only 62 firms (5.6 percent) move to a less peaky load-shape category.
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Table 18

LOAD-SHAPE CLASSIFICATION FOR U.S. INDUSTRIAL FIRMS
BEFORE-AND-AFTER TOD RATES, SUMMER

Before TOD Rates After TOD Rates
Totals

Load Shape 1 2 3 4 (%)
1. Flat and random 288 59 16* 4* 3
2. Day peaking 96* 668 28* 2* 66
3. Reduced peak 8 9 13 0 2.5
4. Reduced peak and

shoulder 1 1 1 5 0.7
Totals (%) 33 61 5 1

*Indicates movement from peakier to less peaky load shape.

Table 19

WINTER LOAD-SHAPE ANALYSIS FOR U.S. INDUSTRIAL FIRMS
UNDER NON-TOD AND TOD RATES

Before TOD Rates After TOD Rates
Totals
Load Shape 1 2 3 4 (%)
1. Flat or random 309 42 14* 1* 33
2. Day peaking 100* 525 23* 1* 59
3. Reduced peak 9 9 61 0 7
4. Reduced peak and
shoulder 1 1 0 1 3
Totals (%) 38 53 9 2

*Indicates movement from peakier to less peaky load shape.

In contrast to the industrial customers, the commercial customers
show no clear response to TOD rates. Of the 524 customers observed
in the summer, two displayed no “responsive” load shape before TOD
rates and a different two displayed a responsive shape after TOD rates
were applied. In addition, 97 businesses (19 percent) moved to a less
peaky load shape (that is, from day peaking to flat or random).

The important point is that not all of the customers in a responsive
class necessarily change their behavior; some may have already had a
below-average consumption in peak pricing periods. This may be
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because some of the customers were anticipating introduction in time-
of-day rates and had already begun altering their load shape, but it
seems likely that others of the customers had a reduced peak period
usage well in advance of the time-of-day rates.

CONCLUSION

The juxtaposition of European and U.S. load-shape analysis still
presents a contrast. The data covering French customers show a
greater fraction in “intrinsically” responsive load categories than the
U.S. data, and a greater fraction move to more responsive load shapes
between October and December than were observed to change in the
first year of U.S. data. A number of factors could account for this
difference, and we offer the following possibilities. First, the French
customers have had more than two decades under the TOD rates; they
have had time to make adjustments in equipment, scheduling, and
workforce utilization that could enhance their response. The U.S.
firms in their first year on the rates may not have made all of these
longer term adjustments. Second, the rate differentials are greater
between peak and off-peak in the French rate than in the majority of
U.S. TOD electricity rates; for example, the energy price differential is
3:1 for peak to off-peak in the most extreme season for these custom-
ers. This creates a stronger incentive to modify purchases of electric-
ity, although this factor alone would not account for the full difference.
Third, the French tariff has a notable difference in the energy price
(cents per kwh) as well as in the demand charge (dollars per kw).
Many U.S. rates place almost all of the price differential in the demand
charge and leave the energy charges very similar in the different times
of day. This may lessen the incentive to shift loads.



VI. CONCLUSION

We started with an apparent dilemma: A variety of studies that
addressed a common question—How much does industry respond to
TOD electricity rates?—yielded apparently widely disparate results.
Some studies implied an average change as little as 1 percent in rela-
tive peak load, while others implied changes of 10 percent or as much
as 24 percent. These studies analyzed different data sources using dif-
ferent analytic techniques.

It is not surprising that, as we dug deeper, the reasons for the
apparent differences have a variety of explanations. However, a com-
mon theme emerges from our analysis: The predominant reason for the
apparent differences is due more to differences in the customers being
examined than to the effects of using different analytic methods. With
one important exception, when similar industrial groups are analyzed
in sufficient numbers to be representative, the pattern of response is
calculated to be very similar. The exception involves applying the
technique of load-shape analysis to European data and then projecting
the change to U.S. industrial customers. And even in the case of these
European data, when a regression approach is taken to calculate price
elasticities of demand with respect to components of the seasonal
time-of-day rates, we obtain values that are broadly consistent with
U.S. elasticities estimated from the larger datasets.

The striking differences that first appear among the studies are
largely due to a common underlying factor: a relatively small number
of firms in a relatively small number of industrial groups account for
most of the observed response in every dataset. As a result, studies
that concentrate on only a few firms, or a few industries, may produce
highly unrepresentative findings.

This is not to disparage the importance of using sound analytic
methods and proper definitions of variables. We found through both
theoretical analysis and simulation that certain of the highly structured
demand systems can yield apparently statistically significant response
to TOD rates even when none exists. This is especially important with
the translog functional form estimated on expenditure-share data, as in
several of the studies we reviewed. Similarly, it is important to distin-
guish the separate components of price—price for energy (kwh) and
price for maximum demand (kw), as well as the time at which the
charges are applied. But, as important as the methodological concerns
are, they are numerically less important than the variability within and
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across datasets. One of the implications of the high customer-to-
customer variability is that studies based on a small number of firms
are almost always considerably less reliable than studies based on a
large number of firms.

We can summarize the overall findings from our review in terms of
the questions posed in Sec. II.

e With respect to the utilities’ own analysis of TOD response, it
appears that the general finding of a 1-2 percent reduction in
peak-period usage relative to non-TOD rates is valid. First,
when larger numbers of customers are analyzed using the 4000
customer dataset, the same, modest, overall response is found.
Second, when econometric models are estimated that allow for
the separate effects of energy and maximum demand prices,
small elasticities are found which, in combination with the
TOD rates, lead to modest projected changes in peak loads.
Furthermore, in both the large customer dataset and the
econometric analysis, some industrial groups—notably wood
products, primary metals, and machinery manufacturing—are
found to be much more responsive than other customer groups.
In general, commercial customers make little or no adjustment.

e With respect to the structured econometric models of demand
that had been applied to single-utility data, we found that there
is reason to be concerned with some models. The translog
functional form is incapable of estimating zero response to
TOD rates, and yields apparently significant estimates of
response even when none exists. Of the five studies we
reviewed, three used a single value of price in each rating period
to represent both energy and maximum demand charges, which
may add to their difficulty in estimating accurate response. Of
the studies, two were applied to only a few firms (in one case to
three firms, in the other case to four firms in a single industry).
These studies were vulnerable to the unrepresentativeness of
small samples. Despite the difficulties with translog specifica-
tions, one of the studies estimated a translog model over a
dataset of 104 customers in a single utility; it produced elastici-
ties consistent with the modest overall response observed for
this utility and for U.S. utilities in general. One reason for the
success of this effort may have been that the authors allowed
for the separate effects of energy and demand charges in each
of their pricing periods. A fifth study used a flexible functional
form (the generalized Leontief) and obtained consistently small,
negative elasticities in a dataset of 560 customers. The author
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contrasts these estimates with a translog specification that pro-
duced erratic, larger, and often positive elasticities, and con-
cluded that the generalized Leontief model was appropriate.
With respect to RAND’s analysis of data from ten U.S. utilities
with TOD rates, we confirmed the earlier findings that had
been based on a single month in winter and in summer when
before-and-after TOD rates were applied. The important
change from earlier analysis is that commercial response, while
small, is statistically significant in the analysis of full-year data.
Applying broader measures of response to the full-year data
confirmed statistically significant changes in both energy and
maximum demand with respect to these prices applied in peak,
shoulder, and off-peak periods. The overall elasticities are
small, but statistically significant, and are consistent with the
observed changes in relative loads. A small number of indus-
trial groupings are notably more responsive than the industrial
class as a whole.

With respect to European load-shape analysis, we found that it
overpredicts the response of U.S. industry to calculate the
changes if U.S. firms were to adopt the shape of the
corresponding European industrial group. When we applied a
load-shape analysis to the 4000 customer U.S. database, we
found similar qualitative shifts in the face of TOD rates, but
the proportion in “responsive” firms is less than in the Euro-
pean data (6-9 percent responsive in the United States versus
31 percent in the French data). The overprediction may reflect
a fundamental flaw in methodology (it may be inappropriate to
postulate that U.S. firms will ever adopt those load patterns), or
it may reflect the greater response that firms can display when
they face TOD rates for a sufficiently long period. European
firms have used electricity under the terms of TOD rates for
several decades, whereas our analysis of U.S. data reflects usage
after only a year or two.

With respect to European data analyzed using regression tech-
niques, we find that the price elasticities range from modest
values that are consistent with the average U.S. response up to
larger values that are consistent with the structured
econometric models in the United States, but which exceed the
response observed to date in U.S. utilities. As with the load-
shape discussion, we speculate that the higher values in Euro-
pean data may reflect longer-term adjustments, or the greater
emphasis placed on time-differentiated energy charges in Euro-
pean rate structures.
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TOD rates have been a “success” in the United States in the sense
that they have produced modest but statistically significant changes in
demand in the directions expected. They have been a “success” in the
sense that regulators and utilities that have introduced such new rates
have not felt it appropriate to back off the commitment; indeed they
have generally extended the coverage of the rates. The rates have pro-
duced a variety of responses, with commercial customers making
almost no change and the majority of industry customers making a
small change as well. A limited number of industrial groupings—and a
limited number of firms have accounted for the observed overall
response.

In conclusion, a very misleading picture can emerge if one concen-
trates on the extremes of the estimated values where too small a
number of firms is analyzed. The studies with large numbers of obser-
vations, and studies that distinguish energy from demand charges (e.g.,
Park and Acton and to a lesser degree Hirschberg and Aigner), produce
elasticities that are consistent with the overall response in a TOD class
reported by the utilities themselves. Even studies with far fewer
numbers of observations produce “pooled” or “mean” elasticities that
are relatively close to the large sample findings in many cases. The
single value, extreme estimates from any one of these studies, can be a
very misleading indicator of response.

What this means for forecasters is that small samples, or a non-
representative selection of customers, can lead to highly misleading
projections of overall effect. It also means that forecasters in a particu-
lar utility system that might have a limited number of firms in any
particular industrial grouping should expect that its own forecasts will
be subject to considerable variance. If for example there are only three
firms in an industry that is characterized by having 20 percent of its
customers showing a strong response to TOD rate (and the remainder
showing none), then it is obvious that simple application of mean
response values will not reflect this variability. In this type of situa-
tion, the forecaster will need to supplement the projection with added
information—perhaps drawn from direct interview—about the willing-
ness of these customers to undertake significant change in patterns of
use.



Appendix

COMPARING MEASURES OF CHANGE
BASED ON AVERAGE RESPONSE
AND AGGREGATE RESPONSE
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ALTERNATIVE MEASURES OF CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES

Table A.1
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Peak Shoulder Off-peak
Rate
Change Average Aggregate Average Aggregate Average Aggregate
Consumption (kwh)
Cont. STD 0.11 -0.24 -0.10 -0.59 0.00 0.68
Intro. TOD —0.84 -0.96 0.19 -0.37 0.47 0.73
Cont. TOD 0.00 0.04 -0.10 1.60 0.05 0.00
Demand (kw)
Cont. STD 0.92 -0.83 —0.10 ~1.61 1.03 —2.46
Intro. TOD -0.73 -2.82 0.19 0.04 0.24 -1.28
Cont. TOD 13.78 1.74 -0.10 0.74 9.31 2.76
Table A.2
ALTERNATIVE MEASURES OF CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES, BY UTILITY
Peak Shoulder Off-peak

Utility

Average Aggregate Average Aggregate Average Aggregate

Consumption (kwh)
SCEA81
SCET73
DWP
PGEA23
PGEA22
WEP
MGE
WPLCP4
LIL
CON

Demand (kw)
SCEAS81
SCET73
DWP
PGEA23
PGEA22
WEP
MGE
WPLCP4
LIL
CON

-1.10
~1.26
—0.20
—1.44
-0.41
-2.09
—1.48

0.25

0.08
-0.34

—2.87
8.34
2.86

-1.39
4.91

—3.64

—6.80
1.02
1.90

—11.74

-1.14
-1.10
~0.00
-1.49
-0.35
—0.02
-0.01
—0.00
—0.59
-0.00

-1.93
0.91
1.32

—2.06
1.49

-3.75

—6.60

—0.04
0.35

—12.67

-0.12
0.75
-0.10
0.35

-0.39

-0.13
0.76
-0.10
0.35

~0.22
0.45
-0.29
0.31

-0.07

—2.56
2.50
—-0.80
1.97

0.70
0.03
0.10
0.83
-0.09
2.08
1.26
0.03
0.15
0.48

-1.67
5.38
2.89

-1.23
5.50

-9.40

-12.92

-0.63

-3.30

-1.81

0.82
0.22
0.00
1.05
—0.09
0.02
0.00
0.01
1.08
0.00

—2.36
2.562
0.85

—2.63
2.70

-9.73

—9.88

—4.36

-2.39

—2.18
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Table A.3

ALTERNATIVE MEASURES OF CHANGE IN RELATIVE LOADS
UPON INTRODUCTION OF TOD RATES, BY INDUSTRY

Peak Shoulder Off-peak
Industry Average Aggregate Average Aggregate Average Aggregate
Consumption (kwh)

Industrial not

identified elsewhere  —0.49 —0.53 0.02 —-0.76 0.23 0.51
SIC 20 -0.16 —0.43 -0.04 -0.33 0.25 0.75
SIC 24 —6.38 —6.59 0.64 0.21 2.69 3.21
SIC 26 —-0.28 —-0.24 0.43 -0.94 0.01 0.08
SIC 28 -0.19 -0.29 0.28 -0.43 -0.14 0.10
SIC 29 0.03 0.08 —-0.11 3.52 0.05 0.07
SIC 30 -1.52 -1.25 1.05 1.76 0.16 0.22
SIC 32 -1.59 -1.55 0.31 -0.26 0.57 0.98
SIC 33 —4.59 -3.79 0.51 —-4.68 2.84 3.03
SIC 34 —0.47 -0.51 2.80 1.06 -0.84 —-0.53
SIC 35 —4.44 —-5.14 —1.54 —0.58 4.05 4.49
SIC 36 -0.21 -0.24 0.20 -1.09 0.03 0.01
SIC 37 -0.26 —-0.43 -0.02 -1.14 -0.16 0.03
SIC 48 0.23 -0.69 1.27 -3.06 -0.20 0.62
SIC 49 —3.46 -3.11 0.32 0.72 2.12 1.76
IND -1.03 —1.05 0.21 -0.61 0.50 0.70
COM -0.29 -0.50 0.00 —0.43 0.39 0.57

Demand (kw)

Industrial not

identified elsewhere —0.25 —1.58 0.51 -0.91 -0.12 -1.81
SIC 20 2.96 0.77 4.05 0.51 4.06 -0.15
SIC 24 -0.21 -0.50 4.56 3.26 7.87 -0.20
SIC 26 3.35 1.13 0.83 ~0.05 2.19 1.76
SIC 28 —1.86 -5.57 3.22 -1.77 1.75 -3.25
SIC 29 0.51 -0.76 -0.81 -1.94 0.30 -1.13
SIC 30 43.30 4.37 6.32 2.72 12.86 4.63
SIC 32 3.67 1.25 6.03 2.00 5.93 1.09
SIC 33 -3.19 -3.74 2.26 2.64 -17.76 —6.39
SIC 34 5.16 1.58 3.34 2.33 6.76 4.09
SIC 35 —5.26 -5.37 2.83 2.86 -11.81 —6.93
SIC 36 —0.16 -0.69 0.94 0.13 -0.39 —-1.02
SIC 37 -6.74 -3.75 3.12 -0.51 2.93 0.28
SIC 48 —6.43 -6.98 -3.83 —1.42 -0.30 —2.39
SIC 49 13.30 0.37 8.66 2.14 -0.48 -2.20
IND 0.89 —1.68 2.46 0.13 1.08 -0.91

COM —-5.16 -5.47 0.86 —-0.32 —2.05 -2.12
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