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LEGAL NOTICE

This report was prepared by the Energy Modeling Forum (EMF), administered by the
Institute for Energy Studies, Stanford University, as an account of work sponsored
by the Electric Power Reszarch Institute, Inc. (EPRI). WNeither EPRI, members of
EPRI, EMF, nor any person acting om behalf of either: (a) makes any warranty or
representation, express or implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this ‘report, or that the use of any
information, apparatus, method, or process disclosed in this report may not in=-
fringe privately owned rights; or (b) assumes any liabilities with respect to the
use of, or for damages resulting from the use of, any information, apparatus,
method, or process disclosed in this report.

This report summarizes the results of the EMF working group study. It does not
necessarily represent the views of Stanford Institute for Energy Studies or
Stanford University.




EXECUTIVE SUMMARY

The response of energy demand to changes in energy prices is central to the evalua-
tion of energy policies. Te¢ study this response, analysts and modelers have devel-
oped many sophisticated models of energy demand. These models, differing in their
structure and degree of detail, do not lend themselves to easy comparisens of the
relationship between demand and prices.

Simplified to a single number, the response of demand to changes in price can be
described as an elasticity. The aggregate price elasticity of energy demand is
equal to the percent reduction in energy demand produced by a 1 percent increase
in energy price, with all else held constant. This definition of elasticity is
presented graphically in Figure 1. By convention, aggregate elasticities are
positive whenever price increases lead to a decrease in demand.

Straightforward in concept, the aggregate elasticity of demand for energy is elusive
in practice. However, there 1s an appeal to this simple single parameter as an
indicator of important underlying relationships. There is little doubt that aha-
lysts will continue to use this single elasticity to describe aggregate changes in
future energy demand. If it is to be used correctly, there must be an improvement
in its definition and measurement. The present report works towards this end by
summarizing results from the Energy Modeling Forum (EMF) comparison of energy demand
models.

The geal of this study is the description of the aggregate price elasticity of
demand impiicit in energy demand models. 4An EMF working group conducted experi-
ments with 16 detailed models of the energy sector. The group developed consistent
estimates of the 15-, 25-, and 35-year energy demand elasticities implicit in each
of the models. The comparisom of results is descriptive; there was no attempt to
produce a single best estimate of the demand elasticity. ’

The aggregate elasticity or the set of fuel-specific elasticities is critically
important for many analyses. The higher the elasticity of demand for energy, the
smaller will be the impact on GNP (gross national product) of a given reduction in
the quantity of energy available, and the smaller will be the impact of a given
increase in the cost of imported emergy. The higher the elasticity, the lower will
be the forecasted future consumption of energy in high price situations, the less
urgent will be the perceived need for emergy supply technologies, and the lower will
be projected world oil prices.

Sinece energy includes a number of heterogeneocus commodities, each wirh a separate
price, these prices and quantities must be aggregated in order to calculate a
single elasticity. The choice of aggregation rules can influence the resultant
estimations. The group examined several alternative indexes for the aggregation:
Paasche, Laspeyres, Tornquist, and Btu-weighred. Similarly, the elasticity can
vary by a factor of nearly two over different stages from production to consumption.
The group compared two standardized points of measurement:
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Figure 1 Elasticity Defimition
e primary energy, measured directly before refining, electricity

generation, and synthetic fuels conversion losses; and

& secondary energy, measured directly after conversion and
refining losses.

Primary energy prices are generally lower and quantities are higher than for the
corresponding secondary values; consequently, the primary elasticities will be
generally lower than the secondary elasticities.

Total demand for energy can adjust in many ways. The detailed energy demand models
focus on different system elements, possibly fixing some demands while calculating
" others. Some of the medels include restrictions which reduce the ability of the
economy to adjust to higher prices or witich reduce the measured elasticity. Addi-
tionally, disaggregated elasticities may be estimated statistically or by other
approaches, i.e., engineering or judgmental.

The working group addressed the above and other issues to conclude:

® The more comprehensive models, covering all energy-using sectors,
incorporating the full range of potential flexibility, and directly
utilizing historical data to statistically estimate parameters,
were generally characterized by the highest implicit aggregate
secondary demand elasticities. Long-run aggregate secondary demand
elasticity estimates for these five models ranged between 0.3 and 0.7.

e Other models produced lowar estimates either because they incorporated
lower subjectively determined component elasticities or because of
“the limited scope of energy~-use substitutions addressed in the models.
Four out of the five comprehensive models in this category produced
elasticity estimates in the range from 0.1 to 0.2; a fifth estimate
was 0.5,
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4s shown in Table 1, demand elasticities vary significantly across
sectors, among models, and among assumed policv regimes. Automobile
efficiency standards, for example, may lower the elasticity for
gascline by a factor of 2 to 3.

Agoregate elasticity estimates were not sensitive to the choice of
Paasche, Laspeyres, or Tornquist indexes but differed when the Btu-—
weighted index was chosen. Because the Btu-weighted index is
theoretically less attractive, the Paasche index is used in this
SUNMMATY .

The aggregate demand changes projected with many models were sensi-
tive to the specific composition of price changes. Since an aggregate
analysis may be inadequate or misleading for these models, a method
was developed to illustrate the implications of different compesitions
of price changes.

The study did not examine the adjustment dynamics inherent in the
models. However, energy demand adjustments occur slowly since demand
is linked to the stock of energy-using equipment, Analysis of the
post-1973 experience indicated that the conservation actually ex-
perienced to date could be consistent with any of the estimated long-
run primary energy elasticities implicit in the models.

There is a range of uncertainty associated with any demand elasticity
- estimate; the actual elasticity could be greater than or less than

any of the point estimates presented here. The range of uncertainty
is not the same as the range of elasticity estimates. Several sources
of uncertainty exist in each model: measurement error in the data,

Table 1

25~-YEAR SECONDARY DEMAND ELASTICITY ESTIMATES

Parameter Estimation Methodology

Sectors Other Approaches
Statistical (Engineering or
Judgmental)
All Sectors 0.3-0.7 0.1-0.6
Residential 0.5-1.0 0.4
Residential/Commercial 0.5-0.8 0.5
Commercial 0.5 0.3-0.4
Commercial/Industrial 0.3-0.7 0.1
Industrial 0.2~0.5 0.2-0.7
All Transportation 0.2-0.5 G.4

Automobile Gasoline
with Efficiency Standards 0.1-0.2 -
without Efficiency Standards 0.1-0.5




parameter estimation uncertainty, and model specification errors.
However, limitations in the current state of the art either pre-
clude calculation of explicit uncertainty measures or make calcula-
ticn extremely costly.

® Measurement of prices and quantities at the secondary energy level
was more useful for computing dependable aggregate elasticities
than measurement at the primary level. The conditions necessary to
insure the theoretical consistency of aggregate economic indexes are
more nearly satisfied at the secondary level. Additionally, most
demand models are structured in terms of delivered energy, which
can be adjusted easily to the secondary emergy level; more arbitrary
procedures were required to adjust data to the primary energy level.

° The elasticities differ due in part to differences in modeling
approaches, techniques, or assumptions. Detailed models often
represent some components of energy demand as independent of price,
thereby biasing downward the calculated aggregate elasticity.
Engineering process models may exclude unrecognized technological
options and may underestimate the substitution flexibility of the
economy.

Based upon its findings, the working group recommends the following:

e The Energy Information Administration (EIA)} of the U.S. Department
of ‘Energy, working in close coordination with modelers, should
develop consistent accounting conventions and standardized data
for demand analysis. The working group spent a great deal of time on
standardizing the data without fully succeeding.

e Modelers should improve their practice in publishing assumptions,
error statistics, robustness tests, validity tests, descriptive
information, and historical data supporting their models. Agencies
funding model development should insist on and support this effort.

@ Modelers should make aggregate elasticities, whether explicit or
implicit, a standard component of the documentation of demand models.
The EIA should publish a set of definitions and computational pro-
cedures for caleulating these elasticities and the associated
adjustment time lags.

° Modelers should develop and then consistently utilize techniques
for describing the uncertainties in their models. This will
require basic research to develop the methodology. Fundiag organi-
zations and modelers, realizing that analysis of uncertainties
is costly but important, should budget sufficient funds for this
activity.
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EMF 1 identi-
fied the im-
portance of
the aggregate
elasticity of
energy demand:

the percent de-
crease in demand
produced by a 1
percent increase
in price.

Aggregate demand
elasticities
were estimated
for 16 energy
models but no
single best
astimate was
identified.

Chapter 1

SUMMARY REPORT

INTRODUCTION

The first EMF study, "Energy and the Economy," produced estimates
of the aggregate elasticity of substitution for primary energy
implicit in six models of energy and the econom.y.l In that study,
the working group identified the importance of the aggregate
elasticity and called for an examination of more detailed demand
«models. During its review of the study, the EMF Senior Advisory
Panel cited the importance of a careful investigation of energy
demand models to clarify estimaﬁes of the aggregate elasticity.

The present study is a response to those suggestions.

The aggregate price elasticity of energy demand is the percent
reduction in enmergy demand produced by a 1 percent increase in
energy price, with all else held constant. By convention, aggre-
gate elasticities are positive whenever price increases lead to

decreases in demand.2

The working group conducted experiments with 16 detailed models
of the energy sector. Table 1-1 provides a complete listing of
the models. The uncertainty in the current state of the art is
emphasized. This group made no attempt to produce a single best
estimate of the‘demand elasticity; at a minimum, the study pro-
vides simple summary statistics for comparing energy demand

models. In addition, the results suggest the limitations of an
aggregate model of energy demand for some applications and,

therefore, reinforce the need for more detailed models of energy

use.
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Table 1-1

MODELS USED IN THE AGGREGATE ELASTICITY OF
ENERGY DEMAND STUDY

Energy—Economy Models

Brookhaven Energy System Optimization Model/Hudson-Jergenson
(BESOM/H-J), Brookhaven National Laboratory and Dale
Jorgenson Associates

Energy Technology Assessment-MACRO (ETA-MACRO), Alan Manne,
Stanford University

Parikh Welfare Equilibrium Model (Parikh WEM), Shailendra

Parikh, Stanford University

Energy System Models

Baughman-Joskow (Baughman~Joskow), Martin Baughman and Paul
Joskow, University of Texas

Energy Policy Model (EPM), Lawrence Livermore Laboratory

FOSSIL1 (FOSSIL1), Dartmouth System Dymamics Group, Dartmouth
College

Griffin Organization for Ecomnomic Cooperation and Development
(Griffin OQECD), James Griffin, University of Houston

Mid-Range Energy Forecasting System (MEFS), U.S5. Department
of Energy

Pindyck International Study (Pindyck), Robert Pindyck,
Massachusetts Institute of Techmology ’

Sectoral Models

Buildings Energy Comservation Optimization Model (BECOM),
Brookhaven National Laboratory

Federal Energy Administration-Faucett (¥FEA-Faucett), Carmen
Difiglio and Damian Kulash, Federal Energy Administration

Industrial Sector Technology Use Model (ISTUM), Energy and
Environmental Analysis, Inc.

Jackson Commercial (Jackson Commercial), Jerry Jackson,
Cak Ridge National Laboratory

The ORNL Residential Energy-Use Model (Hirst Residential),
Eric Hirst and Janet Carney, Oazk Ridge Natiomal Laboratory

Sweeney Automobile Model (Sweeney Auto), James Sweeney,
Stanford University

Wharton Motor Vehicle Model (Wharton MOVE), Wharton Econometric
Forecasting Associates
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Demand elas—
ticity estimates
are crucial to
energy policy
analyses.

Aggregate elas-
ticities are
more easily
understood and
communicated
than are de-
tailed elas—~
ticities.

The remainder of this repert

. establishes the significance of elasticities in
energy policy and planning,

. identifies some key issues to be addressed in com-
puting aggregate elasticities,

. gives an overview of the models employed in the
study,
. describes the experimental design for estimating

the aggregate elasticity implicit in each model,
. reports the study results, and

. makes recommendations.

SIGNIFICANCE OF ELASTICITIES

The aggregate elasticity of energy demand or the set of fuel-
specific elasticities is critically important for many analyses,
such as forecasts of future energy consumption, evaluations of

the appreopriate timing of energy technology development, assess-
ments of energy tax policies, and predictions of OPEC (Organiza-
tion of Petroleum Exporting Countries) pricing strategies. The
higher the price elasticity of demand for energy, the greater will
be the impact on GNP of a given tax on energy, the smaller will

be the impact of a given reduction in the quantity of energy
available, and the smailer will be the impact of a given increase
in the cost of imporred energy.3 The higher the assumed elasticity,
the lower will be the forecasted future consumption of energy in
high price situations, the less urgent will be the perceived need
for new energy supply technologies, and the lower will be pro-

jected'world oil prices.

Detailed elasticities by fuel and sector are important for many
of these same analyses, and a full-scale analysis of a particular
policy may depend upon the use of detailed models. But detailed
model differences and their implications may be difficult to
perceive and communicate., Aggregate elasticity calculations
provide simple summary parameters that are easily understood and
used. And since many energy prices tend to increase together,

aggregate elasticities give a rough estimate of the magnitude



The projected

ratio of energy
use to GNP de-
pends upon the

aggregate demand

elasticity.

The higher the
elasticity, the
smaller the
price Iincrease
required to re-

duce the energy/

GNP ratio a
given amount.

The aggregate
elasticity is
important in

estimating the
econocmic costs
of reductions
in energy use.

of the energy consumpticn changes resulting from pervasive changes
in the energy situation, such as those caused by increases in
world oil prices. These rough estimates mav be adequate for manv

purpcses.

One simple use of aggregate elasticity estimates is the calcula-
tion of the extent to which energy consumption can be reduced in
response to increasing energy prices or costs. The consumption

reduction depends upon the reduction in aggregate economic activity
and the ability of actors in the ecomomy to substitute other inputs
for energy. However, the ratio of energy use to GNP depends

primarily upon the ability of the economy to substitute capital
and labor inputs for energy, as measured by the aggregate elas-—

ticity of demand.

Figure 1-1 illustrates the ratio of future energy use to GNP as a
functicn of energy price for demand elasticities ranging from

0.1 to 0.9. The coordinates are standardized at umity by dividing
by Reference values in order to facilitate examination of frac-
tional changes in the ratio. If the long-run elasticiry of
demand for emergy is as low as 0.1, a 10-fold increase in emnergy
prices is required to ultimately reduce the energy/GNP ratio by
20 percent. However, 1f the elasticity is as high as 0.9, the
same 20 percent reduction in the energy/GNP ratic can be achieved
by a 28 percent increase in energy price, Thus, forecasts of
future energy consumption and analyses of the efficacy of con-

servation programs in reducing energy demand depend upon the

‘aggregate price elasticity.

Results from analysis with a simple aggregate model of energy-
economy interactions demonstrate the importance of the elasticity
of energy demand or the closely related elasticity of substitution
between aggregate energy and other inputs, i.e., capital and

L]

labor, Figure 1~2 illustrates, for various values of the aggre-
gate elasticity, the relationship between the GNP and energy

use in this model.6 The results demonstrate the impertance of

the elasticity of energy demand in determining the magnitude of

the macroeconomic impacts of reductions in energy use. Lf the
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The larger the
elasticity, the
smaller the
long~run eco-
nomic Impacts
cf reduced
energy avail-
ahility.

Many method-~
clogical prob-
lems were
addressed.

long~run demand elasticity were 0.2, a 30 parcent reduction in
secondary energy inputs, motivated by measures which incresase
zensumers' energy priées but not resource costs, such as a Btu
{British thermal unit) rax, would ultimately lead to 2 13 percent
raduction in GNP each year. If the elasticity were 0,7, this same
50 percent reduction in secondary energy inputs would lead to

only a 3 percent reduction in GNP.

These results have important implications for both energy policy
and the validity of energy sector models., TFor example, if the
demand elasticity were low, say 0.1 to 0.2, changes in energy
availability could have major long-run economic effects. Wirh
such large feedbacks, one may question the logical consistency of
models which take the GNP as given (partizl equilibrium models).
On the other hand, if the demand elasticity were high, say 0.5 to
0.7, changes in energy availability could be substantially de-
coupled from long-run economic growth, lending cradibility to

the partial equilibrium approach for analyses of conservation pro-

grams or tax measures.

ISSUES IN COMPUTING AGGREGATE ELASTICITIES

The design and implementation of the study presented a number of
methodological and definitional problems. The following issues

were found to be particularly significant:

° distinctions between aggregate and single-fuel
elasticities,

@ aggregation of heterogeneous fuels,

o cheice of index,

® composition of price change,

] standardizaticn of aggregate economic activity,

e selection of measurement point,

° examination of dynamics, and

] characterization of uncertainty.




Energy price
increases
motivate inter-
fuel and Ffactor
substitutions.

The elasticity
of demand for
gpecific fuels
normally ex-
¢eeds the aggre-
gate demand
elasticity.

Azpregate Elasticities Versus Elasticities for Single Fuels

In respouse to an increazse in the price of a single fuel, the
demand for that fuel decreases as firms and individuals sub-
stitute other nonenergy products (factor substitution) and other
energy forms (interfuel substitution) in place of the fuel whose
price has increased. The interfuel substitution leads not only
to decreases in the demand for the more costly fuel but also to
increases in the demands for competing fuels. As a result,
aggregate energy demand is reduced by less than the demand for

a single fuel.

The percentage decrease in the demand for a single fuel as its
price increases by 1 percent, holding other prices comstant, is
its "own elasticity" of demand. The "cross elasticity" of demand
is defined as the percentage increase in one fuel's demand when
the price of a competing fuel is increased. The aggregate demand
elasticity for energy is defined as the percentage reduction in
aggregate demand in respomse to a 1 percent inerease in aggregate
price. For individual fuels, the aggregate elasticity of demand

is generally smaller than the own elasticity of demand.

These points can be illustrated by a simple numerical example.
Assume two types of energy with demands represented by El and E2.
Their prices, Pl and P2, are related by the following linear

inverse demand functions:

ElL = 1.2 -P1L + 0.8 P2, and

E2 = 1.2 - 0.8 P1 - P2 .
Total energy demand (ET), the sum of El and EZ, is
ET = 2.4 -0.2PL-0.2P2 .

Suppose that P1 = P2 = 1, then E1 = E2 = 1 and ET = 2.



Fajilure to dis-
tinguish be-
tween the two
elasticity
conczpts can
lead to mis-
application.

Prices and
guantities
of individual
fuels must be
aggregated.

The choice of a
particular ag-
gregation rule
can affect the
results.

In the above example, a 10 percent increase in PL, from 1 teo 1.1,
reduces the demand for energy type 1 by 0.1 units or 10 percent:
the fuel-specific own elasticity of demand is 1.0. However, the
demand for energy type 2 is simultaneously increased by 8 percent,
a cross elasticity of 0.8, leading to a net decrease in total
energy demand of 0.2 units or 1 percent. Since the average price
of energy increases by 5 percent, the aggregate demand elasticity'
equals 0.2.7 Similarly, a 10 percent increase in both prices
implies a 10 percent increase in average price and a decrease in
aggregate demand by 0.04 units or 2 percent. The aggregate
demand elasticity is again calculated to be 0.2. This aggregate
elasticity of 0.2 can be compared with the fuel-specific own
elasticity of 1.0. Failure to distinguish clearly between the
two concepts can easily lead to misapplication of estimated

demand elasticities. -

The Agsregation Problem

Aggregare elasticity estimations require alternative projections
of aggregate energy and its price. However, aggregate energy is
neither marketed in the real world nor represented directly in
the detailed energy demand models. Consequently, any scheme for
measuring the aggregate price elasticities implicit in the models
depends upon a rule for aggregating prices and quantities of

individual energy products.

In the above example, aggregation consisted of adding total energy
use and averaging prices. This natural scheme is one of many
possible aggregation rules. Furthermore, adding quantities and
averaging prices leaves open the question of what units to use:
physical weight, economic value, Btus. If economic value is the
unit to be used in aggregating, one must choose the prices to use
in caleculating economic value. If prices are changing, the choice
is not obvious. If Btus are used, one must specify how to measure
Btus: heat value under perfect combustion, heat value under com-
bustion with normal utilizing equipment, or heat value of the raw

materials used to produce the final energy commodity.s



The aggregation The importance of the aggregation problem is illustrated by
problem can be
illustrated by

an example. type 2 is naturzl gas, and the units used above are measured in

further use of the example. Assume energy type 1 is electricity,

terms of delivered Btus, ocutput or delivered energy. Alternatively,
one may aggregate by the Btus required to generate the final prod-
uct {primary energy). To aggregate in terms of primary energy,

all coefficients in the first equation must be multipiied by

three.9
The new equations are

EX' = 3.6 - 3.0 (3P) + 2.4 P2

E2 = 1.2 + 0.8 (3P) - P2

where P, the price of electricity inputs, equals 1/3 Pl and
ET' = 4.8 - 2.2 (3P) + 1.4 P2 .
Now, if P1 = P2 = 1, then EL' = 3, E2 = 1, and ET' = 4,

Two methods For this example, a 10 percent increase im electricity price
of aggregation

. i a the aver d
were considered. increases average price of output energy by 5 percent and

reduces total demand for primary energy by 5.5 percent, yielding
an aggregate elasticity equal to 1.l. A 10 percent increase in
the price of natural gas increases average delivered price by

5 percent and increases total energy input demand by 3.5 percent,
yielding an aggregate demand elasticity of ~0.7. Hence, a
seemingly simple change of the units used in the aggregation can
change the magnitude and even the sign of the implicit aggregate
demand elasticity. Two approaches to the aggregation problem were
considered: (1) estimating a production or demand function for

aggregate energy and (2) using price and quantity indexes for

energy.
Estimating a One way to approach the aggregation problem is to postulate the
produqt;on existence of a production funection for energy with individual
function for .

aggregate en- fuels being the inputs or, equivalently, to postulate a unit—

ergy regquired

too much data. cost function with the price of aggregate energy determined by

component fuel prices. The production function formulatiom of

1-9



Therefore, index
numbers were
used.

Most indexes,
except the Btuy-
weighted, are
consistent with
optimizing
behavior.

The Laspeyres,
Paasche, and
fdeal indexes
use prices and
gquantities as
welghts for
aggregation.

the aggregation preblem has a strong theoretical foundation, for
example, the description in Diewert.l0 The equivalent unit-cost
function approach is prevalent in energy-economy models, for
example, in the work of Hudson and Jorgenson.ll However, the
production/unit-cost function appreach to the problem of com=
puting the price and quantity of aggregate energy requires far
more information than needed to determine the price elasticity
for aggregate emergy. A more economical and direct approach was

needed.

The use of index numbers provides a short cut for determining
the aggregates directly from their compouents, without having
to statistically estimaze the full aggregation rules. Index
numbers provide an approximation to the production function and
in some special cases can be exact. The index number approach

is developed more fully in Chapters 2 and 4,

The Choice of Index

Many different index formulas canm be used to aggregate the data
provided by the models, and diffefent aggregators can result in
different aggregate elasticities from the same data, as shown
above. Several of the most commonly used indéxes, Paasche,
Laspeyres, Ideal, Tornquist, and Btu-weighted, were considered

in this study. Except for the Btu-weighted, these indexes are-
consistent with the assumption of optimizing behavior on the part

of producers and consumers.

The familiar Laspeyres and Paasche indexes correspond precisely
to the examples’ above if the units correspond to economic value.
Both quantity indexes are constructed by summing economic values
(price times quantity) of energy consumed; both price indexss
are constructed by averaging prices of energy consumed, using
quantities as weights., The Laspeyres quantity index uses price
weights corresponding to the Reference case or base year; the
Paasche quantity index uses price weights corresponding to the
specific scenario or the current year. In a similar manner, the

Laspeyres price index uses Reference case or base year quantities
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These indexes
produce approxi-
mations to the
aggregate pro-
duction func-
tion.

And for small
price changes,
four indexes
yield identical
results.

Although used
pervasively,

the Btu-weighted
index has seri-
ous theoretical
shortcomings.

The aggregate
elasticity can
depend on the
composition of
price change.

for averaging, while the Paasche price index uses specific
scenario or current yvear quantities. The "Ideal" index is the

geometric mean of the Laspeyres and Paasche indexes.

Each of the three indexes, Laspeyres, Paasche, and Ideal, provides
an approximation to the quantity and average prices obtainable
from an aggregate production function or cost function. The .
approximation from the Reference case levels is very close for
infinitesimal changes in price and quantity. For larger changes,

however, the approximation becomes less exact.

The more complex Tornquist index has been developed to provide

an exact calculation for large price and quantity changes. The
Tornquist index is exact for all possible prices under the special
assumption that the unit-cost function is quadratic in logarithms
of energy input prices (a "transcendental logarithmic function").12
For small price and quantity changes, all four indexes are iden-
tical to one another. Thus, the aggregate elasticities calculated

with the four indexes will be similar,

The last index considered, Btu-weighted, 1s not based on the
assumption of optimizing behavior by economic agents but, rather,
on an impliecit assumption that all energy forms are perfect
substitutes on a Btu basis. Despite its theoretical shortcomings,
this index was included here because of its pervasive use in
aggregéte energy accounting. This quancity index 1s simply the
quantity sum over the various fuels, with units corresponding to
the heat content (Btu) of the fuels. The price index is the

average of the prices, weighted by Reference case quantities.

The Composition of Price Change

Whenever heterogeneous commodities are aggregated, calculated

aggregate demand elasticities may depend upon specific price
changes. The elasticity can be positive or negative depending
upont the mix of price changes: in the earlief example, aggregate
price increases led to aggregate quantity decreases or increases,
depending upon the price change composition. The example can be

expanded to examine a 10 percent increase in the price of commodity
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Average aggre-
gate elasticity
estimates may be
sample-dependent.

The extent to
which the price
change composi-
ticn affects the
aggregate elas-
ticity is im-
portant.

The composition
of price changes
greatly affects
the elasticity
calculated for
some models but
not for others.

1 coupled with a 10 percent decrease in the price of commodity 2.
In this case, the average price remains unchanged while the aggre-
gate demand for primary energy is reduced by 9 percent, Since
aggregate demand changes while aggregate price remains constant,
even the concept of a demand funection is questioned for aggregated

commodities.

When several different price changes are congidered, an average
elasticity can be calculated. However, this does not avoild the
problem. If elasticities depend upon the composition of price
changes, the average elasticity will depend upon the sample of

price changes selected for the calculation,

For some cases, the choice of an appropriate index will eliminate
the problem. 1In general, however, there is no assurance that
any index will allow the measured elasticity to be independent
of the precise configuration of price changes. The relevant
issue is not whether the price change composition matters but
how significantly the composition problem influences measured
results. Equivalently, the issue may be posed as one of deter-

mining the range of price-change directions over which a partiéular
aggregate elasticity estimate approximately describes the aggre-

gate behavior of the energy demand model.

Sweeney, In Chapter 9, has developed a decomposition approach
in the context of the present study. The decomposition
method is based upon a simple but important ohservation: when
an aggregated class of commodities is considered, a single-valued
demand function for the aggregate may not even exist. The approach
can be used to estimate an average elasticity for each model and
index while preserving the notion that the calculated elasticity
will, in general, depend upom the precise price change compesition,
as illustrated above. In such a sitvation, it is important to
determine how nearly the relationship between quantity and price
aggregates can be approximated by a single-valued demand function.
This, then, provides the motivation for the decomposition

method discussed more fully in Chapter 9. Because the decom-

position technique is still experimental, it does not form the
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Increasing en-
ergy prices
implies reduc—
tions in aggre-
gate economic
activity.

Higher energy
prices affect
energy demand
both directly
and indirectly
through reduc-
tions in eco-
nomic output.

The separation
of price effects
into two com-
ponents typi-
cally varies

by sector.

basis of the summary tables or graphs in this report. Rather, a
conventional averaging of elasticities has been utilized except

where indicated.

Standardizing Apgrepgate Economic Activity

In respense to increasing energy prices, one can expect pervasive
changes in economic activity. Interfuel and factor substitutions
imply shifts in the composition of economic ocutput., Since energy
is a factor of production in the economy, a reduction in energy
use without corresponding increases in the availability of other
productive factors implies a net reductiomn in the aggregate real
value of goods and services produced in the economy. In fact,
increases in the costs of importing or producing energy reduces
the GNP even if the aggregate value of goods and services produced
by the rest of the economy remains unchanged; as energy costs in-
crease, more claims must be made against the cutput of the rest
of the economy in order to import or produce a given quantity of
energy. On the other hand, energy conservation strategies, such
as energy-use taxes, may stimulate changes which lessen the eco-

nomic impact of higher energy prices.

For analytical purpcses, it is useful to separate these various
energy demand impacts into two components: (1) a demand response
to higher price with aggregate econmomic activity held constant
plus (2} a demand response to changed income or aggregate economic
activity stemming from energy price or cost inmcreases. The first
component corresponds to the aggregate price elasticity of demand
addressed in this study. The second component depends upon the
income or economic activity elasticity of demand and the influence
of energy system changes on aggregate economic activity. This
last issue was the topic of the first EMF study and is not ad-

dréssed further here.l

The precise manner of separating price effects into the two com-
ponents typically varies ameong sectors being represented. For
industrial sectors, the price elasticity is usually defined by
holding constant the aggregate output from the particular sector.

For the residential sector, disposable perscnal income is normally
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The price elas-
ticity of demand
is defined hold-
ing constant
either GNP or
aggregate out-
put from the
energy-consuming
Sectors.

The calculated
elasticity de-
pends on this
choice.

This study
standardized
GNP,

held constant, while for the transportation sector either GNP or

disposable income ma¥ be standardized.

In order to define an aggregate price elasticity of demand, one
must specify the measure of aggregate eccnomic activity to be
standardized. Two choices are natural: GNP or aggregate output .
of the energy-consuming sectors of the economy, referred to as
This choice will influence the

measured price elasticity of demand for energy. If GNP is held

the rest of the economy.13

constant in defining the price elasticity, energy demand can be
modeled as depending on GNP and a pure price effect. If aggregate
cutput of the rest of the econemy is held constant, energy is

modeled as depending upon aggregate output and a pure price effect.

These two pure price effects generally differ in magnitude from
one another. When demand reductions are motivated by price changes
alone, e.g., taxes not coupled to cost changes, the price elas-
ticity is generally larger if calculated by standardizing GNP than
if caleulated by standardizing the aggregate output of the rest

of the economy. This occurs priﬁarily because GNP declines less
than aggregate output in response to energy price changes. Since
that portion of the demand reduction modeled as working through
economic activity 1s greater under the latter definition, the
calculated pure price effect must be smaller if the sum of the

two effects is to remain the same. In contrast, when the demand
reduction is motivated by cost increases, the converse is true.
In response to cost increases, GNP declines more than aggregate
output. Therefore, the measured price elasticity based upon

standardizing GNP is smaller than that based upon standardizing

aggregate output.

This study examined responses to changes in the cost of producing
or importing energy. The elasticities using both definitions
were calculated, but the definition based upon standardizing

GNP was adopted.
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Inconsistencies
in the point of
measurement are
pervasive in
the use of
elasticities.

In this study,
energy 1s
measured at the
primary level
and at the
secondary level.

For a single
fuel, the rela-
tionship between
elasticities
measured at dif-
ferent points is
straightforward.

In this case
two types of
markups are
COmmOn .«

The Poinr of Measurement

Since energy pricés and quanticies can be measured at many points
in the energy system, incounsistencies in the point of measurement
are pervasive in comparisons of the models. It is desirable for
many purposes to measure aggregate energy demand or aggregate
energy demand elasticities as close to the point of consumption

as possible.la

This suggests measurement of elasticities at the
retail level. However, it was felt that a standardized comparison
at the retail level would be impractical because there are many
different retail products sold teo many consumers in many locali-

ties at many different prices.

Lack of appropriately disaggregated data at the retail level has
alsoc prompted many of the modelers to lock elsewhere in the

system for a point of measurement where the aggregation assump~
tions can be satisfied. The U.S. Bureau of Mines has historically
referred to energy measured directly before electricity generation

and other conversion losses as gross energy inputs and energy

measured directly after these losses as net energy inputs, In

this study, these quantities are referred to as primary and

secondary energy, respectively.

In general, it is difficult to separate problems of aggregation
from problems associated with point of measurement. However, for
models which consider only one fuel, the importance of the point
of measurement problem can be easily demonstrated. For example,
the Sweeney Auto model considers omly actomobile gasoline use
and, therefore, problems of aggregation do not appear in pre-
senting the results of the model. Sweeney, of course, used data

aggregated from individual gascline sales. <Calculation of retail

price elasticity and secondary price elasticity are straight-

forward; calculation of primary elasticity requires a modeling

of cost and quantity changes associated with refinery operations,

For the simple case in which there are price markups and energy
conversion losses from point teo point in the energy productiocn/
consumption chain, differences in elasticities are easy to cal-

culate. Two types of markups between levels are common, A
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{
proportional markup multiplies the lower level price by some

constant greater than unicy, while an additive markup adds some
fixed cost to the price. The proporrional markup guarantees that
the same percentage changes in prices and quantities occur at
each level in the system and, therefore, elasticities are the
same at each point of measurement. For. additive markups, an
increase in price at one level produces a different percentage
change in price at another level. This results in different

elasticities at different points of measurement.

wWith additive Suppose prices at the retail, secondary, and primary levels are
markups, retail

clasticities ex— denoted by PR, PS8, and PP, respectively, and that there are

ceed secondary additive markups, TR and TS, between the secondary and retail
elasticities, . .

which exceed levels and between the primary and secondary levels, respectively.
primary elas=- The secondary elasticity will be smaller than the retail elasticiry
ticities.

by a factor of (PR - TR)/PR, while primary elasticity will be
smaller than secondary elasticity by a factor of (PS - TS)/PS.
The elasticity at a point in the supply chain, e.g., primary
energy, will be smaller than the elasticity at a point farther
downstream, e.g., retail energy, whenever there are additive

markups between levels.

As an example, elasticities are calculated at three levels for
the Sweeney Auto model. At the retail level, the elasticity is
0.76, while at the secondary and primary levels the corresponding

elasticities are 0.46 and 0.40, respectively.

Similar calculations have heen performed for the aggregate of

all energy in the economy, under an assumption that all price
increases between the secondary and retail levels can be modeled
as additive markups. Figure 1-3 illustrates the relationship be-
tween the secondary and retail elasticities, assuming additive
markups and normalizing the elasticity at the retail level to
unity.ls Under these assumptions, the ratioc between the two

elasticities increases sharply as energy price increases.



A general method
for translating
elasticities
from point to
point is pro-
posed.

Aggregate
primary and
secondary
elasticities
are computed
for each model.
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Figure 1-3 Ratio of Retail and Secondary
Elasticitles as a Tunction of
Secondary Energy Price

Nissen, in Chapter 5, has proposed a general methodology

for translating elasticities from point to point in the presance
of interfuel competition. This method promises to provide a
comprehensive approach for estimating aggregate funmctional ap-

proximations of detailed models.

A majority of researchers report total energy before conversion
losses, and this point of measurement is employed in many dis-
cussions of aggregate energy demand. Therefore, the study was
designed to produce estimates of primary elasticities implicit

in the models. However, since enough data were available to

also estimate secondary energy price elasticities implicit in

the models, the working group calculated and reported elasticities

at both points of measurement.
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Dynamic re-
sponses orf the
models to price
increases are
not examined.

Long=-run elas-
ticities greatly
exceed short-run
elasticities.

It is desirable
to examine the
uncertainty
associated with
elasticity
estimates;

however, this
goal could not
be achieved.

Dvnamics

In general, since the capiral stock of energy-using equipment
adjusts only slowly, short-run elasticicies (one to five vears)
may be expected to be considerably smaller than long-run elas-
ticities. Furthermore, calculated elasticities may depend upon
the timing of price changes. The working group calculated 15-,.
25-, and 35-year aggregate elasticities in response to price
changes initiated in 1975, Thus, while the estimates are not
precisely long-run equilibrium elasticities, the 25- and 35-year
estimates closely approximate lonmg-run elasticities. The ex-
periment does not examine the dynamics of the models, although
several models explicitly account for delays in consumer responses
to changes in energy prices.

Slow adjustment creates another empirical problem. When data
used for econometric testing are derived from a short time period,
only short-run elasticities can be easily observed. Therefore,
elasticities estimated using only a short time series of data,
for example, only post-1973 data, are heavily dependent upon
assumptions about the rate of a&justment of the capital stock.
The timing of consumer responses and the analysis of post-1973

data are discussed at length in Chapters 12 and 13.

Characterizing Uncertainty

Assumptions about price responsiveness are central to conclusions
obtained in energy policy studies. Consequently, it is desirable
to characterize the uncertainty associlated with aggregate elas-
ticity estimates. This is especially true since error costs may
be asymmetric and highly nonlinear. The costs of taking actions
based upon overestimates of energy demand elasticities may be

very different from those based upon underestimates.

Unfortunately, the theory and data are not available to develop
a satisfactory description of the uncertainty associated with
the aggregate elasticity estimates. The lack of a formal descrip-
tion of the processes by which the energy system structure can

change may be the most important source of error in elasticity
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estimates. The working group could not meet the data and com=—
putaticnal requirements for characterizing uncertainty even for
the conceptually simple problem of measuring the propagation of
parameter error in the models. This troublesome problem, which
is discussed in Chapter 11, remains as a caution to model users

and a challenge to model developers.

OVERVIEW OF THE MODELS

Sixteen models Sixteen models were included in this study, as shown in Table
were analyzed. 1-1. The models are described in detail in Chapter 3. While
the models emphasize different aspects of energy demand, they
overlap in their estimation of the relationships between emergy
demands and energy prices. These models are representative of
the spectrum of available analysis tools and share many important

features.

The models The models vary in scope, including sectoral models, energy system
vary in scope. models, and energy-economy models.l6 The energy system models
represent the entire energy system, while the sectoral models
focus on specific sectors of ﬁhe energy system, thus resembling
components of the energy system models. The energy-economy models
explicitly represent the influence of changes in the energy
system upon the rest of the economy, while the energy system

models do not.,

The energy- The energy-economy models include consideration of energy demand
economy models
lnclude energy-
economy Inter- These models typically use an economic growth model to integrate
actions.

within a general equilibrium framewcrk representing the economy.

(1) an interindustry input-ocutput description of the economy's
production sector, (2) a detailed process description of the
energy sector, and (3) a consumer demand module. However, the
‘models differ substantially in level of aggregation, representa-
tion of substitution possibilities, and represencation of energy
supply and demand dynamics. The energy-economy models included
in the study are (1) BESOM/H-J, a simplified version of the
Brookhaven system/Hudsom-Jorgenson, (2) ETA-MACRO, and (3) Parikh
WEM. All of these models are nationally aggregated.
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Energy system
medels repre-
sent all energy
demands.

Sectoral models
include detailed
representations
of specific
energy~consuming
sectors.

The models dif=-
fer systematj-
cally in data
and accounting
systems.

The models focus
on different
system elements
contributing to
energy demand
flexibility.

The energy system models represent all energy demands but not
interactions between the energy sector and the rest of the
economy. These models alsc differ substantially 4n level of
aggregation, substitution possibilities, and representations of
energy supply and demand dynamics. The energy svstem models
included in the study are (1) Baughman-Joskow, (2) EPM,

(3) FOSSILL, (4) Griffin OECD, (5) MEFS, and (6) Pindyck.l’'18

The sectoral models address energy use in specific demand sectors.
Typically, these models have little detail on energy supply, and
they do not consider energy conversion processes or energy-—economy
feedbacks. On the other hand, concentration on one demand sector
allows a more detailed modeling of various emergy uses. The study
(1} BECCM, (2} FEA~Fzucett,

(3} Hirst Residential, (4) ISTUM, (5) Jacksom Commercial,

(6) Sweeney Auto, and (7) Wharton MOVE.

included seven sectoral models:

The models systematically differ in the data and accounting systems
used. The energy—economy models typically utilize U.S. Bureau
This

allows commercial energy demands and transportation demands,

of Economic Analysis (BEA) industrial classifications.

except gasoline for private automobiles, to be treated in an
interindustry input-cutput framework. In the energy system

models, demands are typically disaggregated by U.S. Bureau of
Mines (BOM) consuming sectors: residential, transportation,

commercial, and induscrial.

Each model includes some mechanism for projecting future energy
demands, and each examines some aspects of the role of prices
in determining demands. Total demand for energy can adjust in
many ways, and the models focus on different system elements
that contribute to the flexibility in energy demand, fixing some
quantities while determining others., At one extreme, the RBECOM
and ISTUM mecdels hold constant all demands for energy services,
solving for the specific equipment and fuels required to provide
those energy services at the lowest cost. At the other extreme,
the Griffin CECD and Pindyck medels implicitly allow all system

adjustments to be captured in their parameter estimation.
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Some models ex-
plicitly iInclude
substitution
processes; others
Ieave these pro-
cesses Implicit.

The responsive-
ness of demand
includes inter-—
fuel and factor
substitution.

The degree of
product and
geographic ag-
gregation varies
significantly
among the models.

Representation
of energy con-
version activi-
ties influences
a model's aggre-
gate primary
elasticity.

Some models, such as BECOM, BESCM/H-J, or Hirst Residential,
explicitly identify the precise channels through which the sub-
stitution occurs, using a detailed process representation or an
aggregate production function representation of labor, capital,
energy, and materials substitutien. Other models, such as
Baughman-Joskow, Griffin OECD, and Pindyck, leave substitution

processes implicit.

The responsiveness of demand to price changes can be thought of
as being composed of two components: interfuel substitution and
factor substitution. Inclusion of interfuel substitution permits
examination of those interactions where the choice of one form

of enefgy versus another is important. Inclusion of factor sub-
stitution permits representation of switches ﬁFom energy to other
factors of production. The degree of interfuel and factor sub-
stitutions represented varies significantly among the models

employed in the study.

Also varying among the models 1Is the degree of product and spatial
aggregation. Geographic aggrégation 1s important because many
economic decisions can vary between regions, znd the ability to
transport energy between regions may be limited in some cases.

The level of product aggregation can be important to the extent
that alternative energy products are not perfect substitutes.

The significance of both issues is that the aggregation level
implicitly defines some of the substitution possibilities included
in the models, Specifically, commodities within a particular
product or regional aggregate are implicitly considered to be
perfect substitutes or perfect complements, i.e., used only in

fixed proportions, for each other.

' Because the study required specification of exogenous price tra-

jectories for primary energy fuels, the resource supply dynamics
built into the models are irrelevant for comparison of demand
behavior. However, representations of energy conversiocn activities
are important for determining aggregate elasticity of demand for
primary energy. Three energy conversion sectors are typically

included in the models: (1) an electric utility sector,
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Some models
represent the
dynamics of the
demand response;
others are
static.

Some dynamic

models assume
parfect forew
sight; others
assume myopic
behavior.

Statistical,
engineering, and
judgmental param-
eter estimation
approaches are
employed.

(2) an cil refining sector, and (3} z coal svnthetics conversion
sector. These are represented quite differentlv ameng the various

models.

Slow adjustment of capital stock, locaticn patterns, and behav-
ioral choices typify the energy demand response to changes in

economic conditions, Energy models can be either static or dy-
namic. The static models, such as BESCM/H~J and Pindyck, do not
explicitly incorporate either foresight or slow adjustment pro-
cesses. In contrast, dynamic models like ETA~-MACRO incorporate

temporal considerations within a multiperiod framework.

Two attributes may be used to describe the differences across
dynamic models: treatment of expectations and speed of adjust-
ment. Expectations may he myopic, with current decisions deter-
mined entirely by current and past conditions, or clairvoyant,
with current decisions based upon complete knowledge of all past,
present, and future prices. The statistical models implicitly
embody myopic expectations, while intertemporal optimization
models, such as BECOM, assume clairvovant behavior. A model
might permit instantaneous adjustment in variables resulting

from exogenous shocks or the adjustment may be gradual.

In all the dynamic models, a key element is the treatment of

adjustments in the stock of capital goods. Some models, such

as FEA-Faucett, Hirst Residential, and Wharton MOVE, treat these
capital adjustment processes explicitly, while others, such as
Baughman-Joskow or Griffin OECD, leave these processes implicit

in the model equations and parameters.

Besides differing in sectoral coverage, treatment of the relation-
ship between the energy sector and the rest of the economy, and
the models differ
The model

in severzl important structural characteristics,
fundamentally in approaches to parameter measurement.
developers emploved cne or more of three basic approaches:

(1) statistical estimation of fuel and/or sector price response,
(2) detailed engineering specifications of altérnative energy-

using technoleogies, and (3) judgmental estimation of fuel and/or
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Primary energy
fuel prices were
varied; other as-
sumptions were
standardized’
across scenarios
and models.

sector price response. Table 1-2 indicates the principal methods
used for parameter. estimation. Some models include a combination
of approaches to parameter estimation. Of these, BESOM/H-J and
ETA-MACRO are classified according to the parameter estimation
methods used to develop the demand representaticn of the model.
However, such a classification was not possible for the Hirst
Regidential and Jackson Commercial models since the statis-

tical and engineering approaches were intertwined in these
models. The comparison of estimation methods can be found in

Chapter 3.

THE EXPERIMENTAL DESIGN

Except for primary energy fuel prices, which were varied during
the experiment, 21l energy sector assumptions were those used
by the Modeling Resource Group (MRG) of the Committee on Nuclear
and Alternmative Energy Systems (CONAES) study.l9 The constant

dollar price levels of oil and gas, coal, and nuclear fuel for

Table 1-2

PARAMETER ESTIMATION APPROACHES

Statistical Engineering Judgmental
Energy-Economy BESOM/H-T ETA-MACRO
Models Parikh WEM
Energy System Baughman- EPM
Models Joskow? FOSSTIL1
Griffin OQECD
MEFS
Pindyck

Sectoral Models FEA~-Faucett BECOM
Sweeney Auto ISTUM
Wharton MOVE
Hirst Residential®
Jackson Commercial®

2Excludes the transportation sector and industrial feedstocks.

bOnly results from the automobile gasoline demand component .
were reported to the EMF.

Ccombines both the statistical and engineering approach.
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the Reference price case were chosen to increase gradually over
time. O0il and gas were assumed to cost $2.00 per million Btu in
1975 and to increase 2 percent per year in real terms through
20]_0;2O coal and nuclear fuel were assumed to cost $0.75 and
$0.40 per million Btu in 1975, respectively, and to increase 1
percent per year .through 2010. The reference price levels are
not especially important: the elasticities are calculated based
on the changes in prices from those levels and the resulting

changes in quantities.

Changes in aggre~ The alternative cases explorad changes in the composition of
gate price level
and individual
fuel prices were  as changes in the aggregate price level (Chapter 2). The
considered.

the aggregate price around the reference price levels as well

primary energy input prices were increased or decreased 25 per-
cent for all years, yielding three price levels for each primary
energy input. The price levels were varied from their reference
levels individually and collectively, defining the nine primary

energy price cases shown in Table 1-3.

Each price case was run for each model. The resulting demand
projections by fuel and sector were reported to the working group
by all modeling teams except for Wharton Econometric Forecasting
Associates, whose representative reported results only from their

automcbile gasoline demand model (MOVE).21

A constant The EMF staff used the reported data to caleculate price and
elasticity de-
mand Ffunction
was estimated and 2010. The Reierence case prices amd demands for the particu-~
for each model
for several
years. simple constant elasticity aggregate energy demand function was

quantity indexes for each model in each price case for 1990, 2000,
lar year of interest were used as weights in the indexes. A

statistically fit to the aggregate data for all cases available
from a given model in a particular year.22 Thus, a single best
aggregate elasticity estimate was obtained for each model and

each year.



Table 1-3

PRIMARY ENERGY PRICE CASES

Price Level

Case

0il & Gas Coal Other
1. Reference Reference Reference Reference
2, High Reference Reference
3. Reference High Reference
4, Reference Reference High
5. High High High
6. Low Reference Reference
7. Reference Low Reference
8. Refarence Reference Low
9. Low Low Low
CONCLUSIONS

The magnitude
of the demand

Contrary to popular usage, the energy demand elasticity cannot

even be defined consistently without explicit specification of

elasticity

depends on a several factors. The point of measurement, method of aggregatiom,
number of . .

factors price change composition, time frame, taxes, and regulations

assumed can significantly affect the calculated value of the
aggregate elasticity. Even if these factors are standardized,
differences in parameter estimation approaches and structural

characteristics lead to a range of elasticity estimates.

The Point of Measurement

Results showed The results in Table 1-4 show no comnsistent relationship between
no consistent
relationship
between secon-
dary and primary
elasticity
estimates.

primary and secondary aggregate elasticity estimates generated
within the study, The difficulty seems to reside chiefly with
primary elasticity estimates. In calculating primary elasticities
for sectoral models, a somewhat arbitrary exogenous mix of fuels

for electricity generation was assumed. In addition, aggregation
problems seemed to be more severe when primary energy cconsumption

estimates rather than secondary estimates were utilized.
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Table 1-4

COMPARISON OF 25-YEAR PRIMARY AND SECONDARY
ELASTICITY ESTIMATES
(Paasche Index)

Elasticity of Demand

Model Demand Sector
Primary Secondary
Baughman-Joskow Total 0.49 g.61
BECOM Residential/ . 0.51
Commercial

BESCM/H-J Total 0.48 0.42
EFPM Total 0.79 0.57
ETA-MACRO Total .30 0.18
FEA-Faucert?’ D Auto 0.13 0.15
FOSSIL1 Total 0.11 0.08
FOSSILL Conservation Total 0.17 0.16
Griffin OECD Total 0.45 0.55
Hirst Residantialb Residential 0.24 0.44
IsTuM Industrial e 0.24
Jackson Commercialb Commercial 0.17 0.37
MEFS2? P Total 0.04 0.31
Parikh WEM Total - 0.11 0.10
Pindyck? Total 0.44 0.70
Sweeney Autcaa’.b Auto 0.40 0.46
Wharton MOVE? Auto 0.19 0.21
a15~year estimates reported.

bI\To electricity generation sector,

Primary elas— Figure 1~4 displays primary and secondary price and quantity in-

ticity estimates

, dexes generated for the various scenarios for two models. For
were too unrelii-

able; the study the MEFS model, the aggregation problem is signaled by the irregu-
focused on : :

i £ bserva-
secondary lar scatter of aggregate primary energy price and quantity o
elasticities. ticns. While both the primary and secondary data are scattered

over a region, it is easier to estimate a functional relationship
between secondary energy price and quantity. The differemnces

were ncot nearly as striking for the FOSSIL1 model. However,
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Figure 1-4 25-Year Total Demand Primary and Secondary
Energy Price Responses for the MEFS and
FOSSIL1 Models

-decomposition results, discussed at a later point, coenfirmed

the judgment that primary energy elasticities were too undependable.
Therefore, the working group decided to concentrate on the second-

ary energy elasticities.
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The Choice of Index —

Except for the Secondary aggregate =lzsticity estimates were not sensitive to
Btu-weighted,
elasticity esti=-
mates were not But for some models the use of a Btu-weighted index led to dif-
sensitive to
choice of index.

the choice of Paasche, Laspevres, Ideal, or Tormquist indexes.

ferent calculated elasticities, as shown in Table 1-5. These
results suggest the importance of specifying the class of price
index used whenever aggregate elasticities are reported. Because
the Btu-weighted index is theoretically less attractive, the

Paasche index is used in reporting results in the present report.

Table 1-5

COMPARISON OF 25-YEAR SECONDARY DEMAND ELASTICITY ESTIMATES
BASED ON SELECTED INDEXES2

Model Index
Tornquist Paasche Laspeyres Btu-weighted
Baughman=-Joskow 0.61 - 0.6l 0.61 0.59
BECOM 0.54 0.51 0.57 1.00
BESOM/H~J 0.43 0.42 0.44 0.46
EPM 0.57 0.57 0.57 . D.59
ETA~MACRO 0.19 0.18 0.20 0.35
FEA-Faucett” 0.15 0.15 0.15 0.15
FOSSIL1 0.08 0.08 0.08 0.14
FOSSIL1 Comnservation 0.16 0.16 0.16 0.23
Griffin OECD 0.56 0.55 0.57 0.68
Hirst Residential .45 0.44 0.45 0.47
ISTUM 0.24 0.24 0.24 0.01
Jackson Commercial 0.38 0.37 0.38 0.33
MEFS® : 0.31 0.31 0.32 0.33
Parikh WEM 0.09 0.10 0.09 0.10
Pindyck 0.71 0.70 0.71 0.66
Sweanay Autob 0.46 0.46 0.46 0.46
Wharton MOVEb 0.21 0.21 0.21 0.21

aSame demand sectors as reported in Table 1-4.

blS—year estimates reported.
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The comprehensive
statistically
estimated models
produced higher
elasticity esti-
mates than did
those models

with judgmental
parameter
estimates.

The Method of Parameter Measurement

The aggregate secondary demand elasticity estimates are shown in
Figure 1-5. The more comprehensive models, covering all energy-
using sectors, incorporating the full range of potential substi-
tutions, and directly utilizing historical data to estimate
statistically the demand parameters, were generally characterized
by higher implicit long-run aggregate secondary demand elasticifies
than were the other models. The statistically estimated models

are represented with solid lines in Figuré 1-5 and ipclude Baughman-
Joskow (0.6}, BESOM/H-J (0.4), Griffin OECD (0.5), MEFS (0.3},

and Pindyck (0.7). The models that consider all consuming sectors
but employ iudgmental parameter estimates generally exhibit lower
elasticities. These models are represented with broken lines in
Figure 1-5 and include EPM (0.6), ETA-MACRO (0.2}, FOSSILI (0.1),
FOSSIL1 Comservation (0.2}, and Parikh WEM (0.1).23

0.8 1 3 1 1
=) Baughman-
= 06| Joskow? . eesew® EPM -
2 ey — STATISTICAL
v Griffin OECD PARAMETER
a ESTIMATE
z \ .. sesc JUDGMENTAL
S osf BESOM/H-J PARAMETER
g ESTIMATE
> ———— NE S
% _Parikh WEM
S 0z - ‘_-__,...:::::“n“."_::::.. FOSSILT Conservation ]
g i *+ ETA-MACRO
7 resaensssesnsnsgpestonansassansarancusce FOSSIL 1
0 l-------u--' ' L |
1990 2000 2010
{15-Year) {25-Y'gar) (35-Year)

Note: The Paasche index was used to calculate these
estimates.

aDoes not include transportation demands.

Figure 1-5 Aggregate Total Demand Elasticity Estimates
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Statistical
models could
be kiased iIn
either direc-
tion.

However, the
statistically
estimated models
produced con-
sistently high
elasticities,

while judgmental
models demon-
strated lower
elasticities.

A consensus on

the most likely
elasticity was

net achieved.

Structural
characteristics
represented in
a model can
influence its
elasticity.

The statistical approach is based on the analysis of historical
data and consequently presumes that technelogy accommodating new
combinations of productive factors will be available. Thus, these
methods may tend to overestimate or underestimate the flexibility
in the system, depending on whether the technological response

to changing prices turns out to be greater or less than the

historical response.

Table 1-6 presents 25~year elasticities by sector for all models
included inm the study. These numerical results demonstrate con-
sistently high elasticities among the statistically estimated
models. If these models most correctly describe the future
behavior of energy demand, energy growth can be substantially
decoupled from economic growth, energy conservation programs can
effectively lower energy consumption, and energy supply develop-

ment programs are less critically needed.

The judgmental models alsoc show a surprising degree of consistency
in projected responses to higher energy prices, exhibiting rela-
tively low demand elasticities. - If these models most correctly
describe the energy system, energy growth will be tightly linked
to economic growth, energy conservation programs cannot be ex-
pected to greatly lower energy consumption, and supply development

programs are more critically needed.

After much debate, the working group was unable to reach a con-
sensus as to which class of models most accurately describes the
world. Aggregate demand elasticity estimates from the various
models are provided to sharply delineate the range of disagree-

ment on the probable values of this critical summary statistic.

Differences in Medel Structure

Structural characteristics represented in a model can also in-
fluence the caleculated elasticity. Since there are many ways
total energy demand can change in response to changing incen-
tives, failure to implicitly or explicitly represent each of

the basic adjustment mechanisms will bias elasticities dowaward.



Table 1-6

"25~YEAR SECONDARY DEMAND
ELASTICITIES, BY SECTOR
(Paasche Index)

Sector Statistical Engineering Judgmental .
Residential Hirst Residential?® 0.4
Griffin QECD 0.9 BECOM 0.6
MEFS 0.5
Pindyck 1.0
Residential/ Baughman- BECOM 0.5 EPM 0.5
e g.8
Commercial Joskow
BESOM/H-TJ 0.7
MEFS 0.5
Commercial METS 0.5 BECOM 0.3
Jackson Commercial?® 0.4
Commercial/ Griffin OECD 0.3
Industrial Pindyck 0.7
Industrial Baughman- 0.4 ISTUM 0.2 EPM 0.7
Joskow °
BESOM/H-J Q.
MEFS 0.2
Transporta- BESOM/H-J 0.2 EPM 0.4
tion FEA~-Faucett 0.1
Griffin QECD 0.5
MEFS .3
Pindyck Q.5
Sweeney Auto 0.5
Wharton MOVE 0.2
All Sectors Baughman~ 0.5 EPM 0.6
JoskowC : ETA-MACRO 0.2
BESOM/H-J 0.4 FOSSTLL 0.1
Griffin OECD 0.5 rossTLid 0.2
MEFS 0.3 Parikh WEM 0.1
Pindyck 0.7

.aCombines both the engineering and statistical approach.

bThe FEA-Faucett, Sweeney, and Wharton MOVE results are for

automobile gasoline only.

These are 153-year elasticities.

runs exclude the new car fuel efficiency standards.

c .
Excludes the transportation sector.

d?OSSII.]. Conservation.
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Models represent-
ing compconents
of energy demand
25 Independent
of price bias
elasticity esti-
mates downward.

Elasticity esti-
mates from sec-
toral models
were lower than
estimates from
comprehensive
models.

Some model re-
sults were very
sensitive to

the price change
composition; for
these models, an
aggregate elas-—
ticity can be
misleading.

Several of the sectoral energy models represent components of
energy demand as independent of price, thereby biasing dewnward
the calculated aggregate elasticity. For example, BECOM and ISTUM
This

constraint within the model ignores the possibility of selecting

assume end-use service demands to be independent of price.

alternative processes for the producticn of a given commodity; it
even precludes the possibility of modifying thermostat settings
in response to higher fuel prices. This modeling approach, there-

fore, biases elasticity estimates downward.

The range of estimates from the sectoral models, as shown in
Table 1-6, was from 0.1 for FEA-Faucett to 0.6 for BECOM, and in-
cluded 0.4 for Hirst Residential, 0.2 for ISTUM, 0.4 for Jackson
Commercial, 0.5 for Sweeney Auto, and 0.2 for Wharton MOVE. In
general, sectoral models are characterized by lower elasticities
than those characterizing corresponding sectors of the more com-
prehensive models. This difference may occur partially because
many sectoral models use engineering process data including a
limited range of technological options. The effects of differences
in model structure on the elasticity estimates are discussed in

more depth by Griffin and Wood in Chapter 8.

The Composition of Price Change

The results from many models were sensitive to the specific com—
position of price changes. For these models, an aggregate analysis
may be inadequate or misleading. For example, Figure 1-6 shows
price and quantity indexes generated by applying the ISTUM model
to seven of the price cases. If the secondary energy price and
quantity indexes were available only for cases 1, 3, and 7, the
ISTUM aggregate elasticity estimate would be negative: aggregate
price increases would be expected to lead to aggregate demand
increases, not decreases! This anomalous result occurs primarily
because oil and gas price and demand play crucial roles in aggre-
gate index computation and because o0il and gas prices remain
unchanged over these three scenarios. Conversely, if only cases
1, 5, and 9 or only cases 1, 2, and 6 were available, pesitive
elasticities would be calculated, although the magnitudes would

differ in these two situations.
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The decomposition
results from two
models are con-
trasted.
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Note: The numbers refer to price cases. The Paasche
index was used to calculate these estimates.

Figure 1-6 25-Year Industrial Secondary Energy Index Values
for the ISTUM Model '

A single-valued demand function for an aggregated class of
commodities may not exist, as has been illustrated above. In
this case, the notion of an aggregate demand function must be
replaced with the notion of a demand region: a set of price and
quantity index combinations which could occur in response to
price changes of fixed magnitude but varying directions. The
decomposition approach provides an approximate description of
the shape of such a demand region and includes a method for

fitting the region to data generated by the various models.

Figure 1-7 illustrates the decomposition results for the MEFS and
Baughman-Joskow models. The ellipse in each graph provides an

estimate of the demand region outer limits generated in response
to price changes of unit magnitude but varying direction. Each
graph includes individual observations from the medels, scaled
to unit magnitude price changes. Aggregate elasticities from

the MEFS model are much less sensitive to the direction of the
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Decomposition
parameter esti-
mates for all
models are
presented,
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Note: The Paasche index was used to calculate these estimates.

Figure 1-7 Comparison of 25-Year Secondary Energy Decomposition
Results from the MEFS and Baughman-Joskow Models

price change than are those from the Baughman-Joskow model.
Consequently, greater care must be exercised in calculating and
using aggregate elasticity estimates from the Baughman-Joskow

model.

Table 1-7 presents results obtained by applying the decomposition
technique teo those models that ran sufficient numbers of scenarios.
The limited numher of Independent observations from the other
models precluded the use of this technique. For each index,
three numbers characterize the demand region approximation for
each model:

° G, the average elasticity, represents the elasticity

averaged over all possible price directions;

a T, the directional elasticity, represents the demand
region width (the maximum quantity index change occcur-
ring at zero price index change, divided by the
maximum price index change); and
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Table 1-7

25-YEAR SECONDARY TUELS DECOMPOSITION RESULTS
(Paasche Index)

Average Directional Shape

Model Sector Elasticity Elasticity Factor
g T A%

Baughman~Joskow Total 0.46 0.53 1.14
BECOM? Esziiizziil/ -4.08 -3.86 0.94
BESOM/H~-J Total 0.52 0.42 0.80
EPM Total 0.45 3.22 7.17
ETA=-MACRO Total 0.22 0.05 0.25
FOSSILL Total 0.07 0.05 0.68
FOSSIL]1 Conservation Total 0.15 0.06 0.36
Griffin OECD Total 0.67 1.58 2.34
Hirst Residential?’® Residential 0.31 0.24 0.78
ISTUM Industrial  -3.74 7.76  =2.07
Jackson Comme.rciala’b Commercial 0.32 0.09 0.28
MEFS Total 0.29 0.03 0.11
Parikh WEM® Total 0.15 0.92 6.23

Pindyck Total 0.68 0.04 0.06

4less than three fuels were reported.

bLess than eight scenarios were reported.

. v, the shape factor, represents the width relative
to the average elasticity.

These parameters are described more fully in Chapter 9.

The shape param- The shape factor (V) can be used to indicate the range of price
eter summarizes

T change directions for which the average demand elasticity (a)
sensitivity to

price change closely approximates a model's behavior. Large values of the
composition. . M- . . dent
Low shape param- shape factor imply that the actual elasticity is highly dependen
eter values im- upon the direction of price change while small values imply a

ply the aggregate
elasticity is a
good summary of price change ave viewed as possible, absolute wvalues of the

d lptor. < s . R
escrip shape factor less than 0.4 imply actual model elasticity is within

relative insensitivity to direction. For example, if all directions

plus—-or-minus 50 percent of the average elasticity for 71 percent
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For most models,
the aggregate
secondary elas-
ticity provides
a better de~
scriptor than
aggregate pri-
mary elasticity.

Many models in—-
clude rudimentary
descriptions of
adjustment pro-
cesses.

of all possible directions and within 20 percent for 535 percent
of directions. Absclute values of the shape factor greater than
2 impiy the actual model elasticity differs from the average
elasticity by more than plus-or-minus 50 percent for 69 percent
of the directions and by more than 100 percent for 53 percent of

the directions.

Using this criterion, the average secondary elasticity provides

a poor descriptor of the Baughman-Joskow, EPM, Griffin OECD, and
Parikh WEM models and a relatively weak descriptor of the BECOM

and FOSSTILL models.
demand elasticity is highly sensitive to directions of price
change.
a good summary descriptor of the ETA-MACRO, Jackson Commercial,
MEFS, and Pindyck models,

For these models, the aggregate secondary

Conversely, the average secondary elasticity provides

As shown in Table 1-8, the average primary elasticity provides a
good summary descriptor for fewer models, BESOM/H-J and Pindyck,
and a poor descriptor for many models. For many of the models,

the shape factor is larger when estimates are based upon primary
data rather tham secondary data. This confirms the judgment

that the aggregate elasticity of primary emergy is less reliable

as a model descriptor than {s the aggregate elasticity of secondary

energy.

Response Dvnamics

Although energy demands can be expected to change gradually in
response to price changes, many models include only rudimentary
descriptions of the adjustment processes and thus cast little
light on the response dynamics. Yet, energy policy and planning
debates generally require information not only about the 25-vear
responses to actions taken now but also about responses occurring
over the first weeks, months, or years after the price change.
Failure of meodelers to examine the short-run demand responses

to price changes in conjunction with the long-run responses or,
worse yet, a failure to properly differentiate among the various

time horizons will tend to seriously limit model usefulness.
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25-year elas~
ticities were
used as long-
run equilibrium
values.

The post~1973
experience could
be consistent
with the entire
rapge of pri-
mary elastici-
ties.

Table 1-8

25~YEAR ?RIMARY FUELS DECOMPOSITION RESULTS
(Paasche Index)

Average Directional Shape

Model Sector Elasticity Elasticity Factor
g T v

Baughman-Joskow Total -0.95 1.15 -1.21
BESOM/H~J Total 0.57 0.17 0.29
EPM™ Total -0.56 1.23 -2.22
ETA-MACRO Total 0.57 0.95 1.66
FOSSIL1 Total 0.03 0.13 4,12
FOSSILl Conservation Total 0.07 0.15 2.15
Griffin OECD Total 0.32 0.37 1.15
Hirst Residential®  Residential 0.23 -0.05 -0.21
Jackson Commercial®  Commercial 0.17 -0.02 -0.14
MEFS Total 0.07 0.24 3.45
Parikh WEM Total -6.48 26.70 -4.12
Pindyck Total 0.47 0.03 0.07
Wharton MOVE Total 0.27 0.47 1.75

%1ess than eight price cases were reported.

The model comparisons performed in the present study did not allow
examination of the adjustment processes to higher prices inherent
in the models. Nor were long-run equilibrium elasticities directly
estimated. Rather, 25-year elasticities were taken as estimates

of the long~run equilibrium values. Since Fromholzer and Lau
{Chapter 11) have shown that the particular price paths employed

in the study probably lead to only a very small--less than 10
percent--divergence between lomg-run equilibrium elasticity
estimates and 25-year elasticities, the failure to directly esti-

mate long~run equilibrium values should not be of great consequence.

Only Manne and Wilsom (Chapter 12) and Hogan (Chapter 13)
attempted to directly calculate the aggregate elasticity from
historical data rather than developing disaggregated models.
These analyses have value as pedagogical devices and as

mechanisms for performing several simple, but important,
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In a particular
year, the re-
sponse of demand
-to higher prices
depends on the
long-run elas-
ticity and the
lag parameter.

consistency checks. Incorporating recent historical data within
the framework of a dynmamic adjustment model allows comparison
of recent historical trends with long-run aggregate elasticity

estimates obtained from the models included in the present study.

For example, the solid line in Figure 1-8 plots the mean primary
energy demand elasticity estimates from the Manne-Wilscn analysis
as a function of the lag parameter. The lag parameter represents
the ratio of the one-year elasticity to the long-run equilibrium
elasticity. It can be very roughly interpreted as the fraction
of energy-consuming capital stock newly installed each year.
Since the fraction of capital stock newly installed each year is
normally small--certainly less than 0.25, and probably less than
0.1--the one~year adjustment parameter can be expected to be
correspondingly low. Thus, the Manne-Wilson analysis, which

incorporates data from the post-1973 experience, indicates that

the primary energy consumption changes actually experienced through

1978 could be consistent with the entire range of estimated long-~
run elasticities implicit in any of the models participating in
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Figure 1-8 Dependence of Long-Run Elasticity Estimates
on Assumed One~Year Adjustment Parameter
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Taxes and regu-
lations can alter
the demand elas-
ticity.

Fuel-use effi-
ciency standards
tend to reduce
demand elas~-
ticities while
reducing energy
consumption.

This effect is
stronger in
some models
than in others.

the experiment. Taken alone, the post-embargo primary energy
data do not provide sufficient evidence to reisct either higher
elasticity estimates from the statistcical medels or lower elas-~

ticity estimares from the other models.

Taxes and Regulations

Taxes and regulations can alsec significantly influence the demand
elasticities. For example, gasoline taxes lead to an additive
markup on gasoline price, causing the retail demand elasticity
to differ from the secondary elasticity. The larger the gasoline
Thus,

increases in gasoline taxes can be expected to reduce the secondary

tax, the greater the wedge between these elasticities.
elasticity if the retail elasticity is left unchanged.

Regulations which mandate the characteristiés of energy-consuming
equipment tend to reduce the demand elasticity while presumably
reducing energy consumption. For example, the imposition under
the Energy Policy and Conservation Act (EPCA) of binding corporate
average fuel efficiency (CAFE) standards on automobile manufactur-
ers implies that, over the range of prices for which the standards
are binding, the average new car fuel efficiency will cease to be
greatly dependent upon gasoline price. The penalties motivate
manufacturers to just meet the standards, but provide ne motivation
for exceeding them. The standards preempt the consumers' shifts
toward more efficient automobiles as gasoline prices increase.
Therefore, in the presence of binding standards, automobile fleet
characteristics will depend less upon gasoline price and the
demand elasticity for gasoline will decrease. As shown in Table
1-9, this phenomenon appears striking in results from the Sweeney
Auto model and less dramatic in results from the FEA-Faucett

and Wharton MOVE models.

The secondary elasticity for the Sweeney Auto model is slightly
less than 0.5 without the CAFE standards and slightly less than
0.2 with these standards. The Wharton MOVE and FEA-Faucett model
elasticities are also somewhat less in the presence of the

standards.
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Additicnal Ffuel
efficiency stan-
dards are ex-
pected.

There is un-
certainty
associated with
the elasticity
estimates.

Table 1-9

15-YEAR SECONDARY ELASTICITY ESTIMATES WITH AND
WITHOUT CAFE® STANDARDS

Secondary Elasticity Estimates

Automobile
Gasoline Without With
Model CAFE CAFE
Standards Standards
FEA-Faucett 0.15 .11
Sweeney Auto - 0.46 0.17
Wharton MOVE 0.21 0.19

aCorporate average fuel efficiency.

Other efficiency standards are being or will be promulgated in
the energy area. Building energy performance standards (BEPS)
and appliance efficiency stamdards preempt the role of prices in
motivating fuel efficiency increases. The standards produce’

a shift in the demand curve and make demand less price sensitive,
Thus in the residential and commercial sectors, these standards
can be expected to reduce demand elasticities while reducing

consumption.

Characterizing Uncertainty

There is a range of uncertainty associated with any demand elas-
ticity estimate; the actual elasticity could be greater than or
less than any of the point estimates presented here. While there
was general agreement that the range of uncertainty is not the
same as the range of elasticity estimates, measures of the un-~
certainties implicit in the estimatres were not explicitly cal-

culated.

An exception was the Manne-Wilson analysis. With this specifica-

tion, the dotted lines in Figure 1-8 represent 80 percent confidence
bounds--based upon the recent data--around the mean long-run

elasticity estimates for various assumed adjustment speeds. One
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Measures of un-
certainty in

elasticity were
not calculated.

The EIA should
develop stan-
dard definitions
for energy de-
mand data and
elasticities.

Modelers should
publish more
complete descrip-
tions of their
models.

cannot, however, use the Manne-Wilson analysis to infer quanti-
tative measures of uncertainty associated with other aggregate

elasticity estimates.

Several sources of uncertainty exist in each model--measurement
error in histordical data, parameter estimation uncertainty,
specification errors in formulating the model, and errors in
engineering judgments. However, limitations in the current state
of the art either preclude calculation of explicit uncertainty
measures or make calculation extremely costly. Furthermore, the
objective measures of uncertainty which could be conceptually
calculated can never be expected to capture the subjective un-
certainties in the minds of many potential model users or modelers.
For these reasons, the goal of developing a satisfactory measure

of uncertainty has not been reached within this study. Lau pro-
poses such a measure and describes an appropriate estimation

methodology in Chapter 10.

RECOMMENDATIONS

Based upon its findings, the working group makes the following

recommendations.

The Energy Information Administration (EIA) should undertake the
development of comsistent accounting conventions and standardized
data designed in clese coordination with modelers. Reconcilia-
tion of disparate energy data sources among the various federal
agencies should be a part of this activity. Model comparisons
and interpretations are made difficult by the diversity of
accounting conventions. Sectoral definitioms vary among models.
Historical data purportedly measuring the same concepts vary
among federal agencies, e.g., gasoline data reported by the
Federal Highway Administration and the EIA. The working group
spent a great deal of time on standardizing the data without

fully succeeding.

Modelers should improve their practice in publishing assumpticns,
error statistics, robustness tests, validity tests, descriptive
information, and historical data supporting their models. Agencies

funding model develcpment should insist on and support this
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Implicit aggre-
gate elasticity
estimates should
become a stan-
dard part of
model documen-
tation.

Modelers should
develop and
utilize tech-
niques for
describing un-
certainties in
their models.

efforr. Some such improvements in disclosure practices are
costly to implement; this increased cost must be taken into
account when planning a medeling project. Others, however, are
less costly. For example, an econometrician estimating alterna-
tive specifications of one relationship should publish parameter
estimates for all or a range of the specificatiomns tried rather
than simply the one or two 'preferred" equations. While simple
disclosure would not be very costly, it would greatly help users
evaluate the robustness of crucial parameters. Similarly, pub=-
lication of historical data supporting the model would allew
other researchers to attempt duplication of the results, test
alternative specifications not reported, and detect differences
stemming from different sets of historical data used by different

modelers.

Modelers should make aggregate elasticities a standard component
of demand model documentation. The EIA should publish a ser of
definitions and computational procedures for caleculating these
elasticities. It is recommended that aggregate demand elas-
ticities at three levels--primary, secondary, and, if possible,
These

elasticities should be reported for total demand and the various

delivered-—be disclosed, based upon model simulations.
sectors modeled. Since aggregate elasticities depend upon the
compasition of price changes, tables of fuel-specific own and
cross elasticities of demand should also be reported as standard
components of model documentation. Since elasticities vary

over time, these statistics should be reported for short, medium,

and long time horizoms.

Recognizing the difficulty of adequately dealing with uncertainty
in projections, the working group recommended that modelers
develop and then consistently utilize techniques for describing
the uncertainties in their models. This will require basic
research to develop the methodology. Funding organizations and
modelers, realizing that anmalysis of uncertainties is costly

but important, should budget sufficient funds for this activity.
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NOTES

1. EMF Report 1, Energv and the Ecbnomy, Volume 1, Epergy Modeling Forum, Stan-
ford University, Stanford, Califcrnia, September 1977.

2. This differs from some definitions where own=-price elasticities are negative,
reflecting the inverse relationship between demand and price.

3. The decrease in consumers’ surplus resulting from an energy tax is greater
for larger elasticities., In the case of an increase In imported energy
price, the additional wealth transfer to o0il exporting nations is much smaller
for a larger elasticity, offsetting the larger decrease in consumers' surplus.

4. Sweeney, James L., "Energy and Economic Growth: A Conceptual Framework," in
Directions in Energy Policy: A Comprehensive Approach to Energy Resocurce
Decision-Making, B. Kursunoglu and A. Perlmutter (eds.), pp. 115-140, Cambridge,
Mass.: Ballinger Publishing Company, 1979.

5. The elasticity of substitution is defined as the rate of change of the ratio
of energy inputs to other inputs, e.g., capital and labor, with respect to
changes in the relative prices of those input factors. Fér value shares of
energy in the economy less than 0.1, the two elasticities differ by less than
10 percent. The elasticity of substitution is the key parameter in a seminal
model of energy-economy interactions. See Hogan, W. W., and A. §. Manne,
"Energy~Economy Interactions: The Fable of the Elephant and the Rabbit 7"
Energy and the Economy, Volume 2, Appendix B, Energy Modeling Forum,

Stanford University, Stanford, California, September 1977.

6. For this graph, it is assumed that the levels of capital amd labor inputs to
the economy and the state of technological progress in any year are independent
of the price of energy. These assumptions focus on the aggregate econcmic
costs of restricting energy use below the GNP maximizing level, not on the
wealth redistributionmal aspect of changing energy prices. These results are
based on a model (see note &) that assumes the elastlcity of energy demand
is constant for a wide range of price changes, including prices far outside
the historical experience. This is a convenient assumption but may be
erroneous for large price changes like the 10~ to 20-~feold increases shown
at the extremes of Figures 1-1 and-1-2. Similarly, this model assumes
optimizing behavier on the part of energy consumers.

It is also assumed in Figure 1~2 that the decrease in secondary energy use is

the result of an increase in the price of energy not related to an increase

in its cost, such as an excise tax on secondary energy use. Conversely, if

the price increase is the result of an increase in the cost of obtaining .

energy, such as an increase in the price of oil imports or in the cost of
producing domestic supplies, Figure 1-9 is appropriate. In this latter case, for
a given cuthack and value for the aggregate elasticity, the GNP decrease is

much greater than in the previous case; more of society's nonenergy inputs
(capital and labor) must be directly utilized to produce/purchase the

remaining energy supplies.

Details required on all these calculations are included in Appendix A, p. 1-30.

7. The averaging is based upen fixed quantity weights equal to their base case
-values. This is generally referred to as a Laspeyres price index.

8. In electricity generation, the heat value of fossil fuel inputs is roughly
three times the heat value of the electricity produced.
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Figure 1-9 Relationship between Energy Price and GNP as a Function
of Aggregate Elasticity for the Cost Increase Case

This example used energy input quantities and output prices. The price index,
therefore, requires averaging output prices based upon ocutput quantities--here
all one. Alternatively, input prices can be used. In such case, the magni-
tude of the price change is reduced by a factor of three while its coefficient
is increased by an identiecal factor. All resultant elasticities will be -
unchanged.

Diewert, W. E., "Application of Duality Theory," in M. E. Intrilligator,
Frontiers of Mathematical Economics, Volume 3, 1978.

Hudson, E. A., and D, W. Jorgenson, "U.S. Energy Policy and Economic Growth,
1975-2000," Bell Journal of Economics, Volume 5, No. 2, Auruma 1974.

Lau, L. J., "A Note on Exact Index Numbers,' Department of Economics,
Stanford University, Stanford, California, March 1977.

Here GNP is defined as that portion of total output value of the rest of the
economy not used to produce or purchase energy. Hence, GNP is the output
available for final consumption and investment,

It is at this point that consumer choices are made and, with appropriate

disaggregation, the products and choices of consumers are most nearly
homogeneous.
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15,

16.

17.

18.

i9.

20.

These curves were generated under the assumption that markups between the
secondary point and the retail point are additive. To the extent that some
of the markups are multiplicative, the difference between secondary and
delivered elasticities will be smaller than indicated in the graph. The
curves were calibrated as follows:

P

n = 29._R
R oP q

no= 8a. s s

’
5 P q R PR
where ﬂR = retail elasticity
ns = secondary elasticity .

From Chapter 4, the 1972 price of secondary energy (Pg) was equal to $1.43
per million Btu (1978 dollars). Taking retail as the aggregate price
delivered to all consumers--from Hogan, Chapter 13--the 1972 price of
retail energy (PR = PS + 1.39) was $2.82 per million Btu (1978 dollars).
Therefore,

S Fg

nR PS 4+ 1.39

The 1980 secondary price of $3.50 per million Btu (in 1978 dollars) was
obtained by inserting industrial fuel prices for January 1980 from the May 1980
issue of the U.S. Department of Energy Monthly Energy Review into the indus-
trial sector aggregation formula given in Hogan, Chapter 13.

This taxonomy of energy models was first suggested in "Energy System Modeling
and Forecasting,” by K. C. Hoffman and D. 0. Wood in Annual Review of Energy,
Volume 1, J, J. Hollander (ed.), Palo Alto, Calif.: Apnual Reviews, Inc.,
1976,

Results from a variant of the FOSSIL1 model, denoted the FOSSIL] Conservation
model, were also examined in the study. It employed disaggregated elasticities
twice as large as in the baseline FQSSIL1 system.

The Griffin OECD and Pindyck models were estimated with OECD (Organization for
Economic Cooperation and Development) cross-sectional data. However, only
the U.S. portions of these models were utilized in the present study,

Modeling Resource Group of the Committee on Nuclear and Alternative Energy
Systems, "Energy Modeling for am Uncertain Future," National Research Council,
Washington, D.C., 1978.

The price of o0il is measured at the refinery input, the price of gas at the
city gate, and the price of coal delivered to electric utilities. The price

of nuclear fuel is for enough fuel to provide 1008tu (293 kWh) of electricity
at the busbar times a nuclear fuel-to-electricity conversion efficiency of 0,36,
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21, In reporting the results of the experiment, the modelers were asked to use
the following primary and secondary points of measurement.

Primarv Energv

e 0il and Gas: Includes shale oil and biomass, Quantity of oil measured
at the refinery input; quantity of natural gas mezsured at the city gate,
Composite price measured at the refinery input.

e Coal: Quantity of coal measured after cleaning; price measured delivered
to electric utilities,

® HNuclear: Includes nuclear, seolar, geothermal, znd hydroelectric generation,
as well as geothermal and solar heat, Primary energy equivalents {quanti-
ties) for nonfossil energy sources that are converted to electricity are
computed as the amount of electric energy generated using the resocurce
divided by the approximate thermal efficiency for electricity generation
from fossil fuels equal te 0.36. Primary energy equivalents for non-
fossil energy sources that are used directly as thermal emergy are come
puted as the amount of fossil fuel energy replaced. This is assumed to
be at the rate of (1/0.36)(1.09) = 3.03 input Btu/end-use Btu. This
assumes 100 percent efficiency for replacement of delivered electricity,
accounts for a 9 percent transmission loss, and converts to fossil input
equivalent. In both cases, the price for the primary emergy input is
computed as the price of enough nuclear fuel to provide 10°Btu (293 kWn)
of electricity at the busbar times a nuclear fuel-to-electricity con-
version efficiency of 0.36.

Secondary Energy

® 01l and Gas: Quantity of o0il measured at the refinery output; quanticy
of natural gas measured at the city gate; composite price measured at
the refinery output.

e Coal: UNet of coal used for slectricity generation and synthetic fuels
production; price measured delivered to industry.

e Electricity: Includes geothermal and solar heat. Quantity and price
of electricity measured at the bushar. Primary energy equivalents for
nonfossil energy sources that are used directly as thermal energy com-—
puted at 1.09 imput Btu/end-use Btu. This assumes 100 percent efficiency
for replacement of delivered electricity and accounts for a 9 percent
transmission loss.

22, The following equation was estimated by least squares:
In Lo C - ¢ 1nP
GNP E’

wheére E = aggregate energy demand,
GNP = gross national product,
C = constant,
€ = aggregate elasticity, and

P_ = aggregate energy price.
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The ETA-MACRO model explicitly includes an aggregate elasticity parameter.
That parameter is defined in terms of a Btu-weighted index with proportional
Price increases. Electricity price and demand are measured at the busbar,
but the price and demand for oil and gas are measured at the refinery input.
Thus, in the parlance of the current study its point of measurement is some-
where between the primary and secondary levels. The value for this parameter
assumed in the present study is 0.25. The Paasche index aggregate secondary
elasticity estimate as calculated here is 0.18 and the Btu-weighted estimate
as calculated here is 0,353, ’
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Appendix A

A BRIEF OVERVIEW OF THE SWEENEY ENERGY-ECONOMY MODEL
by

James L. Sweeney

This appendix provides a brief description of the Sweeney energy-economy model
which was used to generate Figures 1-1, 1-2, and 1-9%. It can include the aggregate
elasticity of energy demand as an explicit parameter. In addition, it highlights
the difference in the eccnomic impacts of energy price changes produced by higher
taxes and those resulting from increases in the cost of importing or producing

domestic energy.

The basic model is that of a three-sector economy, consisting of an energy-importing
sector, a domestic energy-producing sector, and the rest of the economy (ROE).
Energy is an intermediate good; output from the ROE may be either a final or an

intermediate good.

The first sector imports some quantity of energy (EI) at a fixed price (PI)’ which
includes the price paid to the exporting source plus any cost of the import activ-
ity. The net resource cost to acquire this energy is simply ?IEI, which becomes

cne claim on the gross output from the rest of the economy.

The second sector uses output from the rest of the economy in order to produce
domestic energy. The quantity of ROE outputs used to produce ED units of energy
will be represented as H(ED). This is simply the cost function for producing

domestic energy.

The total energy used in the economy is the sum of the domestically produced energy

plus the imported energy, as represented in Eq. 14-2 below.

The rest of the economy uses as inputs a2 quantity of capital services (K), a quan-
tity of labor services (L), and a quantity of energy (E}, and produces as output

an aggregate quantity of goods and services (which depends on K, L, and E). This
aggregate quantity will be referred to as the gross output of the economy. The

relaticnship between ¥, L, E, and the resulting gross output can be expressed in
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terms of an aggregate production function of the economy, F(K, L, E). The net
national product (Y) is the difference between the gross output and the costs of
importing plus domestically producing energy. This is expressed in Eq. 14-1 below.
Equation 1lA-1 follows directly since, by definition, net national product (NNWP}
equals total value of final products produced in the economy or equals the sum over
all sectors of the economy of value added.

In a competitive economy* several marginal conditions must also hold.+ The price
of energy (PE) will equal its marginal productivity, since competitive firms are
assumed to be price-~taking profit maximizers. And in a competitive economy the
price of energy facing the domestic supplier (PD) will equal the marginal cost of
producing energy. Supply price will equal the energy price plus any tax on domes-
tic produetion (TD}. These relationships are expressed in Eq. 1lA~3. Similar
relationships hold for imported emergy: the energy price in competitive equilibrium
will equal the import price (PI) Plus the tax on imported energy (TI)' This is
represented by Eg. lA-4. Finally, there are necessary marginal conditions for mar-
ket clearing in the capital and labor markets. The price of labor services (PL)

or of capital services (PK) is simply equal to the appropriate marginal produc-
tivity. These conditions appear as Eqs, 1A-5 and 1lA~6.

Six equétions thus represent the economy. Equation JA-l defines net national pro-
duct; lA-2 equates energy consumed to domestic plus imported energy; and 1A-3
through 1A-6 represent the marginal conditions describing a competitive economy in

*

equilibrium. Note that supply conditions for capital and labor have not been-

written. These will be discussed at a later point.

*
The results derived here are also applicable to an efficient centrally planned
economy .

fThe implicit assumption here is either there are no market failures in the eccnomy
other than those explicitly discussed or the specific market failures in the
economy remain unchanged as energy system changes occur, In particular, this
assumption may be viclated if any energy conservation program that eliminates mar-
ket failures is implemented. In that case, the function F(X, L, E) or the mar-
ginal conditions, Eqs. lA-3 and 1A~4, may change as a result of the program,

*While this paper discusses E as a scalar variable under the implicit assumption
that énergy can be viewed as a single aggregate quantity, E can also be viewed as
a vector, thereby allowing a disaggregation by energy type. The interpretatiomns
in each equation will be straightforward.



Y = F(K, L, E} - H(ED} - P_E {1a-1)

I*1

E = Ep+E; (1A-1)
Pp = JF/3E = du/dE, + T, (14-3)
Pp = Q3F/3E = PL+ Ty (1A-4)
P, = 3F/3K (1a-3)
P, = 9F/3L (1A-6)

Impacts of energy system changes on NNP can be evaluated by use of Eqs. 1A-1 through
1A~-6, since the impacts of each of the four amalytical representations can be

evaluated by means of these equations.

For small changes in any apalytical representation; the'impact on NNP can be
calculated by taking the total differentials of Eqs. 1A=l and 1A-2 and by using
Eqs. 1A-3 through la-6. This allows one to derive Eq. lA-7, below, which expresses
changes in met national product as a sum of weighted changes in capital, labor,
domestic energy producticn, imported epergy production, import price, and domestic
price. In Egq. 1A~7, the change in the domestic cost function 1is expressed as a
change in the average cost function {equal to SACD) times the quantity of domestic
energy (ED).

AY = -EIAPI - EDQAC + TIAEI + TDAED + PLAL + PKAK (1A=7)

D

Equation 1A-7 will be fundamental to all subsequent analysis of the relationships
between energy sector changes and net national product changes. The various terms
on the right-hand side of Eq. lA-7 are interpreted as components of NNFP change.
These components are: direct effects of cost changes, consisting of changes in

the resource cost function; "welfare costs" of price changes stemming from diver-
gences -between prices and costs; and induced effects via labor quantity and capital

quantity. The change in the NNP equals the sum of the components.
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To use Eq. 1A-7, it is necessary to specify a complete model that describes capital,
labor, and enmergy quantity changes in response to changes in the underlying environ-—
ment. This can be done by more completely specifying the production functions and
cost functions described previously and modeling the supply functions for capital
and laboer, or else simpler models can be postulated in order to illustrate the

fundamental interactions. The latter procedure will be followed in this paper.

" Taxes vs. Cost Increases

As a first illustration, Eq. lA-7 can be used to examine the differences in NNP
impacts stemming from resource cost increases and those motivated by tax increases.
It will be assumed that capital and labor are supplied perfectly inelastically and
that there are no changes in the cost function for domestically produced energy.
Therefore, the first two terms and the last term on the right-hand side of Eq. 1A-7

will be identically zero.

If all taxes remain zerco while imported energy prices change, then Eq. 1lA-7 is

reduced to the simple differential equation

dyY -
E"I- = ‘Elf (1a-8)

1f the import price remains comstant while the tariff on all enmergy (imported plus
domestic) ‘changes, Eq. 1A-7 is reduced to the differemntial equation

dy -
IE T, (1a-9)

where T is the tax rate on all energy.

Note that in the case of import price changes, the impact on NNP of a price change
is proportional to energy imports. However, in the case of a tariff on all energy,

the impact is independent of the quantities imported, but depends on the change in

the quantity of energy consumed.

In order to use Eqs. 1lA-8 and 1A-9 to obtain more precise estimates of NNP change
than are provided by the above inequalities, it is necessary to describe the model
more fully. 1In particular, the aggregate production function must be specified

more completely in order to relate energy demand or energy imports to energy price
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and NNP. For this discussion it will be assumed that all energy 1s imported, so

that EI = E. And it will be assumed that the aggresate production functiosn is

following constant—elasticity function of NNP and energy prices: Eguation 1a~10
will be somewhat loosely referred to as a demand function for energy in this

economy, and £ will be referred to as the price elasticity of demand for energy.

E = AY P;E ) (1A-10)

What then are the impacts on NNP of an import price change? Equation 1A-10 can be
used to eliminate energy consumption in Eq. 14-8, giving a simple differential

equation relating Y and PI:

dy -€
EE; -A Y PI . (14-11)

This differential equation can be solved to give the following equation relating

NNT to impofted energy price:

¥ 56 P \F°F
Fo s S I IRl - ! (1A-12)
0 10
where
o . I10%
0 YO

SO 1ls expenditures on energy in the base case as a fraction of basa case NNP, and

will be referred to as the value share of energy in the economy. The symbols EO,

YO’ and PIO are the base case values of E, Y, and P._, as indicated previously.

Equation 1A-12 shows that the impact of increasing eneréy import prices on NNP is

increasing in SO: the greater the base case expenditure on energy (as é fraction
of NNP), the greater will be the economic impact of an import price change. Alse,
the greater the elasticity of demand, the smaller the impact of a given import

price increase cn NNP.
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Equation 1A-12 can be used directly to calculate the GNP impacts of increases in
the cost of secondary enmergy inputs. To calibrate the system, it is assumed that in
the year 2010, if the OPEC price increase had not occurred, the secondary energy
price would be $l.20/106 Bru (1975%), secondary energy demand would be 164 quads,
and NNP would be $4,400 in 1975§. Thus, S, = ($1.20) (164)/(4400) = 0.045. Given
these values for YO, SO’ and PIO’ Eg. 24-12 was used to produce Figure 1-9.

The key issues for evaluating NNP impacts of cost increases are (1) the magnitude
of the cost increase, (2) the expenditure on energy as a fraction of NNF in the
base case, and (3) the elastieity of demand for emergy. Whether the cost increase
stems from domestic cost function increases or import price increases is irrelevant

for evaluating impacts on NNP.

What are the impacts on NNP of a tax change? Under an assumption that a tax T

is imposed on all energy, whether imported or domestically produced, Eq. 1lA-9 is
the fundamental differential equation. It will be assumed that the domestic supply
price of-energy is determined by the fixed import price of PI‘ Then, from

Eq. 1A-11, demand for energy can be expressed as follows:
E o= AY(E 4 n7F . (14~13)

Equations 1A-9 and 1A-13 are sufficient to determine NNP and energy consumption as
functions of the tariff. These equations are independent of the fraction of energy

imported and thus the impact of a tariff on NNP will be independent as well.

No closed-form solutions to Eqs. 1A~9 and 1A-13 have been found. However, solu-
tions can be obtained numerically. Taking the total differential of Eq. 1LA~13

and substituting intoc Eq. 1A~9 and simplifying produces

-£{TE)

Y (F, + D) (L - TE/T)

dT .

This equation can be used to calculate the incremental GNP loss for an incremental
increase in the tariff (or tax). For large tariffs, the GNP effects are accumulated
by calculating losses attributable to successive tariff increments with E con-
tinﬁélly adjusted via Eq. 1A-13. Given the benchmarking assumptions discussed

previously, this system was used to generate Figure 1-2.



Interestingly, in this simple framework the response of the energy-GNP ratio to
price does not depend on whether the price increase results from an increase in

costs or taxes. For this purpose, Eq. 1A~10 can be rewritten as:

E . ,o-&
i3 APy

where PE = PI + T. This relationship was employed to produce Figure 1-1.
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PREFACE

This chapter is the original description of the EMF “Aggregate Elasticity
of Energy Demand” study. It has not been revised since the inception of
the study. Consequently, it serves as a record of: (1) the motivation for
the study, (2) the design of the experiment, and (3) the original proposal
for estimating the aggregate elasticity from the model results that were to
be collected.

The motivation for the study did not change significantly as the study
progressed. However, an energy-economy meodel iz which the aggregate elas-
ticity of energy demand can be included as an explicit parameter was devel-
oped by James Sweeney. Results from that model are included in Chapter 1
(Figures 1-1, 1-2, and 1-9) and an appendix to that chapter.

Tt would have been difficult to revise the design of the experiment once
it was in progress. Fortunately revisions were mot necessary; encugh data
were generated to support a number of interesting analyses.

However, as the study progressed, the analysis of the results of the experi-
ment did develop considerably from what is suggested here. First, based

on the work of Borison and Sweeney in Chapter 4, "The Theory and Practice

of Energy Aggregation" and Sweeney in Chapter 9, "Price and Quantity Change
Decomposition for Aggregated Commodities," aggregate energy demand and
price were calculated using four alternative index sets: (1) Paasche,

(2) Laspeyres, {(3) Tornquist, and (4} Btu-weighted. The first three

indexes are all based on the assumption of optimizing behavior by energy
consumers and, hence, will produce approximately identical results for

small price changes. The Btu-weighted index was included simply because

it is used so pervasively: it has no basis in economic theory. For similar
reasons, prices and quantities from each model for the Reference price case
in the year of the aggregation were used as a base in the index calculations
rather than the common 1972 price/quantity base suggested here.



Chapter 2

THE DESIGN OF THE EXPERIMENT

INTRODUCTION

The Tesponsiveness of energy demand to changes in the real price of energy is a
central topic in energy policy discussions. Aggregated to a single parameter, dis-
cussion of this topic focuses on the measurement of the elasticity of energy demand.
This parameter is known to be a key indicator of the economic impact of changes in
energy availability. Additionally, this simple elasticity is often used as a sum~

mary descriptor of detailed energy models.

'Straightforward in concept, the elasticity of demand for emergy is elusive in prac-
tice. Implementation of the aggregate model on which it is based is problematical.
Data limitations, measurement problems, vagariles in classification schemes, even
rigorous definitions of the concept of primary energy confound the estimation and
precise use of this natural analytical framework. Still, reference to the aggregate
elasticity remains pervasive in energy analyses. The appeal of this parameter as
an indicator of important underlying relationships cannot be overlocked. If it is
to be used meaningfully, there must be an improvement in its definiticn and measure-
ment. The present paper works towards this end by summarizing cme approach to the
problem. This approach calls for experiments with detailed models of the energy
sector to characterize the aggregate elasticity. It is argued that this will pro-
vide an improved definition and estimate of the underlying parameter. The improved
definition gnd estimate should have a number of benefits, such as sharpening the
analysis of energy policies, pointing out the limitations of the aggregate model,
giving a simple summary statistic and standard test for compariag across energy
models, and leading to further interest in the development and implementation of

better accounting schemes for energy supply and demand analysis.

Results From a3 Simple Model of Energy-Economy Interactions

One point of departure for the proposal described in this paper is the analysis of
an aggregate model of energy-economy interactions developed by Hogan and Mamne {1].

This elementary model was formulated to illustrate the extent to which changes in



energy availability could impact the growth of the economy. The results highlight

the central importance of the energy substitution potential.

In this simple model, the gross cutput of the economy Y is equal to the value of

the two inputs: primary energy, E, and all other factors, R. Thus,

Y = P.E+ PR, (2-1)

where PE and PR are the prices of the two inputs. Further, treating energy as
an intermediate good, GNP is equal to the payments to R. It is assumed that there
exists a production fumction, Y = F(E,R), by which the economy produces its gross

output from the two inputs.

Figure 2-1 is a plot of gross output as a function of primary energy imputs with all
other inputs held constant. GNP is the difference between the gross output and the
value of the primary energy inputs. To achieve a reduction in energy use from some
reference level EO to a lower level El, a tax equal to the slope of the produc-
tion function at El less the price of primary energy inputs might be imposed. If
the tax is not returned to the economy (as would be the case if ir was imposed by
QPEC), GNPl would be obtained, while Eﬁfi would result if the tax were returned

to the economy.

Equivalently, the economy can be viewed as maximizing the value of gross output less

the costs of inputs:

Max F(E,R) -~ PEE - PRR . (2-2)

A first order condition for this maximization is
— = P . (2_3)

In order to implement this conceptual model, a specific functiomal form for F must
be selected. A production function that provides a wminimal approximation of the
substitution potential of any production function with adequate flexibility for the
analysis of the feedback issue is the constant elasticity of substitution produc-

tion function:

¥ = aE + bR . (2-4)



Y (gross autput)

E {energy inputs)

Figure 2-1  Output as a Function of Energy Input

This production function has the property that the elasticity of substitution O,
defined as

g = a3 Ro(E/R (2-5)
3 fa 3F/3E
SF/oR

is a constant. This parameter represents, on a percentage basis, how the ratio of
the input factors varies with changes in the marginal rate of substitution between
them. (In perfect competition, the marginal rate of substitution will equal the
ratio of the factor prices.) Figure 2-2 shows the shape of the isoquants {curves
of constant output) for three different values of the elasticity of substitution.
If the elasticity of substitution is zero, energy and other inputs are complements;

if it is @, they are perfect substitutes; and if it is one, the increase in the
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Figure 2-2  The Elasticity of Substitution Concept

marginal rate of substitution is matched by an equal but opposite percentage change
*
in the ratio of the input factors. With Eq. 2-4 as the form for the aggregate

production function, the first order optimality condition, Eq. 2-3, may be written

as
L
o3
oF Y - -
F a(E) PE . (2-6)
*
The functionmal form given in Eq. 2-4 does not hold for o = 0, 1, or =, How=-

ever, appropriate limits can be calculated to derive the functional forms of the
isoquants shown in Figure 2-2.
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Figure 2-3 Economic Impacts of Energy Reductioms in the Year 2010
: for Various Elasticities of Substitutrion (C)

Figure 2-3 shows the calculations of the GNP in this model under one set of assump-
tions and for various values of ©. These results demonstrate the importance of

the elasticity of substiturion between energy and other goods in determining the
magnitude of the impact of cutbacks in energy inputs on the macroeconomy. Ii

g = 0.1, a 507 reduction in primary energy inputs, holding R constant, leads to
a 28% reduction in GNP, while if o = 0,7, a 507 reduction inm primary energy inputs

would lead to only a 1% reductiom in GNP.
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These results have impertant implications for both energy policy and the validity
of models cf the energy sector. If the.elasticity of substitution is low, say 0.1
or 0.2, changes in energy availability can have major long-run economic effects.
With such large feedbacks, the consistency of partial equilibrium models of the
energy sector is called into queétion. On the other hand, if the elasticity of
substitution is high, say 0.6 or 0.7, changes in energy availability may be sub-
stantially deccupled from the long-run economic condition. Then, the deletion. of
the feedback from energy use to GNP in energy sector models can be justified. It
seems essential, therefore, to understand the energy substitution potential and

to develop more reliable estimates of the aggregate substitution parameter.

Results from the CONAES Modeling Resource Group

One approach to the evaluation of the substitution potential has been pursued in

the Committee on Nuclear and Alternative Energy Systems (CONAES) Modeling Resource
Group (MRG). The MRG utilized six energy sector models in its study of long~rum
energy alternatives [2]. Common assumptions effectively standardized the supply
sides of the models, but the difficulty of standardizing the demand sides was not
overcome. Differing aggregations, differences in the points of measurement for the
energy product demands, and disparities in the corresponding demand price elasticit-
ies produced significant differences in the resource consumption projections and

impact estimates generated by the various models.

This result led to substantial interest within the MRG in comparing the demand-side
assumptions built into the participating models. By the halfway peint of the study,
the meodels began to be characterized frequently in terms of their degree of price
responsiveness. Subsequently, the idea developed to summarize the demand-side
behavior of the models in terms of a single price elasticity for primary energy.
This resulted in several attempts to measure and compare the aggregate price elas-
ticities by making analytical transformations on the disaggregated elasticities
built into the models. Differing peints of measurement and aggregations for the
energy product demands complicate the direct amalytical approach. HNear the comple-
tion of the work of the MRG the idea of obtaining aggregate elasticity estimates
via simulation was addressed. However, the data available from scenarios that had
already been run was not enough to be used to make aggregate elasticity estimates
and there was not enough time to design the proper experiment., It is the purpese
of the present paper o continue this discussion and develop a proposal to conduct

such an experment.



Interest in a summary statistic for comparing models was caused by concern over the
MRG's assumption of no energy-economic feedback. The MRG models were predicting
much lower energy GNP/ratios than found in previous studies. If the energy sector
has a large impact on the remainder of the economy, then the MRG models would be
invalidated. This coneern motivated the development of the simple model of energy-
economic impacts described in the previcus section. Thus, the determination of the
aggregate elasticity of substitution, which is the key parameter in determining

the economic impact, became crucial to the credibility and explanationm of the MRG

results.

The Relationship Between the Elasticity of Substitution and the Price Elasticity
for Primary Energy

The interpretation of the elasticity of substitution is aided by recognition of

its virtual equivalence with the more familiar price elasticity of energy demand.

Equation 2-6 of the simple model of energy-economy interactions may be rewritten as

E = va° (PE)“'U. _ (2-7)

Interestingly the form of the demand functions for emergy products approximated in

many models of the energy sector,
E-= oy’ (2-8)

is almost identical to Eq. 2-7 [3,4,5}. In fact, if gross output, Y, is approxi~
mately equal to GNP, as is the case when the value share, s, of primary energy is
small, the parameter, -0, is essentially equivalent to the constant price elasticity,

e

Accounting for the effects of E on output in Eg. 2-7, we obtain

-5z - (2-9)

Hence, these two estimates of the responsiveness of energy demand to changes in

~

prices differ by the factor - i%; X -1. Consequently, the constant income price
elasticity for primary energy implicit in the energy sector models is approximately
equal in magnitude to the constant output elasticity of substitution between primary

energy and other goods as used in the simple aggregate production function.
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APPROACHES TO THE MEASUREMENT OF THE AGGREGATE ENERGY SUBSTITUTION ELASTICITY

The elasticity of substitution (C) between energy and other goods is important in
energy policy analysis and in determining energy sector model validicty. This
section explores alternative approaches to the determination of ¢o. One approach
is to measure the price elasticity for primary energy implicit in models of the
energy sector. Since, as summarized below, the other approaches have not produced .

conclusive results, it seems desirable to pursue this altermative.

The Traditional Statistical Approach

The most natural approach to the determimation of ¢ is the direct statistical
estimation based on historical data. A theoretical framework is required to imple~
ment this approacli. There is a certain arbitrariness in the selection of any one
framework but some simplification must be made for the amalysis to proceed. To
implement such an estimation, Fromholzer and Hogan [6], following Nordhaus and
Tobin {7], represemt the operation of the economy in terms of anm aggregate produc-

tion function with capital, labor, and primary energy inputs:

Y = [a%(AKK)E (ALL)l_E P4 1.-,(1‘_]55)"p ] L/ , (2-10)
with
(a,b > 0; o> =-1) ,

where

Y = gross ouﬁput,

K = capital inputs,

L = labor inputs,

E = primary energy inputs,

t = time,

AK = the augmentation level of capital induced by technological change

gKt
(Ay = e 7 ),
AL = the augmentation level of labor induced by technological change
gt
L
A, =e ),
A.E = the augmentation level of energy induced by technological change

Bt
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the share of value-added payments toc capital,

™
13

0 = a parameter determining the elasticity of substitution

=+

T+p (o # 0,1,), and

[o "1

a,b = scale parameters.

They argue that this functional form exhibits sufficient flexibility to encompass
the most important of the diverse views about the economy's potential to substitute
other inputs for primary energy. Note that this framework splits the "other

inputs" category of the simple model of energy-economy interactions inte capital and
labor components. This is necessary because the constant capital and labor inputs
assumption of the simple static model does not hold over the time period from which
the data are drawn, but data on the separate capital and labor inputs are available.
The aggregationand separability assumptioms tacitly made in this approach presume
the existence of a consistent index of primary energy allowing the representation

of the economy in terms of the aggregate production function. Fromholzer and Hogan

empley cocal-equivalent Btus as the aggregate index of primary energy consumption.
Manipulation of the optimality conditions for the production function leads to

nZ = C+ p Ln(E/R) + pAt (2-11)

where
Z = the ratio of the value share of "other inputs" to that of energy,
C = a constant, and

Ao gy T €8y + (1 =g g, -

Following Nordhaus and Tobin, Fromholzer and Hogan used capital and labor values
from Denison [8] to conmstruct the index R. The prices for primary energy are
measured at the earliest point possible in the distribution system to avoid as
much as possible the inclusion of the cost of the fungible capital and labor needed
to extract and transform the energy. Two series for energy prices, one based on
expenditure data and the other based on fixed weights, were extracted from Schurr
and Wetshert [9]; and these two series were expanded to four by alternmatively
including and excluding fuel wood as a primary energy resource. Autocorrelation in
the data was reduced by aggregating the data into five-year intervals using the

arithmetic mean.



Unfortunately, the results for the parameters of the model fail to conform to the
theoretical assumptions underlying the assumed aggregate production function. In
particular, the estimates cf p are uniformiy less than -1 which implies negative
values for 0. Either the model, the data, or the estimation procedure must be
rejected as unsatisfactory and no usable estimate of the elasticity of substitution

is obtained.

The difficulty in estimating the elasticity of substitution from aggregate time -
series data may be attributable to a number of factors including a failure of the
theory adopted in the construction of the aggregate production function. Of course,
the simplification of the aggregate production function must be wrong in detail but
it may be expected to perform well as a first approximation. It may be unreason-
able, however, to expect it to perform well for all types of energy sector changes,
particularly those which may violate the implicit agsumptions of the simple model.

There is a need to define the tests to which the model should be applied.

The representation of the total energy sector in terms of the inputs of primary
energy, represented as a single aggregate commodity, fails to recognize the diver~
sity of energy goods and the changes in the composition of total energy that have
been underway. Not all properties of emergy can be captured in the simple measure
of coal-equivalent Btus. Over this century there have been dramatic shifts from
coal to oil and gas plus greater electrification, changing the uses and wvalue of
energy. The regional distribution of energy consumption and relative energy prices
is changing and this may confound the aggregate national data. TFurther, it is
delivered energy that ultimately contributes te the production process or the satis-
faction of consumer demands. Changes in the prices or quantities of delivered
energy may not be reflected in the primary energy data, and, therefore, would

elude the aggregate analysis. A disaggregated model with product differentiation,
regional detail, and a careful integration of consumer behavior is needed to
separate these and related effects in the historical data. This elemeantary fact

is recognized in the variety of energy demand models which go to great and expen-

sive lengths to include the detaill needed to sort out the historical experience,

An additional problem with relying solely on historical data to estimate O 1is

that in this approach no account is taken of new technologies that are being
developed to produce and utilize energy. Projected costs and efficiencies for

these technologies can, however, be included in the structure of energy sector
models giving explicit representaticon to the possibility of deviations from histori-

cal behavioral response trends.

2-10



*
The Use of More Disaggregated Models of Energy and the Economy

The move to a detailed. model sacrifices the simplicity of interpretation found with
the aggregate production function. This increased detail disguises the debate about
the aggregate elasticity of substitution; a debate that will continue whatever the
validity of any particular aggregate model. From one perspective, the detailed
model skirts the hard question by attacking its theoretical basis. But from another
perspective, the detailed model may provide the resolution of the issues at the
aggregate level. Suppose that the aggregate model is a good approximation to the
economy but only for the proper experiment: a simple variation in the price or
availability of all primary energy. History has not provided us with this clean
experiment. A detailed model is needed to track the real data and then this detail-
ed model becomes a better representation of reality, albeit ome that is difficult

to interpret. However, if this detailed system is a good representation of realiry
we may interpret the aggregate production function as an approximation to the
detailed model as well as to the true economy. Unlike the case with the true
economy, we can now employ the detailed model to conduct the controlled test needed
to estimate the parameters of the aggregate production function. We can vary the
price of all primary energy without requiring major changes in the composition or
regional ﬂistribution of its use. Long-run adjustments cam be worked out without
requiring many years to develop the data. The detailed model captures the struc-
ture of the energy demand relationships and the aggregate production function can

summarize some of the important characteristics of the detailed model.

Many argue that shifts in the composition of GNF in respomse to higher enmergy prices
and/or energy shortages will be a central element in the overall response of the
macroeconomy. Thus, the idea of using models with a sectoral breakdown of the
aggregate energy and nonenergy sectors, employed in the simple model of energy-
economy interactions, to estimate ¢ by simulation has much appeal. The parameter
o would, thus, be an ocutput from experiments using these models rather tham an
input to them. This is precisely what was done in the first EMF study, "Energy and
the Economy™ {10]. In that study, six models were used to estimate <. That
resulted in a range for ¢ between 0.2 and 0.6. These results provide reasonable
bounds on the macroeconomic impacts of reduced emergy availability, but unfortunate-
ly include values for © which lead to both significant and insignificant levels

of feedback from emergy availability to GNP. Thus, the value of using detailed

models to estimate ¢ has been indicated but not fully realized. It can be

*
Like the last section, this section borrows heavily from Fromholzer and Hogan {6].
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expected that more disaggregated energy sector models provide a richness of detail
that will improve the direct estimation of the substitution potential. And the
aggregate statistic will serve as a useful comparative indicator of the demand side

behavior of the energy models.

The Use of Models of the Energy Sector

The models employed in the first EMF study included explicit representation of both
the energy and nonenergy sectors of the economy, albeit at a very aggregate level.
In partial equilibrium models of the energy sector, explicit representation of the
nonenergy sectors is dropped, which allows a more disaggregated representation of
the energy sectors to become computationally feasible. Further, according to the
simple model of emergy—economy interactions there is an approximate egquivalence
{in absolute value) between the elasticity of substitution and the price elasticity
for primary energy in the partial equilibrium models. Thus, it may be pessible to
exploit the greater detail of the energy sector models to reduce the uncertainty
about o embodied in the results of the first EMF study. The alternative methods
for obtaining estimates of the price elasticity for primary energy from partial

equilibrium models of the energy sector are explored in the following sectiom.

APPROACHES TQO THE MEASUREMENT OF THE AGGREGATE ENERGY PRICE ELASTICITY

Many large scale energy sector demand models [e.g., 3, 4, and 5] contain constant*
price elasticity representations of the demand for energy products. This suggests
the possibility of deriving aggregate price elasticity estimates by direct analyti-
cal transformations and aggregations of the disaggregated elasticities built into
the detailed models. This method 1s not without its shortcomings. An alternative
approach calls for the direct numerical simulation of the detailed models to com-
pute the substitution parameters. Both methods, analytical and simulation, are

discussed below.

The Analytical Approach

The analytical approach is based on the observation that given the prices and cor-
responding quantities demanded for all the energy products represented in an energy
sector model, as well as any price elasticities built into the model, it is possible
in principle to calculate the price elasticity for any energy product represented

in that model. The analytical approach will first be described for the simple case
of the flow of a single energy product through the energy system and then for the
multiproduct case.

* r
In these models, the elasticities are assumed to be counstant for ease of esti-
mation using sparse data.
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Consider the flow of a single energy product through the energy system. Suppose
that in one model the demand for this product is measured at two different points,
points 1 and 2, respectively, in the sequence of processing, refining, and trans-
portacion.* The price calculated at peint 2, Py> will differ from the price calcu-
lated at point I, Pys by the cost, ¢, of supplying one unit of energy te that point
from the required number of units at point 1. Further, if we let T represent

the thermal energy content of the fuel delivered to point 2 per unit of thermal
enefgy content supplied at point 1, the prices and quantities at the two points can
be related as

P, - (pz - )T

and

9 = qzl'c.

Then, if one assumed a constant own-price elasticity of demand, Nys measured at

point 2, this will induce a nonconétant own-price elasticity of demand, n

1 at
point'l ag follows:
n . Py 3q, i (py = @)T  3(q,/T)
1 4y 3p; q2/T 3(py = )T
_ (pz_- c) qu . P, - ¢ fg_aqz . P, ~ ¢ . (2-12) -
i 8 Py 9y 39, P /27

Thus, when the conversion/transportation cost, ¢, represents a significant part of
the price Pye there is a large change 1in the elasticities. For example, the
Nordhaus [4] model includes an own-price elasticity of -1.28 for energy used in the
transportation sector measured at the point of end-use (i.e., axle of the vehicle).
This seems quite high, but when transformed to the refinery gate,+ an own~price
elastiﬁity for transportation energy in the form of gasoline at the refinery gate
of only ~0.64 is obtained.

*
For example, point 1 might be at wholesale before distribution to energy consumers,
while point 2 might be at retail after distribution to energy consumers.

TUsing the actual prices that are projected by that model for the MRG base case

scenario in 2010.
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In the general case, where the model includes multiple products at each point in
the energy transportation/conversion system, the task of computing aggregate elas-
ticities at a specified point is considerably more difficult. Not only will there
be an own-price elasticity for each energy product, but alsoc cross-price elastici-
ties between each pair of energy products to consider. Even if the matrix of own-
and cross-price elasticities, N, is specified at the point in the energy system
where the aggregate elasticity estimate is desired, an aggregation rule for the
individual energy product elasticities must be specified. For example, the aggre-

gation rule at point 1 can be expressed as

n, = T}i(Nlil, Nliz NMi’Mi, pi.: pji) = n (NGRS (2-13)
where
) ni = the aggregate price elasticity at peoint i
Nik = the price elasticity of the demand for the jth energy product measured

at point i with respect to the price of the kth energy product
measured at point 1 in the energy system;

N, = the matrix of energy product price elasticities measured at point 1

in the energy system;
pi = the price of the jth energy product measured at point 1 in the

energy system;
p. = the vector of energy product prices measured at point 1 in the energy
system; and

M. = the number of energy products measured at point 1 in the energy system.

Now, if in addition the individual energy product price elasticities are measured
at a different point in the energy system than where the aggregate price elasticity
estimate is desired, the whole vector of price elasticities must first be trans-—
formed to that point. ;The multiproduct point of measurement formula analogous to

the single product transformation formula Eg. 2-12 can be written as
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where

C = (Cmn) = the matrix of costs for providing one unit of the nth energy
prodﬁct measured at point 2 from the required number of units
of the mth energy product measured at point 1 and

A(C, pz) = a matrix of functions that transforms the matrix of elasticities

measured at point 2, N,, to a matrix of elasticities, Nl, measured

2
at point 1.

Thus, it is theoratically possible to implement the analytical approach in the
multiproduct case. However, as argued below, the data and computatiomal require-
ments for this method can exceed fhose required to solve the model itself. The
matrix of transformation functioms, A, is likely to be quite nonlinear and discomn-
tinuous.

Problems with the Analytical Approach

There are complexities caused by definitional differences among energy models.
Energy medels differ in the collection of energy commodities a particular elastic-
ity refers to and where the quantities demanded and prices for these products are
measured. For example, nonfossil primary energy fuel inputs are measured alterna«
tively (1) at their fossil fuel replacement values, (2) at their natural energy
flow values, and (3) not at all. Additionally, in some energy models, demands are
specified by geographic region [11], while in others they are aggregated natiomally
{12]. Furthermore, in some models, the elasticitiés are specified in terms of
average prices, while in others, they are specified in terms of marginal prices.
Also, different aggregating schemes are sometimes used in defining the aggregate
elasticities built into the models. Fimally, in some models, short-run elastici-
ties are specified, while iIn others, only long-run elasticities are included. For
those models that include both short-run and long-run price elasticity effects,

the lag strueture built into the model complicates the application of the analytical
approach still further. In this case, the individual energy product elasticities
depend on previous prices for enmergy products and both the aggregate elasticity
calculation, Eq. 2-13, and the elasticity transformation relation, Eq. 2-14,

depend on previous as well as current enmergy prices and elasticities. The analyti-
cal approach is still conceptually feasible in this case, but the data and computa-
tional requirements are even larger than for the case with no lag structure.
Further, differences in the way energy product demands and their elasticities are
specified in the various energy sector medels results inm the need for more data
{for instance the transportation/conversion markups, C) to implement the analytical

approach than is typically contained in the model documentation.
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A major problem one encounters in attempting to compare elasticities arises when
the energy products they refer to are aggregated differently. In this case, the
aggregation rule, Eq. 2~13, will have a different set of arguments for each model.

Thus, the need arises to insure the consistencv oif the individual aggregation rules.

When the energy products are measured at different points in the ensrgy system as
well as aggregated differently, analytical elasticity comparisons become even harder
to make. Not only do the elasticities require aggregation as per Eq. 2-13, but also
transformation as per Eq. 2-14. The data requirements for these calculations can

be substantial. Further, the computational burden could easily exceed that required
to solve the coriginal model. For example, in order to construct the matrix A in

Eq. 2-14, the prices and elasticities at point 2 would first have to be used to
compute demands at that point. Then the conversion/transportation costs would also
have to be considered in computing how much of each product at point 1 gets con-
verted to each of the products at point 2. Implemented in this manner the calcula-
tions could be difficult to manage. The energy models, in fact, solve the problem
of how much of each product gets sent where as the key output of their overall
solution methodologies. This ordinarily involves an azigorithm or simulation
approach which exploits the problem structure to simplify the calculations. Thus,
the analytical approach to the computation of aggregate elasticities could involve
more computational effort than required to solve the detailed model itself. It
seems clear then that the same computational approach used for the solution of the
model might be followed in estimating the aggregate elasticities. The model's own
structure performs the transformations and aggregations, often implicitly. Omnly
results required for the measurement of the total embedded substitution need be
reported. The design of such an experiment is the subject of the following

section.

An Alternative Approach to Measuring/Comparing Elasticities

A&n altermative approach to the problem of measuring/comparing elasticities implicit
in energy models that circumvents some, but not all, of the difficulties with the
analytical approach is the use of simulatioﬁ and numerical differentiation. As in
the case of the analytical approach, the principal motivation for this approach is
to "model the models" in order to more fully understand their demand-side differ-
ences and the implications of these differences for model validity and energy policy
analysis. Although, in general, the elasticities built inte the various energy
sector models are applied at different points in their representations of the energy
system, prices and corresponding quantities demanded are, or could be, reported at

any point within the system. This eliminates the need to perform the difficult
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point of measurement transformations represented in the relatioms, Eq. 2-14, of

the analytical appreach. Additionally, ome can then compute an aggregate price

and quantity for primary energy directiy using aggregation rtules for these entitiles
rather than using aggregation rules for the component elasticities as per Eg. 2-13.
Then by varying the component primary energy input fuel prices and observing the
corresponding changes in the aggregate demand, an estimate of the aggregate price-
elasticity for primary emergy can be obtained. Users of these models invariably
think of them in these aggregate terms. Some try to approximate aggregate elas-
ticitles, but from very incomplete scemario results and not generally in a manner
consistent with similar calculations by other researchers. The proposal here is

to formalize this process and put it on a consistent basis.

In the simulation approach, a consistent set of definitions for the individual
primary energy input fuels and their prices is provided. Further, since the time
paths for the input fuel prices are inputs to the experiment, a stable long~run
price trajectory can be selected, and prices and quantities requested far enough
into the future so that only long-~run elasticity estimates are obtained. Thus,
many of the problems with the analytical apwvroach caused solely by definitional
differences can be avoided in the simulétion approach. Finally, in the simulation
approach, consistent aggregation rules for, and definitioms of, the primary

energy input fuels and their prices are specified. This insures the comparability
of the aggregate elasticity estimates generated by the varicus models.

A schematic of the process of generating aggregate primary energy price elasticity
estimates via simulation is shown in Figure 2-4. An energy sector model is first
run for some base case scenario. The primary energy fuel inputs and prices for that
scenario are used to compute an aggregate price and quantity for primary energy
using a prespecified aggregation rule. Then, the primary energy input fuel prices
are changed and the aggregation calculation is repeated. This generates a set of

aggregate prices and quantities that can be used to estimate the price elasticity

*Technically, one form for the aggregation rtule in the amalytical approach would be
to compute a base aggregate price and quantity for primary energy and then change
the individual primary enmergy imput fuel prices and compute the resulting primary
energy input fuel demands using the individual energy input fuel price elastici-
ties. The input fuel prices and quantities could be aggregated to allow the aggre-
gate price elasticity to be estimated from the two aggregate price and quantity
pairs. This is quite similar te the simulation approach, and could eliminate the
need to associate a particular composition for the price increase with each
aggregate price elasticity estimate.
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Figure 2-4 Overview of Proposed Methodology

' x
for aggregate primary energy. This process, using models to generate data to be

used in elasticity estimation, is quite similar to the methodology used by Griffin
[13] to estimate a production function for electricity generation using a process

model.

Historical changes in the contribution of the individual primary input fuel prices
and quantities to their aggregates may make it difficult to attempt to estimate
elasticities statistically directly on the basis of aggregate data. But the
observed aggregate elasticities for the models are the result of perfect experiments
involving no measurement error and in which the modeler controls the composition

of the aggregate price increases. The generated dara may propagate errors of real

world measurement embedded in a model's coefficients, but they measure precisely

*
Actually, according to the simple model of energy-economy interactioms, the
elasticity of substitution can be estimated directly using Eq. 2-7 and the aggre-
gate price elasticity can be estimated directly using Eq. 2-8.
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what the model says about the real world. The proposal is to measure what the
models say about the real world, but in the aggregate., To the extent that the more
detailed structures of the models approximate the real world, s¢ will these aggre-

gate elasticity estimates.

APPROACHES TO THE MEASUREMENT OF AGGREGATE PRIMARY ENERGY AND ITS PRICE

The goal of this proposed study is the estimation of two aggregate parameters: the
aggregate elasticity of substitutiom (C) and the aggregate price elasticity (n).
These estimations require data in the form of alternative projections of aggregate
primary energy (E) and its price (PE). However, aggregate primary energy is neither
marketed in the real world nor treated explicitly in the models. Comsequently, in
order to implement any scheme for measuring the price elasticity for primary energy
implicit in energy sector models via simulatiom, it is necessary to have some scheme
for aggregating the prices and quantities of the individual primary energy inputs
projected by the models. This section first develops a set of definitions for
aggregate primary energy input. This requires aggregation of several primary energy
inputs defined in the models. Next, desirable properties of aggregation rules for
the more heterogeneous primary energy input fuels are identified. Then two
approaches to this aggregation problem are comsidered: (1) estimating a production
function for aggregate primary emergy, and (2) the use of price and quantity

indexes for primary energy. Finally, the proper points of measurement for the

individual products that make up the aggregate are considered.

Defining the Primary Energy Input Fuels

The energy sector models differ significantly in the level of aggregation of the
primary energy inputs included. Especially botherscme are the inclusion in the
models of a variety of new technologies (i.e., geothermal, solar, etc.) and diverse

regional disaggregation schemes.

The energy sector models employ various levels of aggregation for primary energy
inputs. Thus, standardized definitions of primary energy input fuels must involve
some partial aggregation of the primary energy inputs specified in many of the
models. It is technically possible to check for the separability of the primary
energy inputs for the case of consumer preferences, within a proposed input fuel
aggregate from those in the other proposed aggregates, by using tests analogous to
those described in Jorgenson and Lau [14]. One could determine aggregation rules
for the inputs within each aggregate as well. 1In practice, however, the form of the

required tests would vary among models and reguire a substantial number of simula-
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tion runs from each of the modeling systems. Furthermore, since many of the primary
energy inputs represented in the models are relatively homogeneous, this detailed
aggregation may be unnecessary. For example, since natural gas and oil are nearly
perfect substitutes in most end uses, their quantities should be approximately addi-

tive in a production function for aggregate primary enargy.

Thus, although any aggregation rule will be somewhat arbitrary, it is proposed here
that the fuels be defined such that the primary energy inputs included within the

definitions of each main fuel are relatively homogenecus. Aggregation rules are
then required to combine the more heterogeneous set of partially aggregated primary

energy inputs.

Despite the growing interest in new energy technologies, coal, o¢il, natural gas,
and nuclear fuels will be the major primary energy inputs between now and the end
of the century. Here, it is assumed that federal price controls {(if any) will be
imposed such that oil and natural gas sell at approximately Btu-equivalent prices.
Additionally, following the Bureau of Mines, nuclear fuel is considered a primary
energy input fuel. Further, because of their small likely impact between now and
the end of the century and their similar capital requirements, the contribution of
new technologies (e.g., seclar, geothermal, etc.) will be lumped in with the nuclear
fuel inputs. Thus, only three primary energy input fuels--coal, oil and natural
gas, and nuclear fuel--are defined héra and each of these is obtained by addition
of the coal-equivalent Btus. The next subsection identifies some desirable prop-
erties for the formulation of aggregation rules to transform the prices and quan-
tities of these three primary energy input fuels into a single price and single
quantity for aggregate primary energy.

Desirable Properties for Aggregation Rules for Primary Energy and Its Price

Desirable properties for aggregation rules for primary energy and its price include
invariance, homogeneity, and value equality. Specific aggregation rules may have

additional properties, but at least this minimum set seems necessary for consistency.

Let e = (el, ...,eN) be a vector of quantities of individual primary energy

fuel inputs and p = (pl, ...,pN) a corresponding vector of primary energy fuel
prices. The aggregaticn rule for E is said to exhibit invariance if the aggregate
quantity E 1in a particular year can be expressed as a function of the vector of
the quantities of individual primary enmergy input fuels demanded in that year. That

iz, E = E(e). Similarly P is invarianc if PE = PE(p). Without this prop=-

E
erty the aggregation rules would not be unique.
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Linear homogeneity means that if all components of the vectors of individual quan-
tities or prices are multiplied by some comstant, say A, the resulting aggregate

quantity or price will also be multiplied by the same comstant A. That is

1
E = T(Ele)

and
1
Pp = 3 Pplie)

This implies that the energy sector as a whole exhibits neither increasing nor

decreasing returns to scale in primary energy fuel inputs.

The value equivalence condition is an accounting relationship that requires that the
" sum of the value of the component primary energy input fuels equal the value of
aggregate primary emergy. That 1s

?
p,e, = P_ . E.
=1 i71 E

In the following sectors, two broad approaches to the problem of computing an aggre-
gate quantity and price for primary energy are explored. One determines general
aggregation rules for all possible compoment prices and quantities, while the other

uses only observed values.

The Production Function Approach

One way to approach the primary energy aggregation problem is to postulate the
existence of a production functicon for primary energy with the individual primary
energy fuels being the imputs. Alternatively one can postulate a dual unit cest
funcrion with the price of aggregate primary energy represented as a function of
the prices of the individual primary energy fuel input prices. This approach is
used, fér example, by Hudson and Jorgemson [15] as part of their energy-econcmy
model of the U.S. The elegant theory of production functions and dual cost func-
tions 1s collected in Diewert [16].

The approach described here employs the framework of a partial equilibrium analysis

of an aggregate production function. The relationship between the primary energy
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fuel inputs el, ...,eN and the aggregate primary energy output E 1s assumed to
be determined by a production function, E(e), defined on the positive orthant to be

positive, concave, and homogeneous of degree cne, i.e.,

E = E(e), & = €15 -ves By 3

E(e) > 0 for e > 0 ;

ECe’ + (L - Med) > AE(eD) + (1 - NEDH  for A e[0,1] ;
and
E{ae) = oaE(e) for o £[0,]

If B; is the price of e, and the producer is in competitive equilibrium, then

there exists a corresponding cost function
C(E, p) = Min[pe|le > 0, E(e) = E] .

The cost function is positive on the positive orthant, concave and homogeneous of
degree one in p, and homogeneous of degree one in E. Interpreting the unit cost

C(1, p) as the price of aggregate energy, P, we get

PE(p) = Min[pe]e > 0, E(e) = 1] .

To implement the production function approach, an appropriate functional form for
the production function for primary energy or the unit cost function must be

saelected.

For the current application, the transcendental logarithmic functional form [17,18,
19] has many attractive properties. WNeither aggregate quantities nor prices are
available directly from the model runs. However, the share of each primary energy
input fuel in the total value of all primary energy input fuels, is observable.

For a transcendental logarithmic productiom function, equations which represent the
observable value shares as logarithmic functions of the input fuel quantities
(prices) can be derived. Further, these equations are linear in the parameters of
the production function to be estimated. Additionally, the translog can provide

a local second order approximation to any production function.



Transcendental logarithmic functions are quadratic in the logarithms of the indepen-
dent variables. Such functions have many interesting statistical and theoretical
properties {16,17,18,19]. Either a tfanslog production function or a translog unit
cost function for aggregate primary energy can be estimated; one can not, however,
be inferred from the other because the translog functionmal form is not self-dual
[16]. However, by the value equivalence property, the remaining aggregate can be
calculated as the total value of the inputs divided by the aggregate for which the

estimation has been made.

The translog unit cost fumction for primary energy may be written as:

N N N
faP. = o, + § o, p, +1/2 § § y.. fap, fnop, , (2-15)
E 0] i1 i i 1=1 j=1 1j i hi
where we require that
] )
a, = 1, v = , Y = (0, V, .
o 1 i3 ji s ij i

The conditions on the parameters are equivalent to imposing linear homogeneity and
value equivalence on the unit cost function. The optimality conditions for this
functional form for the unit cost fumction imply the following set of value share

equations:

P&y

g = oy + § Yygfa Py, o= L. N-1. (2-16)
p.e

451 7353

Once the parameters of these equations have been estimated (including ao) Eq. 2-15
can be used to compute a price for aggregate primary energy based on the prices of
the individual primary energy input fuels. The quantity of aggregate primary

energy can then be computed as

E(e) = Lo = (2-17)
by the wvalue equivalence property.
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The restrictions on the parameters in Eq. 2-15 reduce the statistical estimation
problem considerably. In the absence of these restrictions for the case of three
primary energy input fuels, 12 parameters would have to be estimated, whereas

taking account of the restrictions only 5 independent parameters need be estimated.

The production function approach has the advantage that several goodness of fit
tests of the translog approximation are possible (for details see [13]). These
include testing the symmetry conditions, which is equivalent to testing for linear
homogeneity, evaluating the Hessian matrix for the base case set of prices, and
checking it for negative semidefiniteness, which 1s equivalent to checking for
concavity. Finally, elasticities of substitution and cross—-price elasticities
between the individual primary energy input fuels and own-price elasticities for
these fuels can be computed and checked for consistency. However, to adequately
estimate even the five parameters required ia the three inputs case, as many as 15

or 20 simulation runs with the energy sector models coculd be required.

The Index Number Approach

The production/unit cost function approach to the problem of computing the price

and quantity of aggregate primary energy requires and generates far more informa-
tion than required to determine the price elasticity for aggregate primary energy.

A more economical and direct approach is sought. The theory of economic index
numbers provides a shorteut for detérmining the aggregates directly from their
components without having to statistically estimate the full aggregation rules.
Index numbers provide an approximation to the production fuanction and, in the case
of the translog function, this approximation can be exact. The use of index numbers
provides a quick estimate of the aggregate values, but sacrifices the information

used in displaying cross-price effects.

Redefining the economic price and quantity indexes for the cost of liviag problem

[20] to the case of a production function for primary energy yields the following:

Quantity index——g(el, eo; pa). This measures for two presented pri-

. . ) 0 . o
mary energy input situationms, e and el, the ratic of the minimum
costs required to produce their respective levels of aggregate primary

. . . o
energy in the face of a reference primary energy price situation, p .



Price index—-ﬁ(pl, po; ea). This measures for two presented primary
energy price situations, pq and pl, the ratio of the minimum costs
required to produce the level of aggregate energy corresponding to a

given primary energy input situation, e,

Further, an expenditure function for primary energy can be defined as the minimum
expenditure required in primary energy price situation pj to provide the amount
of aggregate primary energy that can be produced from a vector ek of primary

energy input fuels as follows:
cd, & = i P
e
s.t. E(e9 = E(e) .

Then, we can express the price and quantity indexes for aggregate primary energy

as ratios of these expenditure functions. For example,

~,1 0 1
e(fe”, e; p ) =

and

C(gl; el)
0 1
Clp™s ™)

~,1 0 1
p(p™, p s &)

Samuelson and Swamy [20] have shown that a necessary and sufficient condition for
these indexes to be invariant is for the function E to be homothetic (this is
equivalent to assuming PE is homothetic). 1In this case,

E(el, eQ:"Pa) = ael, eo) Yo
and

0 1

~r L a ~ 0
PP, pse) = B(p,p) ¥a.

In fact, in this case, we may relate the indexes defined in this subsection to the

production and unit cost functions defined in the previous subsection as follows:
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e(el, eo) - E(eo) ,
E(e)
and
1
~, 1 0 Pple™)
ple™s e} = —F—.
PE(e )

As an aid to practical applications of this theory, Samuelson and Swamy derive
relations for the precision with which certain index formulae approximate the true
index numbers. Additionally, Diewert [21] has shown that certain index number for-
mulae are exact for certain classes of functional forms. Lau [22] has demonstrated
that the Tornquist [23] index number is exact for the class of homogeneous of
degree one transcendental logarithmic functions. This is the functional form
suggested for PE in the approach described in the previous section. Consequently,
if it is bel;eved g priori that the translog gives a good fit to the true production
function, aggregate prices for primary energy can be computed by using the follow=
ing Tornquist formula for am aggregate primary eneréy index directly without first
having to estimate a translog unit cost function

PE(pl) 1 ¥ Pio eio Pil eil 1 0
Q‘n r——— = (in p - In P. ) . (zmls)
0 2 0 v, 1 1 i i
Po(p) i=1 |7 p, e 1P, e
5 h 59 h

Thus, the price index for any primary energy price situatiom, say pls relative to
some base year primary energy price—quantity situvation, say that which prevailed in

1972, can be computed.

By using the index number approach, we avoid having to estimate the translog unit
cost function for primary energy, but we lose the capability of testing for the
goodness of fit of the translog approximation. About the only test we can perform
with the index number data is to test for homotheticity by checking for transi-
tivity. For example, for three primary energy input situations 0, 1, and 2, we

could check to see whether
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P-(p") Po(p7) Pglp )

-

The Point of Measurement Question

There are two generic points within the energy system where total emergy has
typlcally been measured: (1) before electric and synfuels conversion losses, and
(2) after these losses have been netted out., The Bureau of Mines [24] has histori-
¢ally referred to energy measured at (1) as gross energy inputs and at (2) as net
energy inputs. Hence, to be comsistent with the amalytical structure developed in

this proposal, they are referred to as primary and secondary energy, respectively.

Since a majority of researchers do, in fact, report total energy before conmversion
losses and because this is the peint of measurement employed in the simple model

of energy-economy interactions described above, the "Aggregate Elasticity of Energy
Demand" experiment is designed to produce estimates of the price elasticity for
primary energy implicit in the energy sector models., As a by-product of this
experiment, however, enough data to estimate the secondary emnergy price elasticity
implicit in the models can probably be collected. For many reasons, primarily
proximity to the poiant of actual choice of use, this secondary measure may in the
long run be more valuable. In any event, it will come as a free by-product. A
comparison of elasticity estimates measured at the two points and post hoc checks

for consistency of the two estimates can be pursued.

MEASURING THE AGGREGATE ELASTICITIES

This section describes how the aggregate price (PE) and quantity (E) data generated
by inputting the models outputs into the aggregation rules described inm the previous
section can be used to estimate the aggregate elasticity parameters. Equation 2-7
is the basis for the estimation of the elasticity of substitutiom (0) using the
aggregate price and quantity data generated by the energy models. For estimation

purposes this equation can be rewritten as

fn = B+gn?P,, (2-19)

1]
tz

where B 1is a constant.

Similarly, the equation used to estimate the price elasticity for primary energy

implicit in the energy models is Eq. 2-8, which can be rewritten as
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W E = A-n714nP_, (2-20)

where A 1is a comstant that includes predominantly income effects for the year in

question.

For economy of exposition, only the proposed estimation for the price elasticity
for primary energy (n) using Eq. 2-20 is described here. Exactly the same pro-

cedures, but with E/Y replacing E, will be employed to estimate the elasticity
of substitution (¢) directly using Eq. 2-19. The elasticity estimates should be

virtually equivalent in magnitude.

Only two basic approaches to the measurement of the price elasticity for primary
energy seem reasonable: (1) computing arc elasticities between pairs of PE and
E observations, and (2) estimating a constant price elasticity demand function for

primary energy using all the P and E data. 4 simple plot of all the P and

E E

E observations may help determine which approach to try.

If the experiment is well designed, a simple plot of all the PE and E data
should also give some idea of whether differences in the compeosition of the aggre-
gate price are important. That is, it is possible that different sets of primary

energy input fuel prices that lead to the same P_ lead to different values of

total primary energy PE « E and, thus, differeng E's for a given PE. This

would mean that the aggregate unit cost functionm is not an adequate approximation
over the range of primary energy input fuel prices considered and that, consequently,
each elasticity estimate would have to have associated with it a statement about

the composition of the associated price increase. This result would still be use-
ful since most models project fairly comsistent patterms of price increases for

all but the most extreme scenarios, but it would, of course, iimit the generality

of the results of the study. If, on the contrary, the unit cost function for
aggregate primary energy is exact, it will capture all of these compositional

effects.

Arc Elasticity Estimares

The arc elasticity between any two observations (PEl, El) and (PEZ, EZ) can be
expressed as
1t P2
E - E E+ E
narc = 1.1 2 7 (z-21)
P_. - PE E” + E-
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Thus, one could track a variable elasticity demand curve for aggregate primary

energy given enough observations.

Constant Elasticity Estimations

It is also possible to use all the data to £it a constant elasticity demand curve
1ike Eq. 2-20

fnE = A-n7nin PE . {2-20)

Here use will be made of all the PE and E observations.

PROPOSED EXPERIMENT FOR MEASURING THE PRICE ELASTICITY FOR AGGREGATE PRIMARY ENERGY

This section describes an experiment designed to provide the raw data required to
measure the price elasticity for aggregate primary energy implicit in models of the
energy sector. Given sufficient time and effort, enough scenarios could be run
with the energy models to enable all the calculations described thus far in this
chapter to be pursued individually. A4s a practical matter, however, implementing
the scenarios is a time consuming activity. Therefore, based partly omn past
experience [2,10], this proposal is limited to a request for nine scenarios.
Consequently, the precise sequence of calculations to be performed upon the comple-

tion of the experiment will depend to some extent on the raw results obtained.

The Experiment

Except for primary energy input fuel prices, which are manipulated during the
experiment, all energy sector assumptions are suggested from the base case used by
the MRG [2]. These assumptions are shown here in Table 2-1. The price levels of
oil and gas, coal, and nuclear fuel for the Reference case (the nominal price
levels) are set in accordance with anticipated depletion effects. 01l and gas are
assumed to cost $2.00 per million Btu in 1975 and to increase 2% per year through
2010; coal is assumed to cost $0.75/106 Btu and to increase 1% per year through
2010; and auclear fuel is assumed to cost $0.4O/106 Btu in 1975 and to increase 1%

per year through 2010.

The alternatives to the Reference case are designed to explore both changes in the
composition of the aggregate price around the nominal price levels and changes in
the aggregate price level. The primary energy input prices are varied up and

down 25% in each year; this yields three price levels for each primary energy
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Table 2~1

REFERENCE CASE ASSUMPTIONS
(1575%)

Reference Case

1. Growth rate of real GNP, % per annum at constant
1970 energy prices:

1975-1990 4.08
1990-2000 2,84
2000-2010 2.48
2010~ 1.80

2. Capital costs of electricity generating technologies
(8/KW electric, in year 2000; all capital costs re-
ported at standardized 65% capacity factors):

a. coal-fired plant, including equipment for sulfur

removal, at 36% efficiency $ 520
b. light water reactor (LWR) 650
c. representative advanced converter reactor (ACR),

0.82 conversion ratioc 715
d. fast breeder reactor (FER) 810
e.  solar produced electricity . 1730

3. Differential technical change in the energy sector
{(# per annum) over that in the rest of the economy: 0

4. Total average cost of synthetic fuels, delivered (S/lOGBtu;
"availability'" defined as production capacity of
0.5 x 1013 Btu/yr):

a. coal gasification, available in 1990 $2»95&
b. ecoal ligquefaction, available im 1995 2.95%

5. Discount rates (% per annum):

a. pre-tax (for use in projecting pricing and
investment decisions in the energy sector) 13.0

b. post~tax (for discounting henefits and costs
of alternative technoleogy options) 6.0

6. Year of commercial awailability, at cumulative
installed capacity of 6 GW electric:

a. ACR 2000
b. T¥BR 2000
c. c¢entral station solar 2000

aNet of ccal costs; thermal efficiency for coal conversion assumed to be 0.65.
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Table 2-1 {continued)

Reference Case

7. Ceiling on the growth rate in capacity of new
technologies (% per annum), after commercialization
{cumulative installed capacity of 6 GW electriec, or
its equivalent)

a. first five years after initial availability 40

b. second five years after initial availability 30

¢. third five years after initial availability 20

d. beyond 15 years after initial availability 10
Table 2«2

PRIMARY ENERGY PRICE CASES

Price Level

Case

011 & Gas - Coal Other
1. Reference Nominal Nominal ﬁominal
2. High Nominal Nominal
3. _ Nominal High Nominal
4, Nominal Nominal High
5. _ High High High
6. Low Nominal Nominal
7. Nominal Low Nominal
8. Nominal Nominal Low
9. Low Low Low
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input. The price levels are varied from their nominal levels individually and
collectively; this yields a total of nine primary energy price cases as shown in
Table 2-2.

Ex Post Calculations

The first calculation performed with each models' raw results will be to calculate
the Tornquist price index, Egq. 2-18, for primary energy and corresponding quantity
index for each reported year and price case. These will then be plotted for a
particular year, e.g., year 2000. The experiment was designed specifically to
investigate the impact of the composition of the price change on changes in these
aggregate indexes. Thus, at this point we should be able to decide on the plausi-
bility of the index number approach. If the translog approximation to the unit
cost function is exact, the index numbers will capture the compositional shifts.

If not, the production funetion itself may have to be estimated.

However, even if the index number approach is exact, the orthogonal nature of the
price variations in the experimental design may also allow for a rough estimation
of a tramslog unit cost function for primary energy. Griffin [13] has pointed cut
that since share equations, Eq. 2-16, are used to estimate the coefficients for
the unit ‘cost functiom, Eq. 2-15, if the translog approximation is exact, prices

can be varied one at a time in the estimation without any loss of gemerality.

Finally, although the experiment described above was designed in terms of price
increases for primary emergy, it should be possible to obtain enocugh information
to repeat the entire sequence of calculations for secondary energy. Thus, the .
reporting forms in the appendix include requests for data on secondary energy

demands and their prices.
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Appendix A

OUTPUT REPORTING FORMS

It is proposed that two output forms be filled out by each modeler to report the
results of the experiment. In Out;ut Form #1, primary energy demands and prices,
measured before electric conversion and synthetic fuels production conversion
losses, are requested. In Output Form #2, secondary energy demands and prices,
where these conversiom losses are netted out, are requested. Additionally, where
possible, it is requested that the quantities for primary energy input fuels be
disaggregated by ultimate consuming sector. It may be of interest to perform some
of the calculations described in the last section on a sector by sector basis.

The footnotes to the forms describe the accounting conventions to be used 1n

measuring and aggregating primary energy input fuels.
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This chapter describes the models included in the

Chapter 3

MODEL COMPARISON

Energy Demand" study. A framework for comparison is constructed and used to

describe each model. This chapter should provide sufficient knowledge of each

model's structure to facilitate understanding the study's findings.

The following models were employed in the study:

Energy-Economy Models

Brookhaven Energy System Optimization Model/Hudson-Jorgenson
(BESOM/H-J), Brookhaven National Laboratory and Dale
Jorgenson Assoclates

l Energy Technology Assessment-MACRO (ETA-MACRO), Alan Manne,
Stanford University

Parikh Welfare Equilibrium Model (Parikh WEM), Shailendra
Parikh, Stanford University

Energy System Models

Baughman-Joskow (Baughman-~Joskow), Martin Baughman, University
of Texas and Paul Joskow, Massachusetts Institute of Technology

Energy Policy Model (EPM), lLawrence Livermore Laboratory

FOSSIL1 (F0SSIL1l), Dartmouth System Dynamics Group, Dartmouth
College

Griffin Organization for Ecomomic Cooperation and Development
(Griffin OECD), James Griffin, University of Houston

Mid-range Energy Forecasting System (MEFS), U.S. Department of
" Energy

EMF "Aggregate Elasticity of

Pindyck International Study (Pindyck), Robert Pindyck, Massachusetts

Institute of Technology

Sectoral Models

Buildings Energy Conservation Optimization Model (BECOM),
Brookhaven Nationmal Laboratory

Federal Energy Administration-Faucett (FEA-Faucett), Carmen
Difiglic and Damian Kulash, Federal Energy Administration

Industrial Sector Technology Use Model (ISTUM), Energy and
Environmental Analysis, Inc,



Jackson Commercial (Jackson Commercial), Jerry Jackson, Ozk
Ridge National Laboratory

The ORNL Residential EnergyvUée Model (Hirst Residential),
Eric Hirst and Janet Carney, Oak Ridge National Laboratory

Sweeney Automobile Model (Sweeney Auto), James Sweeney,
Stanford Universicy

Wharton Motor Vehicle Model (Wharton MOVE), Wharton Econometric
Forecasting Associates



Section 1

INTRCDUCTION TO THE MODELS

MODEL SIMILARITIES AND DIFFERENCES

As shown above, the models vary in scope and include emergy-economy, energy system,
and sectoral models. While the models emphasize different aspects of energy de-
mand, they overlap in their estimation of the relationships between energy demands
and energy prices. These models are representative of the specttum of available

energy demand analysis tools and share many important features.

The energy system models represent the entire energy system, while the sectoral

models focus on specific sectors of the energy system and, thus, resemble parts

of the energy system models. The energy-economy models explicitly represent the
influence of changes in the energy system upon the rest of the economy, while

the energy system models do not.

Figure 3~1 contrasts the information flows in the energy-economy and energy system
models. In the energy-economy models, all price factor input demands and produet
demands are solved for endogencusly. In the energy system models, the prices of
nonenergy products (PN) and factor inputs <PI) are agsumed to be constant. Con-
sequently, demand curve representations of the response of energy demands by con-
sumers (Qg) and nonenergy producers (Qg) to changes in energy price (PE) can be
included. Furthermore, the emergy-economy and energy system models typically employ
different aggregate sectoral breakdowns in their energy demand projections; see
Figure 3-2. The energy-economy models typically use Bureau of Economic Analysis
(BEA) industrial elassifications so that commercial energy and transportation
demands, except gasoline for private automobiles, are all treated in an inter-
industry input—-output framework. The energy system models, on the other hand,
disaggregate demands according to Bureau of Mines (BOM) consuming sectors:
residential, transportation, commercial, and industrial. However, many of those
models aggregate some of the sectors; a residential/commercial combination is

the most frequent aggregation.
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Fach model includes some mechanism for projecting future energy demands, and each
sexamines some aspects of the role of prices in decermining demands. Total energy
demand can adjust .in many ways, and the models focus on different system elements
that contribute to the flexibility in energy demand, fixing some quantities, while
determining others. At one extreme, the ISTUM and BECOM models hold comstant all
demands for energy services, solving for the specific equipment and fuels required
to provide those energy services at the lowest cost. At the other extreme the |
Griffin OECD and Pindyck models implicitly allow all system adjustments to be

captured in their parameter estimationm.

Some models explicitly identify the precise channels through which the substitution
occurs, using a detailed process representation (e.g., BECOM, Hirst Residential,

and Jackson Commercial) or an aggregate production function representation of labor,
capital, enmergy, and materials substirution {(e.g., BESOM/H-J). Other models, such
as Baughman-Joskow, Griffin OECD, and Pindyck, leave the substitution processes
implicit.

The respoﬁsiveness of demand to price changes can be thought of as being composed
of two components: interfuel substitution and factor substitution. Inclusion of
interfuel substitution permits examination of those interactlons where the choice
of one form of energy or another is important. Inclusion of factor substitution
permits representation of switches from energy to other factors of production.
The degree of interfuel and interfactor substitution varies significantly among

the participating models.

The interfuel and factor substitution possibilities are implemenved with three

mechanisms: (1) own-price elasticities, (2) cross-price elasticities, and (3)

energy~GNP feedbacks. Demand curves with own-price elasticities represent soclety's

willingness to pay for energy products in terms of nonenergy goods and services.

They will lead to accurate predictions of energy product demands only if prices
elsevhere in the economy are independent of prices in the energy sector. The

- energy-economy models explicitly consider these energy-GNP feedbacks. Inclusion

of interfuel substitution via cross-price elasticities permits examination of

those interactions where a conversion from one form of enefgy to another is

important.

Varyiné also among the models is the degree of product and spatial aggrega-
tion. The level of spatial aggregation is important because many economie decisicns

can vary between regions, and the ability to transport energy between regions may

3-5



be limited in some cases. The level of product aggregation can be important to
the extent that the alternative energy products are not perfect substitutes. The
significance of both issues is that the level of aggregation implicitly defines
scme of the substitution possibilities included in the models. Specifically, the
commodities within a particular preduct or regional aggregate are implicitly
considered to be perfect substitutes or perfect complements (i.e., used only in

fixed proportions) for each other.

Since the study design specifies prices for primary energy and requires reporting
of primary energy demand, the energy conversion activities included in a model are
important determinants of its aggregate price elasticity for primary energy. Three
energy conversion sectors are typically included in the models: (1) an electric
utility sector, (2) an o0il refining sector, and (3) a coal synthetics conversion

sector, These are represented quite differently in the various models.

The models differ considerably in where they measure energy demands. They vary
from ETA-MACRO, where demands for electricity are measured at the busbar and for
nonelectric energy at the refinery gate, to BESOM/H~J where demands are measured
at the point of end-use (e.g., the dwelling in the case of space heat and the

axle in the case of automotive demands).

Slow adjustment of the capital stock of energy-using equipment, locational patternms,
and behavicoral patterns typifies energy demand. But some degree of foresight also
is in evidence, Energy models can be either static or dynamic. Static models

such as BESOM/H-J or Pindyck, do not explicitly incorporate either foresight or

the slow adjustment processes. In contrast, dynamic models incorporate inter-

temporal effects within a multiperiod framework.

Two attributes may be used to describe the differences across the dynamic models:
the treatment of expectations and the speed of adjustment. The expectations may

be myopic, with current decisions determined entirely by current and past condi-
tions, or clairvoyant, with current decisions based upen implicit complete knowledge
of all past, present, and future prices. Most of the statistical models implicitly
postulate myopic expectations, while intertemporal optimization models, such as
BECOM, assume clairvoyant behavior. A model might permit instantaneocus adiustment
in variables resulting from exogenous shocks, or the adjustment may be gradual.

In all the dynamic models, a key issue is the treatment of the stock of capital

goods carried from one period to the next. Some models, such as FEA-Faucett,



Hirst Residential, or Wharton MOVE, treat these capital adjustment processes
explicitly, while others, such as Baughman-Joskow or Griffin OECD, leave these

processes implicit in the model equations.

Besides differing in sectoral coverage, treatment of the relatiomship between

the energy sector and the rest of the economy, and in several important structural
characteristics, the models differ fundamentally in theilr appreaches to parameter
measurement. One or more of three basic approaches to parameter measurement are
employed: (1) statistical estimation of the aggregate fuel and/or sector price
response, (2) detailed engineering specifications of alternative energy-using
technologies, and (3) judgmental estimation of the aggregate fuel and/or sector
price respomse. Table 3-1 indicates the primary methods used for parameter estima-
tfon. Some models include a combination of approaches to parameter estimation. Of
these, BESOM/H-J and ETA-MACRO are classified according to the parameter estima-
tion methods used to develop the demand representation of the model. However,

such a classification was not possible for the Hirst Residential and Jackson

Commercial models since in these models, the statistical and engineering approaches
were intertwined.

Table 3-1

PARAMETER ESTIMATION APPRCACHES

Statistical Engineering Judgmental
Energy-Economy BESOM/H~J ETA-MACRO
Models Parikh WEM
Energy System. Baughman- EPM
Models Joskow? FOSSILL
Griffin OECD
MEFS
Pindyck
Sectoral Models FEA-Faucett BECOM
Sweeney Auto ISTUM

Wharton MOVEP
Hirst Residentialcc
Jackson Commercial

aExcludes the transportatlon sector and industrial feedstocks.

bOnly results from the automobile gasoline demand component
were reported to the EMF.

c . X . ,
Combines both the statistical and engineering approach.
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FRAMEWORK FOR COMPARISON

As stated above, the models all include some mechanism for projecting future energy
demands. However, the level of product and spatial disaggregation varies sig-
nificantly among the various models. In the following sections, the medels are
described according to their supply, conversion, and demand activities. Within
each of these groups, characteristics, such as spatial and product aggregation,

substitution possibilities, dynamics, and point of measurement are discussed.
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Section 2

ENERGY-ECONOMY MODELS

The energy-economy models include.consideration of energy demands within a general
equilibrium framework. Thus, interactions between the energy sector and the re-
mainder of the economy are explicitly represented. These models typically use an
optimal growth model to integrate: {1} an interindustry input/ouvtput organization
of the economy's production sector, (2) a detailed process description of the
energy sector, and (3) a consumer demand module. However, the models differ
substantially in their level of aggregation, substitution possibilities, and their
representation of the dynamics of energy supply and demand. The energy-economy
models included in the study are BESCM/H-J, ETA-MACRO, and Parikh WEM. All of
these models are nationally aggregated. Table 3-2 provides a summary comparison

of the energy-economy models.

BESOM/HUDSON-JORGENSON [1]

The full implementation of the linked BESOM/H~J system is achieved through infor-
mation transfers between the Hudson-Jorgenson model and the Brookhaven Natiomal
Laboratory'static Energy System Optimization Model (BESOM, Figure 3-3). The
econometric representation of producer and consumer behavior from the Hudson~ °
Jorgenson model is combined with the detailed engineering representation of the
energy sector from BESOM. The Hudson-~Jorgenson model provides information on
energy demand and econcomic effects, but not energy supply. BESOM supplies ip-
formation on energy supply, conversion, and end-use technologies, but not energy
demand. Thérefore, the models interface at the point of energy demand. The com=~
plete integrated system was not used in this experiment. Rather, summary repre-
sentations of the BESOM/H—J interactions, based on previous runs of the linked

system, were used to modify BESOM's exogenously specified energy demands.

Supply

Hydroelectric, geothermal, solar, and nuclear energy are specified exogenously.

0il, gas, and coal are endogenously modeled.
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Conversion

Although refinery losses are considered, the model does not contain an explicit
refinery model. Synthecic fuels are given a process representation. The model
does, however, include a detailed nationally aggregated model of the electricicy
generation sector. The load profile of electricity demands is an endogenous func-
tion of the load characteristics of end-use demands that are satisfied by elec-

tricity.

Demand

In BESOM, end-use demands for 15 to 20 energy end-use products (e.g., space heat)
in 3 consuming sectors, residential/commercial, industrial, and transportation,

are considered. In the original BESOM, demands for these end-use products are
specified exogenously. In the combined BESOM/H-J system, they are determined
endegencusly. For the current study, price elasticities and energy—economy
elasticities estimated from previous runs of the combined model are used to modify
the end-use demands from their base values. This was accomplished in the following
manner: (1) a price index for end-use energy is calculated using prices from
BESOM and Reference case quantities as weights, (2) a price elasticity for aggre—
gate energy estimared from previous combined model runs is used to calculate the
change in aggregate energy demand resulting from the price change, (3) aggregate
energy-economy elasticities, also estimated from previous runs of the combined model,
are used to calculate the changes in the level and structure of economic activity
(output and input patterns) due to the change in aggregate energy use, (4) these
changes are used to adjust the end-use demands in BESOM, and finally, BESOM is
rerun with the new end-use demands. The procedure is truncated at this point; no
attempt was made to revise the demands again in response to the new prices cal-
culated by BESOM. Since BESOM is a linear pregram in which altermative fuels
cempete for the end-use demands on a least-cost basis, the cross-price elasticities
between fuels are characteristically discomtinuous, 1In the version of BESOM used
here, the demands, which are measured at the point of end-use, are respomsive to

both price changes and energy~-GNP feedback effects.

ETA-MACRO [2]

As shown in Figure 3-4, ETA-MACRO is an expanded version of the Energy Technology
Assessment (ETA) model developed by Alan Manne. It adds a very simple represen-
tation of the interactions between the energy system and the rest of the econemy

to ETA's process representation of the energy supply system.
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NATURAL RESCURCES

{PETROLEUM, NATURAL
GAS, COAL, URANIUM,

HYDROELECTRIC, etc.) LABOR (L}
ENERGY 1 l
CONVERSION
TECHNOLOGIES ELECTRIC,

NONELECTRIC CONSUMPTION (C)
(LIGHT WATER > >
REACTORS, ENERGY (EN} MACRO
SOLAR — ETA GROSS
ELECTRICITY P OUTPUT {Y) N
PLANTS, ENERGY COSTS (EC) INVESTMENT (1)
COAL-BASED
SYNTHETIC
FUELS, etc.)
CAPITAL (K)
Figure 3-4 An Overview of ETA-MACRO
Supglz

011 and gas (aggregated together), coal, and uranium are explicitly represented
in the model. Other fuels, hydroelectric and gecthermal emergy, etc. are specified

exogenously.

Conversion

01l refining is not considered in the model, electricity conversion is given an
explicit process representation, and coal synthetics are represented in terms of
their market price. Coal and nuclear fuel are the two possible choices for baseload
electricity generation; the load structure of electricity demands is not considered.
The model 1s dynamic and assumes perfect foresight on the part of energy producers.

A 30-yvear plant life is assumed.

Demand

The economy is assumed to produce a single aggregate form of output from capitai,
labor, and energy inputs. A macroeconomic growth model provides for substitution
betweeq capital, labor, and energy inputs. The energy inputs are disaggregated
into electricity measured at the busbar and nonelectric energy measured at the
refinery gate. A Cobb-Douglas production functiom provides for substitution be-
tween the two energy forms. The demand side of the model is dynamic and assumes

perfect foresight on the part of energy demanders. For example, savings and
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investment decisions are modeled so that consumers will receive equal benefits from
an additional dollar's worth of current .consumption and a dollar’s worth of invest-

ment. Society's capital stock is assumed to be retired at a constant rate.

PARIKH WEM [3,4]

In the Parikh WEM, Figure 3-5, nonenergy sector production and comnsumer's utility
are modeled using hierarchical homothetic functions. This model is a part of the
Stanford PILOT Energy-Economic Model {5], which integrates a dynamic fixed coef-

ficients input-output model with a detailed dynamic model of the energy sector.

Supply

Long-run marginal cost curves are used for oil, gas, and uranium. The dynamics of
resource pricing provide for inclusion of scarcity rents. Other fuels and hydro-

electric and geothermal energy are specified exogenously.

Conversion

The model's supply side consists of an input-output model with seven nonenergy and

- five energy sectors and a detailed process model of the energy sector. 01l refining
is one of the input-output sectors. The electricity generation sector (including
the nuclear fuel cycle} and synthetic fuels from coal and oil shale constitute a
large portion of the process description of the emergy sector. Substitution across
energy imputs in the energy sector is modeled using engineering relationships. How~
aver, the nonenergy inputs into energy production are modeled with a variable coef-
ficient I/0 structure. The model is dynamic and assumes perfect foresight. The.
intertemporal link is provided through nonhomogeneous capital stocks and resource

depletion.

Demand

Comprehensive modeling of demand-side substitutions between the 12 products repre=-
sented in the Parikh WEM is implemented through a hierarchy of substitution functions
for the consumers and each of the seven nonenergy industrial sectors. For COnSuUmers,
time varying substitution elasticities characterize the ease of making adjustments

in the iInput proportions of the following pairs of aggregates: electric/nonelec-
tric, energy/nonenergy, and energy intensive goods and services/energy nonintensive
goods and services. For each of the seven nonenmergy industrial sectors, these elas-
ticities charaéterize the ease of making adjustments in the input proportions of
substitutable industrial emergy, labor, and capital. The substitutable industrial

energy is provided through a mix of coal, oil, gas, and electricity. It is medeled
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through substitution functions that characterize the ease of making adjustments in
the input proportions of the following pairs of fuels: electric/nonelectric, coal/
oil-gas, and oil/gas. Industrial energy used as raw materials, such as metallurgi-
cal coal, feedstocks into chemicals and plastics, and liquid fuel needed by the
transpertation sector, etc., is assumed to depend on the level of output of the
industrial sector. The demand side of the model is dynamic and assumes perfect

foresight on the part of the energy consumers.

For each pair of variables in a substitution function, a constant elasticity of sub-
stitution (CES) function is developed using the assumed substitution elasticity and
anchoring the reference isoquant at reference year quantities. This assumes that
the reference year quantities are the profit (utility) maximizing choices at refer-

ence year prices.



Section 3

ENERGY SYSTEM MODELS

The energy system models include consideration of all energy demands, but exclude
explicit representation of Interactions between the energy sector and the remainder
of the economy. These models typically include demand curves for energy fuels or
products at various points of transaction within the energy system. However, the
models differ substantially in their level of aggregation, substitution possibili-
ties, and representations of the dynamics of energy supply and demand. The energy
system models included in the study are Baughman-Joskew, EFM, FOSSIL], Griffin OECD,
MEFS, and Pindyck, Table 3-3 provides a summary comparisonm of the energy system

models.

BAUGHMAN-JOSKCW {6]

The Baughman-Joskow model, Figure 3-6, consists of three major components or sub-
models: demand, supply, and financial/regulatory. The model is regiomally dis-

aggregated according to the nine census regions.

Supply
The supply of hydroelectric energy is specified exogenously. Coal, oil, gas, and

nuclear fuels are endogenously represented in the model.

Conversion

0il refining and synthetic fuels conversion are not included in the medel, The
supply submodel is a detailed model of the decision-making processes involved in

operating and expanding an electricity supply system.

A detailed representation of the load-duration profile of electricity demand is
included for each of the nine census regions. Hydroelectric capacity is specified
exogenously. A cost minimizing "rule of thumb'" is used to mimic the supply decisions
made by electric utility companies. Firm expectations regarding fuel costs, plant

construction costs, and plant operating characteristics are exogenous inputs into
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the model, but electricity demand expectatlons by utilities are exponentially~

weighted, moving averages with a trend adjustment.

Demand

The demand model consists of a set of demand equations for electricity, oil, natural
gas, and coal for the residential/commercial and industrial sectors.” Industrial

feedstock demands and transportation demands are not considered.

*
Coal is not included in the residential/commercial sector.
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For the residential/commercial sector, the demand model consists of an equation
which estimates total energy consumption per capita as a function of a weighted
energy price index (weighted by both consumption and the end~use efficiency of the
various fuels) and incomes. A Koyck lag structure is emploved. In addirion, a set
of fuel-split equations is utilized to divide total energy consumption into oil,

natural gas, and electricity consumption.

For the industrilal sector, a similar formulation is utilized. Total industrial energy
consumption is estimated as a function of an energy price index and valued added

in manufacturing. WNationally aggregated time-series data are utilized here. Next,

a locational equation is used to determine total energy consumption in each of the
states. Finally, a set of fuel-split equations is utilized to allocate the total
energy consumption in each state among the four basic fuels——electricity, oil,

natural gas, and coal.

EPM (7]

The Energy Policy Model 1s a descendant of the SRI/Gulf model [8]. It consists of
a large number of mass balance relationships; these balance equations can be non-
linear. An iterative solution procedure is employed to compute an approximate
golution. Thus, it does not use an optimization teﬁhnique to compute a market

equilibrium.

The EPM starts with a detailed engineering representation of the U.S. energy system.
Substitution among alternative conversion processes is considered. In addition,-the
aliocation of the various fuels that cam be input to a conversion process is accom-
plished with a set of market-share equations that allocate fuels to demands according
to their relative prices. This procedure avoids the discontinuities in the response
of demand to relative fuel prices characteristic of mathematical programming models.
Furthermore, market penetration (behavioral lag) curves retard responses in the
allocaticns from instantaneous adjustment to a perfect foresight allocation based

on the relative prices of the inputs. Thus, the stock adjustments are neither

myopic nor clairvoyant.

Supply

Hydroelectric energy production is specified exogenously. Coal, oil, gas, and
nuclear fuels are endogenously represented in the meodel. The amount of regional
disaggregation of the fuel supplies varies from none for nuclear fuel to 12 oil

and gas supply regions.
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Conversion

0il refinery, electricity generation, and synthetic fuels conversion are all

explicitly represented in the model. .

Demand

The alternative processes that can be used te satisfy a particular end-use demand
are explicitly modeled. And the allocation of the end-use demands among the alter-
native sources is accomplished through market-share curves, as in the case of the
energy producers. The model includes price-sensitive demands so that substitution
of nonenergy goods for end-use energy products is explicitly considered. The EPM
is formulated as a generalized network flow problem. It is solved through an
iterative procedure. The model's objective is to find market clearing prices
(prices at which supplies just equal demands) for the inputs and outputs of each

energy conversion process.

FOSSILL {9}

The FOSSIL]l model, Figure 3-7, 1s a systems dynamics simulation model of the U.S.
energy system developed by the Dartmouth College System Dynamics Group. A previous
version of this model was called COAL2. The model considers nationally aggregated

fuel demands and prices.

Supply

Gas, oil, and coal supply are nationally aggregated, altﬁough coal is differentiated
according to high- versus low-sulfur content and surface versus deep mine. Nuclear

supply is modeled at both the reactor and reactor fuel levels.

Conversion

0il refining is not considered. Synthetic fuels and electricity conversion are
explicitly modeled. The production capacity of a conversion technology is limited
by the availability of physical capital. The use of fuels within each secror is
determined by an allocator mechanism which divides the available capital between
the various producﬁion alternatives. The allocator computes the marginal return
on investment (ROI) for each alternative, shifting investment as the changing
operating cost, capital cest, and output price of each production process alter
that alternative's marginal ROI. The production process with the highest ROI

gets the greatest proportion of capital investment funds. The allocation mech-

anism operates so as to maximize future industry profits. Capital stocks are
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adjusted continuously, but myopically, with delays for construction lead times

being taken into account explicitly.

Demand

Aggregate demands for electricity, gas, oil, and coal delivered to users are con-

sidered.

Total demand is a function of income and average energy price. The

market shares of the four fuels are determined by their relative prices, convenience
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of use factors, and saturation effects. The demand side of the model adjusts com”
rinuously but myopically. The demand sectoT is assumed to require a full 15 years

to turn over its capital in response to an energy price change.

THE GRIFFIN OECD MODEL [10]

The Griffin OECD model, Figure 3-8, is an econome tric energy demand model estimated
with pooled cross—aectional data from 18 QECD (Organization for Ecenomic Cooperation
and Development) countries. All prices and quantities in the model are natiomally

aggregated.

Supply

Hydroelectric and nuclear energy are specified exogenously in the model. Coal,

gas, and oil are endogenously represented.

Conversion

Synthetic fuels and oil refining are mnot explicitly considered in the model. How-
ever, aggregate rafinery losses ate estimated. Nuclear and hydroelectric inputs to
electricity generation are specified exogenously, but the cost shares of the fossil
fuels in the rest of the alectricity load depend on relative fuel prices according

to a 13~year distributed lag pattern.

Demand

Demands are disaggregated according to three consuming gectors: residential, in-
dustrial {including commercial activities), and transportation. The nonfeedstock
industrial and residential demand modules have similar structures. Aggregate,
thermally adjusted (i.e., end use) energy input to the sector 1s estimated as a
function of income related variables and 2 £ive-year distributed 1ag on the
thermally adjusted aggregate epergy input price of fuels to the gector. Cost
shares for coal, gas, electricity, and oil are functions of 10-year distributed
lags on relative fuel prices. Demands foT {pdustrial feedstocks are specified

exogenously.

In the transportation sector, gasoline, automotive diesel, and aviation fuel demand

are determined separately from other uses, such as rail and water transport. Gascline

A five~year distributed lag {s assumed in the industrial sector and a seven-year
lag in the residential sector.

3-23



1opoH purweq A3xoum @O0 UiFITio jo wmexderq mofd g-¢ 3anlig

Fm-s-Ts T

i NOLLYHINID
L1 Aanomioan
Hv3ITINN
+ QUOAH

HO1235
NOLLINAOYA
ADHINI

= = =4 SNOINVITIIOSIN

Aypuay

o

IVILNIAIS2Y

seny

+ “ o) _..I

TYIHASNONI

] $3314d4 Jand

P | SATVIUVA
- JMHAVHOOWIA

& wo _.f.

" ALIAILOV
JINONDOD3T
! -OHIVIY

! i
1 i
¥va1oNN || 110} -4
1+ ouaau [ Sv9 ALINHLDTTT |
r~{1v0D T_
T
+ 1o no e
NOLLJWNSNOD
ADHING *
AHVWIH
¥
® SYD SvD +
r
*—1 WOD WO |«
NOILJWNSNOD NOILIWNASNOD NOLLJWNSNOI
ADHINI 1and ADHINT
AUVYWIRG AUVYWIH 18414 !

NOLLYIBOJASNVHL

NOYLJWNSNOD
13INd 1vY0103s

NOILJWNSNOD
ADYIANT
TVYHO0133sS

STTEYIHVA
SNHON3IDOX3

3-24



consumption is based on a simultaneous determination of car stock and car utiliza-
tion. The stock of cars is estimated as z function of per capita income and a four-
year distributed lag on gasoline price; gasoline consumption per car depends on per
capita income, the stock of cars per capita, and a 1l0-year distribution lag on the
teal price of gasoline. Diesel consumption in trucks, buses, and automobiles is a
function of real income and cars per capita; aviation fuel consumption is z function
of economic activity and population; other transportatian fuel uses are a function.

of aggregate economic activity and the real price of energy.

MEFS DEMAND MODEL

The Project Independence Evaluation System (PIES) was initially developed at the
Federal Energy Administration during the work of the Project Independence Task
Force [11]. Since then it has been substantially revised and augmented [12],
critically reviewed [13], decumented [14], and renamed. It 1s now called the

Mid-term Energy Forecasting System (MEFS), and resides at the Energy Information

Administration in the Department of Energy.

The MEFS system is a collection of independent models designed to be used either
singly or in groups. The major components are the Mid-term Energy Market Model
(formerly the PIES Integrating Model), 01l and Gas Model, Natiomal Coal Model,
Refinery Model, and Demand Model. The Mid-term Energy Market Model is a static
linear programming model designed to compute a market equilibrium solution given
demand curves, supply curves, conversion characteristics, and pricing regulations.
The Demand Hodel is a dynamic econometric model of emergy demand disaggregated

by consuming sector. Only the Demand Model (Figure 3-9) was empleved in the

current study.

Demand

The Mid-term Energy Demand Model is an econometric model that projects fuel demands
according to the 10 federal regioms. Twenty fuels are considered. Except for
feedstocks, which are treated separately, the residential, commercial, and indus-
trial sectors have a similar specification. However, different parameter values
and exogenous variables are used in the implementation for the several sectors.
Each of the three sectoral models has two parts. First, an index of total energy

demand depends on the absclute level of a deflated fuel price index and exogencusly
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specified measures of the sector's activity level. BSecond, the ratio of each
specific fuel demand to the tctal energy index is specified to depend on the

relative price of the fuel,

The regionmal structure of the data is exploited by allowing the intercepts in each
regional equation to vary but constraining the coefficients of all other variables
to be the same across all regions. Consumers' behavioral lags to price changes
are explicitly considered in the formulation. Fuels used as raw materials are
related to projections of industrial indexes for the industry where the fuel has
its primary appliication and are allocated to cemsus regions using projections

of regional income originating from those industries,

The specifications of transportation demand in the Demand Model are markedly
different from those emploved in the other sectors. In that sector, lack of inter-
fuel competition and interregion climatological effects obviate the need for
regional estimation. The major elements of transportation demand include automobile
highway gasoline use, nonautomobile highway gasoline and diesel fuel use, rail
diesel fuel use, and commercial jet fuel use. These fuel demand equations were
estimated using time~series single equation techniques for national consumption

and then disaggregated using regional income and population projections. The
automotive gasoline demand module is a revised version of the Sweeney Auto model

described later inm this chapter.

PINDYCK MODEL [15]

The Pindyck model is an econometric energy demand model. All prices and quantities

in the model are nationally aggregated.

Supply

Energy supply is not considered in the model.

Conversion

Energy conversion processes are not considered in the model, except that transpor-
tation, refining, marketing, and tax markups are added to the crude price to

obtain refined c¢il product prices.
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Demand

Demands are disaggregated according to three consuming sectors: residential, in-
dustrial, and "other fuels.” The industrial sesctor includes commerciazl services.
The gther fuels sector includes transportation fuels (diesel and motor gas), as

well as "remainder fuel" not included in any of the other categories.

In the residential and industrial sectors, a two-stage estimation procedure similar
to that utilized in the MEFS Demand Model is employed. First, an aggregate energy
price is computed as a translog function of the prices of oil, gas, coal, and
electricity. Then the share of energy in aggregate consumption expenditures is
computed as a translog function of the aggregate energy price and the aggregate
price of nonenergy goods. Finally, the share of oil, gas, e¢oal, and electricity,
in total energy expenditures, 1s computed as a tramsleg fumction of relative fuel

prices.
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Section &4

SECTORAL MCDELS

INTRODUCTION

In this section, the seven dynamic sectoral models included in the study are de~-
seribed; Table 3-4 summarizes the comparison. The FEA-Faucett, Sweeney Auto, and
Wharton MOVE models describe domestic gasoline demand for automobiles. The Jackson
Commercial model considers commercial energy use; BECOM, consumption in residential
and commercial buildings; ISTUM, industrial enmergy use; and Hirst Residential,

residential energy demand.

" Unlike energy system and energy-econcmy models, the scope of the sectoral models

is confined to the explicit, endogencus representation of demand for energy fuels
in particular sectors of the economy. Sectoral models typically contain three
basic gomponents:

° one that projects variables exogenous to the fuel demand forecasting-

section, such as demographic and supply forecasts, and feeds them
into the rest of the model;

° one that computes fuel demands from those forecasts and from the
characteristics and amount of fuel consuming equipment available
(e.g., the automobile in the transportation sector}: and

e a dynamic component that revises the amount and characteristics

of the consuming equipment over time.

Component 1: Demographic and Energy Supply Variable Projections

Projections of the demographic and emergy supply variables employed in the sectoral
models may be assumed or formally or informally linked to other demographic assump-
tions. For example, housing stock, commercial floor space, industrial output, and
vehicle-registration projections can depend on population and/or ecomomic growth
rate assumptions. In the EMF experiment, standardization of fuel prices minimizes
differences in assumptions about energy supply variables. However, economic growth
rates are the only demographic variables that are standardized. This leaves open
the possibility of dififerences in results due to differences in the modelers trans-—
lation of economic growth rate assumptions into demographic projections. These

projections are used. to derive the sectoral energy fuel demand forecasts.
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Component 2: Demand Forecasting

However, it is within the second compeonent, fuel demand forecasting, that the
greatest variance among models occurs.' Much attentiom is given to the data collec-
tion, model formulation, and parameter estimation required to project fuel demands
given values for demographic variables and characteristics of consuming equipment.
Sitmulation and cost minimization are the two methods of fuel demand forecasting

used in the EMF 4 models.

The most commonly used method, the simulation approach, derives total fuel demands
in any year via a simumlatlon that continually combines and updates three types of

informatrion:
(1) the total stock of all energy consuming equipment (e.g., automcbiles);

(2) the percentage or market share of that stock of equipment which
have the same technical characteristics (e.g., automobiles grouped
by mileage ratings or space heaters grouped by fuel utilized and
year installed); and

(3) the intensity with which each market share of the stock of equip-~

ment is used (e.g., an automobile with a high mileage rating may

be driven farther over a given period than one with a low mileage

rating).
Using this information, the models simulate the evolution of sectoral energy demands.
Each year exdsting consuming equipment iz utilized at a rate that depends om the
cost of provliding energy services (e;g., space heat, automobile wvehicle miles,
etc,}. The higher the cost of utilizing existing consuming equipment, the less
it is used. Since 90 to 95% of consuming equipment used during a particular year
ig in place at the beginning of that year, reductions in usage rates are the only
way most consumers can respond to sudden increases in energy prices in the short
run. However, those consumers who buy new equipment or replace worn out equip-
ment can take new price information inte account in making thelr choice. Reductioms
in fuel demands by those purchasing new, more fuel efficient equipment is greater
than by those who own existing equipment. In the simulation models, the type,
amount, and rate of use of newly imstalled egquipment depends on the projected
lifetime usage cost. The more it costs to provide end-use services from the new

equipment, the less 1s installed.
The FEA-Faucett, Hirst Residentizl, Jackson Commercial, Sweeney Auto, and Wharton

MOVE models empley the simulation approach to project fuel demands. Figure 3-10

provides a schematic representation of the simulation approach.
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Figure 3-10 "Simulation" Approach to Sectoral Fuel Demand Projections

The second method of fuel demand forecasting, cost minimization, is utilized in the
ISTUM and BECOM models. These two models estimate intensity and market shares

simultaneously.

In ISTUM, the total demand for useful energy {the amount of energy demanded net of
end-use conversion losses) within each industry is linked to the ecomomic growth
rate projecticns; a unitary income elasticity is assumed. Market shares for the
technologies capable of meeting those demands are determined by comparing exogen-
ously specified fuel and capital cost curves and choosing the set of energy and
capital resources that minimize each industry's energy costs. Total demand for
a particular type of fuel in a given year 1s determined by aggregating the fuel

demands of all industrial users.
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BECOM uses an analogous cost minimizing methodoiogy. In that model, buildings are
assumed to require some acceptable lgvel of comfort or service. The comfort level
and the number of different types of buildings are forecast ocutside the system,
However, decisionmakers are permitted to choose among different types of energy
service systems and levels of insulation. The amounts chosen are presumed to
depend upon which combination of service system(s) and insulation will minimize
the cost of achieving the acceptable level of comfort or service. Figure 3-11 is

a schematic of the cost minimization method of demand forecasting.

Component 3: Consuming Equipment Projections

Population, fuel prices, and income vary over time as existing equipment is re-
tired. Thus, one would expect the amount and technical characteristics of new
equipment to fluctuate. The stock of consuming equipment of a given vintage can
be expected to decline over time, due to retirement and/or less intemsive use.
Accordingly, sectoral models represent both the retirement of existing vintages
and the changing characteristics of newly installed consuming equipment. However,

the models represent these effects in different ways.

DEMOGRAPHIC USEFUL ENERGY SUPPLY
VARIABLES FORECASTS VARIABLES

| ]
v

r——| MARKET SHARE
ESTIMATES;

- USAGE

¥

FUEL DEMANDS

| I 4

EXISTING STOCK | |, AETIREMENT NEW STOCK
CHARACTERISTICS s CHARACTERISTICS

t

Figure 3-11 "Cost Minimization" Approach to Sectoral
Fuel Demand Projecticns
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The BECOM, Hirst Residential, Jackson Commercial, ISTUM, and Sweeney Auto models
assume retirement rates that are not responsive to other system variables, such as

fuel prices and national income. For example, the Jackson Commercial model postu-
lates that the demand for energy services is proportiomnal to the total area of
commercial floor space and that a given vintage of floor space is retired at an
exponential rate over time. In the Sweeney Auto model, constant proportional
automobile scrappage and usage rates are specified., The FEA-Faucett and Wharton
MOVE models, on the other hand, calculate retirement rates endogenously. Both
models allow the scrappage of automobiles of a given vintage to depend upon economic
variables, such as the unemployment rate and the price of automobiles. Neither

model, however, accounts for the dependence of usage on age.

Sectoral models also represent changes in total demand and the market shares and
technical efficiencies of newly sold consuming equipment., Most models, specifically,
FEA-Faucett, Hirst Residential, Jackson Commerciazl, and Wharton MOVE, use standard
econometric methods to describe the dependence of market shares and total demands

upon relevant economic variables.

A number of methods are used to estimate changes inltechnical efficiency. FEA-
Faucett and Wharton MOVE assume that the technical efficiencies of consuming
equipment within each class remain constant over time. Sweeney Auto, Hirst Residen-
tial, and Jackson Commercial relate technical efficiencies to capital costs and

fuel prices. In these models, increasing fuel prices are presumed to induce sub-
stitution of capital for energy, gemerally resulting in higher technical efficien~
cies among newly introduced consuming equipment. Furthermore, the extent of
efficiency changes is determined through the use of elasticity estimates. Similarly,
ISTUM relates changes in techmnical efficiencies to fuel prices and capital costs.
However, it uses cost minimization to determine which types of technologies will

be used in a given industrial subsector. It also assumes that the cost curves for

a particular technology do not change over time. Finally, ISTUM includes behavioral

lags upon the date at which new systems are introduced.

BECOM [16]

The Buildings Energy Conservation Optimization Model was developed at Brookhaven
National Laboratory. It is a cost minimizing model of energy use in buildings.
The emphasis in BECOM is upen market share rather than demand growth projections.
Stocks of different building types and basic energy demands for those types are

exogenously specified. Various end-use energy conversion systems are chosen in a
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way to minimize the cost of meeting those basic demands. This process is dynamic
and includes consideration of retirement of old technologies and new technology

introduction to the year 2000.

BECOM is a highly detailed model. Energy use in buildings is disaggregated by

fuel, conversion device, such as gas heating converted by burners or heat pumps,
shell, such as single or multifamily dwelling or mobile homes, region, and end

use. Data relating to building stocks, technology costs, and shell and conversion
efficiencies are taken from the Arthur D. Little data base for buildings. Other
exogenous data were supplied by BESOM (Brookhaven Energy System Optimization Model).

Model outputs can be aggregated in three different ways: (1) building types,

(2) conversion device, or (3) fuel by end use for each year. BECOM utilizes
exogneous forecasts of oil, gas, electricity, coal, and sclar power. Demand
forecasts are derived through a multistep process. Stocks of consuming equipment,
different building types, and basic energy demands are exogenously specified. The
specific determination of how those demands are met is solved by formulating a

building network problem.

The structure of BECOM is similar to that of a transshipment problem, with the
BESOM* aggregate demand points for residential/commercial space heat, air condi-
tioning, water heating, and appliance services as sources for the transshipment.
The destinations for this problem are the different buildings markets, each of
which requires a certain amount of energj to provide an acceptable level of comfort
or service. Shipments from sources to destinations are made through intermediate

transfer points or transshipment points.

Each conversion device is characterized by an efficiency coefficient and an
annualized capital cost. Devices in existing buildings have a cost coefficient

of zero since they are already iﬁ place. The thermal shell is similarly character-
ized by an efficiency coefficient which compares its heat less characteristics

with those of a referenca shell, and by a cost coefficient which is the annualized
capital cost of upgrading a structure relative to the reference shell. Wonupgraded
buildings and reference new buildings have an efficiency of 1. Upgraded shells

have higher efficiencies. The energy demand in each market can be met by any

*
See the description of BESOM/H-J in Section 2.
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combination of firing device and thermal shell. The model selects those combina-
ticns of conversion devices and thermal integreties that minimize the cost of

satisfying the demands in the various markets subject to the technical comstraints.

FEA-FAUCETT [17]

The FEA-Faucett automobile gasoline model falls neatly intc the market share sec-
toral model framework described previously. No supply detail is spacified and
there are no conversion activities. Additionally, no energy-economy feedbacks are
considered. The modeling approach incorporates a vintage capital stock structure.

Parameters are estimated econcmetrically from historical data.

Gasoline is the only fuel considered. The model produces aggregate national pro-
jections of gasoline use. The estimates, depending upon both consumers' and
manufacturers’ behavior, are derived separately; 2 simulation model is used to
combine the estimates. A number of automobile size classes are considered.
Dynamics are provided by a constant turnover in the capital stock of automobiles.
A scrappage function is computed as a function of the unemployment rate and new
car prices which are exogenous to the consumer model. Vehicle miles traveled are

then computed, leading to the desired estimate of gasoline usage.

HIRST RESIDENTTIAL [18]

The Hirst Residential model, Figure 3-12, was developed at QOak Ridge National
lLaboratory (ORNL). It simulates energy use in the residential sector from 1970
through 2000, It 1s a typical sectoral meodel im the sense that there is little
detail on energy éupply, no consideration of emergy-economy feedbacks, and no
modeling of conversiom actiﬁities. The model consists of four basic submodels:
(1} a demographics submodel that calculates the stocks of occupied housing units
for each year; (2) an economics submodel that determines the responsiveness of
households to.changes in income, fuel prices, and equipment prices by estimating
the relevant price elasticities; (3) a technology submodel that describes the
characteristics of enmergy consuming equipment from an engineering perspective;
and (4) a simulation model which combines the outputs of the other submodels.
The model -was validated for the 1960-1975 period and performed well in energy use

by fuel predictions.

The Hirst Residential model considers four fuel categories: electricity, gas, oil,
and other. It should be noted that the electricity figures include losses in
generation, transmission, and distribution. The o0il and gas figures do not in-

clude losses associated with refining and transportation.
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Figure 3-12 Schematic of Hirst Residential Energy-Use Model

The Hirst Residential model provides projections of residential energy use for

four fuels (electricity, gas, oil, other), eight end uses (space heating, water
heating, refrigeration, food freezing, cooking, air conditioning, lighting, other),
and three types of housing units (single-family dwellings, apartments, mobile homes).
The model operates at either the natiomal level or 10 disaggregated federal regionms.
Only the national version was used in this study. The modeling approach is ta ex-
press househol& energy use in terms of the stock of occcupied housing units, equip-
ment ownership, thermal pfoperties of housing units, efficiency of equipment, and

usage factors (e.g., thermostat setting, lighting intemnsity).

Substitution possibilities are reflected in cross-price elasticities provided to

the simulator by the economics submodel. Hirst, however, notes that the statistical
basis for many of these elasticities is weak. The dynmamic nature of the model is
evident as it incorporates changing equipment characteristics over time and a
constant turnover of the housing stock. Other aspects of the dynamics are the
behavioral lag structure of the model and usage rate changes. The Hirst Residential
model assumes 50% of the usage response occurs in the first year and that changes

in equipment market shares are constrained only by equipment lifetimes.
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ISTUM [19]

The Energy and Environmental Analysis (EEA) Industrial Sector Technology Use Model
(ISTUM) is a detailed representation of the industrial sector designed to predict
market penetration for various energy technologies to the year 2000. To make fore-
casts, a cost minimization algorithm is used. Moreover, the focus of the model is
en projecting the relative use of the various energy fueis and techmologies, as
opposed to the growth rates of energy demands. "Useful" energy demands (the amount
of energy utilized after all conversion and generation losses have been subtracted)
are exogenously specified. The demand for and market shares of specific types of
energy consuming equipment (e.g., industrial boilers) are endogencusly forecasted.
Additionally, ISTUM includes the retirement process and the changing characteristics

of newly introduced equipment.

Like other sectoral models, ISTUM is disaggregated by energy source and end use
{(industry submarket)., ISTUM is also disaggregated bﬁ vear to include dymarie
effects, combustor size, and combustor load factor. However, the demand for energy

1s not disaggregated spatially.

Furthermore, because modeling the costs of using alternative energy consuming devices
is central in the ISTUM approach, all energy-related costs are carefully specified.
Fixed and variable costs are included and time preferences for capital are accounted
for. Furthermore, in constrast to tﬁe other models, costs in each ISTUM submarket
are presented in the form of a distribution, showing what fraction of the demand

in a cell will experience each possible cost. Finally, as they become feasible,

nev technologies are introduced and allowed to compete with conventional tech-

nologies.

ISTUM includes a detailed, although exogenous, representation of energy fuels
supplied to the industrial sector. Capital cost and fuel price distributioms for
a variety of techmolegies and energy sources are introduced in the modeil. The
more than 100 end-use conversion technologies considered are categorized into six
groups: conventional, fossil energy, conservation, cogeneration, solar, and
geothermal technologies. Cost distributions for new technologies are introduced as

those technologies become feasible.
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JACKSON COMMERCIAL [20]

The Jackson Commercial model, Figure 3-13, is a disaggregated economic-engineering
model of commercial energy use also developed at ORNL. Structurally similar to
the Hirst Residential model, the Jackson Commercial model provides detailed annual
forecasts of commercial energy use te the vear 2000. In order to restrict con-
sideration to what is typically referred to as commercial energy use, the ORNL
group defines the commercial sector to include the BEA Standard Industrial Classi-
fications E, ¥, G, H, I, and J* but excludes tramsportation, electricity power
generation, and feedstock energy involved in these divisioms. Thus, there were
problems in compiling a consistent historical set of data upon which to. base the
model. Additionally, the level of aggregation of the demand side of the model
necessitated development of emergy-use data for 10 building types, four fuels,

and five end uses. These problems and their solutions are discussed in detail

in [21]. '

The modeling approach taken by Jackson explicitly recognizes the fact that energy
is consumed in capital equipment to provide desired services. Thus, the problem
can be viewed as one of estimating the equipment stock and its utilization rate.
Furthermore, since the stock of equipment 1s dependent upon the amount of floor
space served, the estimation can be approached from a floor space, utilization rate
perspective. The model was validated by simulating commercial energy use from

1969 to 1975; it produced small forecast errors but demonstrated an ability to

predict turning points in market shares.

The Jackson Commercial model is a demand model and thus has a very simple supply
side. Four fuel categories, oifl, natural gas, electricity, and other, are con-
sidered. The other category includes coal and liquid natural gas demands, which

are specified exogenously in accordance with historical trends.

The model provides national aggregate projections of commercial energy use by 10
building types, five end uses (space heating, cooling, water heating, lighting and

other i.e., cooking and electromechanical uses), and four fuel types. All

transportation, communication, electricity, gas, and sanitary services,
wholesale trade.

retail trade,

finance, insurance, and real estate.

services.

= public administration.

LHEZ O MM
oW
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Figure 3-13 Jackson Commercial Model

measurements are made at the point of end use, making this model much better suired

for this study's secondary, rather than primary, elasticity experiment.

As previously mentioned, the Jackson Commercial model takes a vintage capital-

stock approach. There is a precise division between long-run and short-run effects.
The main elements of the model are a series of equations: Q = U(P) x § where

Q = energy use, U(P) = utilizarion rate, which is dependent on price of equipment
services, and S = stock of equipment. In the short run (one yearj, only utilization
rate changes representing behavioral changes are allowed, with the stock of equip-
ment held constant. In the long run, providing the dynamics of the model, the

stock of equipment changes with additions made in some areas and retirements made

in others. It is interesting to note that in determining fuel use for the future;
the Jackson Commercial model makes use of short-run own-price elasticity estimates

from the Baughman-Joskow model.

SWEENEY AUTO [22]

The Sweeney Autcmobile model, Figure 3-14, is similar to the Hirst Residential
and Jackson Commercial models in the sense that all three employ the vintage capital

stock approach. That is, emphasis is placed upon the processes of capital stock
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adjustment and stock utilization. Such an approach makes it possible to examine
the influence of policy-~directed technological changes or usage changes in addition
to policies acting on economic variables. In the Sweeney Aute mecel, solutions

are derived using a simulation model whose parameters have been astimated econo-

metrically.

The supply side of the model is very simple; only gasoline is comsidered. Thus,

no interfuel substiturion is possible. The demand side of the model produces
aggregate national projections of gasoline use through 1990. The basic approach

is to view gasoline demand as derived from the consumer's desire for mobiliry.
Thus, estimated gasoline demand is simply the desired number of miles traveled
divided by the overall automobile fleet efficiency. Dynamics are introduced by
detailed modeling of the evolution of the fleet of automobiles, including endog-
enous projections of the size and technical efficiency of each vintage. There

is an annual changeover in the structure of the auto fleet. Age is a critical
factor in the model, both because more cars are retired and are generally used less
as they get older. Given the efficiency of autos of each vintage, the relative
miles driven by autos of different vintages, and the number of autos in existence
from each vintage, the average fleet efficiency can be estimated. Then vehicle
mile demand is estimated as a function of income, driving costs, and other economic
variables. An estimate for gasoline demand can be obtained by dividing the demand
for vehicle miles by the fleet efficiency.

EXOGENOUS
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WHARTON MOVE [23]

The Wharton MOVE analysis of the automcbiles market directly estimates the teozal
stock, market shares, and usage {vehicle miles) of automobiles to derive automobile
gasoline demand estimates. Exogenous inputs to the syvstem include demographic
indicators, variables, such as fuel prices and automotive efficiencies, and macro-
economic variables, such as the unemployment rate, real income, and inflatiom.

The model can be used to project the size of the total automobile stock, automobile

gasoline consumption, and total automobile vehicle miles traveled.

Like the FEA-Faucett model, the Wharton MOVE model uses a classical strucfural
approach., Total stock, market shares, and vehicle miles of automobiles are direccly
estimated; a market share approach is employed; and an updating process is used.
Both models alsc estimate the long-term demand elasticity for gasoline to be

approximately 0.1 - 0.2 in the automobile market.

The Wharton MOVE model does contain some unique characteristics. The most important
of these characteristics is its attempt to fully account for the costs of driving
apn automobile and to use an equilibrium appreoach in the estimation process. Unlike
ather modeis, Wharton MOVE accounts for the effects of changes in all relevant costs
on the automobile market including both purchase price and variable costs, such as
financing, gasoline consumption, and insurance. Through this process, an average
cost per mile is found and then combined with other variables to produce a steady-
state "desired stock per family.'" Desired stock values are then compared with
"actual stock"” levels to give estimates of newly introduced and scrapped auto-

mobiles (the consuming equipment represented in the model).

As 1in the Sweeney and FEA-Faucett models, gasoline demand is considered in the
Wharton MOVE model. The representation of gasoline demand is very similar to
FEA-Faucett's. The number of automobiles in a given vintapge is computed firse,

and then market shares are derived tc give the number of automobiles in each class
for a specific vintage. Vehicle mile demand is simultaneously calculated, and
dynamic effects are taken into account. Gasoline consumption can then be predicted

from the class, stock, and vehicle mile projections.
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CONCLUSION

A comparison of the key characteristiés of the mcdels provides essential background
for interpreting the results from the comparative model experiments. A priori,
many differences in model characteristics seem capable of producing differences in
their aggregate elasticity estimates. But careful scrutiny of the results of the
study within the framework established here is required to ascertain which
characteristics are indeed most telling, In Chapter 8, Griffin and Wood make this

very interesting ex post comparison.
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Chapter 4

THE THEORY AND PRACTICE OF ENERGY AGGREGATION

INXTRODUCTION

The fundamental purpose of the "Aggregate Elasticity of Energy Demand” study was to
determine the Implicit price elasticity of aggregate energy demand in 16 models. If
energy were a single good, this would have simply entailed the fitting of the best
constant elasticity curve to the energy price and quantity data from the models.
However, since energy is an aggregation of numerous individual energy goods, this
determination was substantially more difficult, In particular, it entailed three
distinct tasks--aggregating the price and quantity data for individual energy

goods using price and quantity indexes, calculating the price elasticity of energy
demand using these indexes in a practical and meaningful manner, and interpreting

the results of these calculations. This chapter discusses the first twe of these

tasks:
""""" s the theory of energy price and quantity indexes, and
€ the advantages and disadvantages of several methods for cidlculating

the price elasticity of energy demand using these indexes,

THE THEQRY OF ENERGY PRICE AND QUANTITY INDEXES

Definitions

Figure 4-1 contains a simple model of the demand for emergy. In this model, the

behavior of society can be characterized by a single aggregate preference or pro=-

duction function over all goods:

UQ, X3 = £(qgs 9ps Qqs <on X5 Xos wen) (4=1)
where
qQ = (ql, qz, ...) represents the quantities of energy goods or inputs, and
X = (x,,'xz, ...) represents the quantities of nonenergy goods or inputs.
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Figure 4-1 The Demand For Energy

The preference {(or production) function U(Q, X) is defined so that the soclety
prefers combinations of Q and X that have higher values of r(Q, X) over com~
binations of Q and X that have lower values. The society is indifferent among
combinations of Q and X which give identical values of U(Q, X). The society
is assumed to act so as to maximize U subject to constraints. Furthermore, for
X ({nonenergy goods) held constant, the behavior of society can be characterized
by a preference function over ( (energy goods). This energy preference function,

EX(Q) » is defined by normalizing U(0, X) to zero:

EX(Q) = U(Q, X} - u(o, Xy . (4=2)

For X held fixed, the scciety is indifferent among combinations of energy commod-—
ities that give equal values to EX(Q)' Society can be envisioned as making
choices which maximize EX(Q) subject to an "energy budget constraint," deter-
mined by the total expenditure on all commodities minus the expenditures on non-
energy goods, If EX(Q) is scaled so that EX(QQ) =0 = Ex(q) » it 1s convenient

to regard EX(Q) as the "quantity" of aggregate energy consumed,
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Meodeling energy demand as a constralned societal maximization allows one to adapt
the cost of living interpretation of price and quantity indexes to energy. Fol-

lowing Samuelson and Swamy [l], we can define the price and quantity indexes
for energy as follows:

e Given two price situatioms, P0 and FA ,» the true price 1ndéx, T,

is the ratio of the minimum expenditures for a reference quantity
of energy.

P Given two quantity situations, Qo and QA , the true quantity index,
8 , is the ratio of the minimum expenditures for thelr respective
quantities of energy in the face of a reference price situation.

Motarionally, the minimum expenditure for a given quantity of aggregate energy
*

EX(QJ) in a given price situation (Pi) is

eel, oy = minel - (4=3)
Q

such that EX(Q) = Ev(QJ) .
Then, the price and quantity indexes are as follows:

A T
%, ph, QT - HEL O (44
e(P’, Q)
0 A p*
0@, of, Py - ) 4-5)
e(P’, Q)
r ! . T
where Q represents the Reference case energy quantity vector, and P repre-

sents the reference price situation.

In Egs. 4~4 and 4-3, it should be noted that H(PO, PO, Qr) = S(QO, QO, ?r) 1,

These definitions have an appealing intuitive interpretation, based on a comparison
of the choices of optimizing consumers. The price index, = , indicates how the

minimum cost for the reference quantity of energy differs in price situations A

* - ¢ 1
The notation Pi » Q denotes the inner product of"the two vectors: } Prdy -
k

&=3



and O. The difference in cost reflects the difference in the prices of the energy
commodities. The quantity index, & , indicates how the minimum cost under reference
prices differs for the quantity of energy associated with situation A and the quan-
tity of energy associated with situation O, The difference in cost reflects the
difference in the quantity of energy consumed. Note that both indexes are based

upon some reference situation.

If preferences were known, it would be a relatively straightforward matter to cal-

culate the true price ani quantity indexes.
For example, assume that society's preferences can be characterized by the function:

0.5 0'2 0.2
Ulgy, 95 X = q)"7q) k0%, (4-6)

where 9 is the quantity of oil consumed, 4, is the quantity of coal consumed ,
and X 1is the quantity of the single nonenergy good consumed. In this case, since

U0, X} = 0, the energy preference function is identical to U(Q, X) , with X
fixed:

(@ = udQ, X . : (4=7)
E,

Under Eqs. 4-6 and 4-7 the minimum expenditutre for a given quantity of energy can

be shown to equal:

', oy = kel i, (4-8)

where K 13 a positive constant. Note that doubling both energy quantities or

energy prices doubles expenditures.

The true price index can be caleculated using Eqs, 4-4 and 4-8:

A 5/7 A 2/7
1

m(e°, p%, Q) - -5 -—%- . (4-9)
P1 Py

In this situation, the price index is independent of the reference quanticty levels.

Doubling both prices doubles the price index.



The true quantity index can be calculazed using Eqs. 4-3 and 4-8:

& 5/7 g 2/7

0 A

8(Q”, @, P = -% -% . (4=-10)
9 93

In this situation, the quantity index is independent of reference price levels.

Doubling both quantities doubles the quantity index.

With Eqs. 4-9 and 4-10, nonfroportional price and quantity changes can be congid-
ered. Letting pg = 1 and pg = 2 and pi a2 2 and pé = 1 , then the price
index is (2)5/7(1/2)2/7 or 1.35, Alternatively if p? =1 and pg = 1 , then
the price iIndex is (1./2)2/7 , or 0.B2, Sim}lar calculations can be made for

quantity changes.

Figure 4~2 illustrates one of the calculations graphically. Based on the energy
quantity curve represented by Ex(ql, qz) = 1 , cost-minimizing quantities are
illustrated for each price combination, simplifying calculation of cost-minimizing
expenditures, To calculate the price index, we must compare the expenditures at

two points on this energy quantity curve, oilte for each price situation.

*
Properties of the True Indexes

Because these indexes are defined in terms of optimizing behavior, they possesé
some important properties, First, for nonenergy quaa-ities, reference prices, and
reference quantities all fixed, the values of the price and quantity indexes (7w, 8)
map out a Single valued demand curve for aggregate energy, EX' For the true
indexes if there is no change in the price index, there will be no change in the
quantity index, even though changes in the price vector may change the quantity

vector.

As 1s clear from the definitions, the precise form of both the true price and the
true quantity indexes depends upon the function, EX , which is not observable,
Therefore, one normally cannot comstruct true indexes, but must rely upon approxi-
mations. Fortunately, several properties of the true iIndexes make the approxi-

mation process feasible,

x
Much of this material is based on Samuelson and Swamy {1} and Blackorby [2].
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_{1.066 @ 2 + 0.853 « 1)
T (1.5B4 e 1+ 0317 92)

=135

Exlag.agl = Exlat.ad) = Ex(1,n)

a2

QA = (1.066, 0.853)

Q0 = (1.584, 0.317)

a1

Figure 4~2  Calculation of the Price Index

Small Change Properties

For infinitesimally small price and quantity changes, an index with the same gra-
dients as the true index approximates the true index,* If the reference situation
is chosen as (PO, QO) s the gradient of the true price index is proportivnal to
the quantity vector and the gradient of the true quantity index is propertional to
the price vector. Thus, any index with these gradients, such as the Paasche, Las-
peyres, or Idesal index,* can approximate the true index. Futhermore, since these
gradients are independent of the preference structure, the approximations are simi-

larly independent for small changes.

*The gradient of a function g(x) is [Bgfaxl, Bg/3x2, avay Bg/an] s, & vector

perpendicular to the level sets of g(x).

"The Paasche and Laspeyres indexes are defined mathematically by Eqs. 4-15
through 4-18. The Ideal index is the geometric mean of the Paasche and Laspeyres

indexes. Specifically, L /ﬂPﬂz and GI = VSPQF.
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Specifically, for Qr = QO , we have

0
T o= e(PA,Q)
0 0,
e(P, Q)
Letting VPe denote the gradient of e with respect to price, we can approximate

7 as follows for small price changes:

A o)
Vpe o (P7 =~ P)

T =~ 1 +
(s}
(%, %

Furthermore, since e(PA, Qo) = min }PéQ ’ such that EX(Q) = EX(QO)E .
it follows that: MR

A
VPE = Q + P VPQ )

Because e(PA, Qo) represents a minimization, small changes in Q which keep
EX(Q) constant will not change the expenditure, i.e.,

and therefore:

Vpe = Q . (6-11)

For small price changes, with @ ::QO s the true price index can be approximated
as

@* - 9% . ¢°
o}

T 1+
P-Qo

. (4-12)

In other words, changes in the true price index can be approximated by the change

in energy expenditures for quantities held constant at their initial values, di-

vided by the initial expenditure.



Similarly we can approximate the quantity index:

The gradient of e 1is simply evaluated

Ve = P . (4-13)

For small price changes, with P = P0 » the quantity index can be approximated as

0 - ,.A 0
0o m 1+l (4-16)
P Qg

In other words, changes in the ttue quantity index can be approximated by the changes
in energy expenditure for prices held constant, divided by the initial expenditure,

Because Eqs. 4-12 and 4-13 rely upon observable data only, they can be readily eval-
uated. However, because they are only local approximations, they deteriorate in

quality for large changes in prices and quantitites.

Bounds

For large changes, establishing upper and lower bounds on the values of the indexes
that are not dependent upon the precise form of the preference function would be
very helpful, Unfortunately, this goal cannot be achieved without specifying fur-

ther properties of the preference function.

One-sided bounds can be found when indexes are evaluated at the initial and the

alrernative price and quantity situations:

i »3

A0
2%, o4, % < 36——1—0-— (4-15)

A A
Q A A Po.
(P L) 3 » Q ) 2‘ '0—26

e

(4-16)



6@, of, % < X

A
N[>

61 , (4-17)

[i] »3

8, o*, P » L 8 g (4-18)

where T, and wp are the Laspeyres and Paasche price indexes, respectively and

ag and Bp are Laspeyres and Paasche quantity indexes, respectively.

The logic behind these bounds is easily seen. For example, consider the Laspeyres
price index. If consumers are optimizing, then the minimum expenditure at PO is
simply POQO ; hence, the dencminator of Eq. 4=13. 1If the price changes to PA s
one must evaluate the minimum expenditure needed to provide a level of aggregate

energy equivalent to that provided by Qo. Clearly Q0 provides sufficient energy
and can be purchased at a cost of PAQO. Thus the minimum expenditure is no greater

A
than P Q0 ; hence, the numerator of Eq. 4~15., A similar logic allows derivation of
each bound above.

Inequalities 4-13 through 4-18 provide one-gided bounds on the various indexes. Two-
gsided bounds are based on additional properties-=gseparability and homotheticity.

Separability Property

Sepavability can be defined as follows:

E, 1is separable if E i(QA) > E i(QB) implies

X X

E .(QY > E j(QB) for all xi . xq . (4=19)

X3 X

Separability implies that preferences among energy goods are independent of the quan-
tities of nonenergy goods consumed. If EX(Q) is scaled to be linear in @ , Ex
can be interpreted as the quantity of energy consumed, where this quantity is inde-
pendent of X . EX may be effectilvely separable within some small range of X ,
the nonenergy good consumed, even though it is not separable over a wide range.
Thus, in some cases, separability can be induced by restricting the possible range

of X's considered.
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If EX is not separable, the price and quantity indexes are functicns of X , the
quantity of other goods comnsumed. For instance, if the earlier example were based

on a nonseparable utility function such as the following:

0.5.0.5

B .2
U(ql, Qys *q5 xz) q; % + q

0.2 0.2
1 2 %2 s

the calculated indexes would have been different for different values of x; and

Xy If Xy = 0 , the price of energy weuld equal the price of energr type 1 (coal),

and if 'xz = 0 , the price of energy would equal the price of energy type 2 (oil).
(1f X = 0 , then the expenditure minimizing level of 9 would be zero, since
4y does not enter the preference function. Only one energy type would be pur-
chased (type 2) and therefore the ratio of expenditures would be simply the ratio

of p,'s in two situations. The reasoning is analogous when x, = 0.)

2
Such nonseparable preference functions are certainly plausible. In this example,
where oil is consumed as gasoline and coal as electricitcy, xy might represent

the quantity of automobiles and X, the quantity of elactric heaters. If ne autos
were owned, no gasoline would be purchased; no electric heaters implies no use of
coal.

As noted above, if E 1s separable, there i3 an invariant E that reflects the

preferences of socieci among enérgy goods. The price and quantity indexes are de-
termined solely by E and by the prices and quantities of energy goods. This is
the case in the example of Eq. 4~6. 1In this example, for any X , EK(Q) can be
scaled to equal (q1)5;7(q2)2/7. This function therefore reflects the preferences
among emergy goods irrespective of ¥,  Thus, 1f two situations are being compared,
it is unimportant so far as the indexes are concerned that X may be different in

the two cases,

Separability is an important property for the application of price and quantity
indexes to energy, since without separability, the concept of aggregate energy has
little meaning. Without separability, a change in the quantities of nonenergy

goods may change the energy price and quantity indexes even though all energy prices
and quantities remain unchanged. If separability does hold, the price and quantity
indexes do not vary with the quantity of nonenergy goods consumed; agzregate energy
can be treated analytically like any individual good, In this case, the concept

of an energy aggregate could be useful.
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Homotheticity Property

The second Ilmportant possible property of EX is homotheticity. Homotheticity can

be defined as follows:
EK is homothetic if EX(Qi) > EX(Qj) implies
i ]
EX(aQ Y -2 Ex{aQ } forall a > 0 ., (4-20)

An equivalent definition is that EX must be expressible as a monotonically increa-
sing transformation of a linear homogeneous function. Given homotheticity, prefer-
ences are proportional, il.e., if the expenditure on energy increases or decreases by
a factor 3 , the purchase quantity of each energy commodity increases or decreases
by the same factor 8. Essentially, the society when rich has the same spending
pattern for energy as the society when poor. 1In a fashion analogous to separabil-
ity, EX may be effectively homothetic within a small range of Q , even 1if it is
not hemothetic over a wide range. Thus, homotheticity can be induced by restricting

the possible range of Q's considered,

In the general case, we cannot assume EX is homothetic. Without hometheticity,
the price and quantity indexes based on EX lack several useful properties. First,
these indexes will not be unique; that is, given (Po, Qo) s the price index will
depend on the reference quantity situation and the quantity index will depend on

the reference price situation. Second, there are nontrivial bounds on the indexes
that are independent of the preference structure. Third, the indexes do not satisfy
the factor reversal property: the product of the price and quantity indexes dees

not equal the expenditure index.* These conclusions are elaborated below.,

Without homotheticity, the price index will be dependent upon the reference quan=
tity situation used to compare two price situations; the quantity index will be
dependent upon the reference price situation used to compare two quantity situa-

tions. If the price and quantity indexes of some (PA, QA) situation are heing

The factor reversal property is simply that the Rroduct of the price and quantity
indexes equals the expenditure index: w8 = (PAQA)/(POQ0). This property, also
called value equivalence, has an intuitrive appeal and is useful for calculating
one index from the other when total expenditures are knowm.



calculated, either QO, QA s OT any other { conceivably can be used as the ref=-

erence quantity. Likewise, either PO, ?A » Or any other P conceivably can be

used as the reference price situation. Thus, we can identify two basic price in-

dexes W(PO,PA,QO) and W(PO,PA,QA) » two basic quantity indexes B(QO,QA,PO) and

S(QO,QA,PA), and an infinite number of other indexes, each using a different ref-
erence price or quantity. The basic price indexes compare the cost of purchasing
quantitites that were actually chosen; the basic quantity indexes compare the cost

of purchasing quantitites at prices actually faced,

To illustrate that nonhomotheticity leads to nonunique price and quantity indexes,

let us assume that preferences are described by the function

1/2
U =2q " +4q, ,

which is not homothetic in 4 and q,e Under this utility function, the minimum

expenditure to obtain utility equal to Uo is

0o _ ;2 0
P,U" - P, /P for U > 2p,/P;

2'71
e(P‘,Q) =
B, U%/4 for 1° < 2p./p
107 ¢ - 2’1
The quantity index is therefore
v - p /P
0 A 2r’ 1
8(°,Q7,P7) = —ptEE
g - PZr/Plr
for 0 and 00 > 2p,/p
and the price index is
W' - plyptet
c A .1 2°71°2
LS T 0,,0,,0 °*
U - Pz/Pl)Pz
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for U

| v

A,A
ZPZ/Pl

and UF

| v

0,0
21’2/1’l .

The quantity index depends upen the reference price ratio. As the ratio PZr/Plr
decreases, the quantity index increases, approaching UA/Uo as Pzr/Plr approaches
zero., Similarily, the price index depends upon the reference guantities, or more
precisely the reference utilities, For Ur very large, the price index approxi-

wmately equals Pg/Pg. The index may either increase or decrease as Ut declines.

With homotheticity, the price index will not depend upon the reference quantity
situation and the quantity index will not depend upon the reference price situation,
Examples of this property cam be seen in Eq. 4-8 which shows that the price index
does not include the reference quantities and by Eq. 4-9 which shows that the quan-

tity index does not include the reference prices,

The general result depends upon the realization that, with homothetic preferences,
the cost minimizing proportions of the various enérgy commoditites depends upon

the prices but not upon the initial quantities. Thus, various reference quantities
scale both the numerator and the denominator of Eq. 4-4 up or down proportionately,
leaving the ratio unchanged. Similarily, in Eq. 4-5, the cost-minimizing quantiries
given QA are fixed multiples of the cost-minimizing quantities given QO. Thus

the ratio of expenditures In the two quantity situations is independent of reference

prices,

At an earlier point, one-sided bounds to the true indexes were presented. If the
true price and quantity indexes depend upon the reference situation, either upper
or lower bounds can be derived, but it is not possible to derive both nontrivial
upper and lower bounds. In the case of nonhomothetic preferences, only the fol-

lowing trivial bounds can be established as valid for all preference structures:

jPA PA
min —t<c 1 < max -+ »
o{- - 0
i (pi i Py
qu qu
min —% < 8 < max —% ,
i lqi 1{q;
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where Py is the price of the ith energy good, and q; is the quantity of ith

energy good. These bounds are not particularly helpful,

However, in the homothetic case, the Indexes are independent of the reference situ-
ation. Therefore, the one-sided bounds (inequalities 4-15 through 4-18) can

be combined to produce two-sided bounds based on the Paasche and Laspeyres indexes,

wp < T o< Ty and (4=21)

ep 28 <8, (4-22)

These inequalities provide fairly tight bounds,

A final property which depends upon homotheticiky is the factor reversal property
of indexes. Factor reversal is the property that the ratio of expenditures in two
situations (PA ° QA/PO ° QO) will equal the ratios of the products of price and
quantity indexes in the two situations (nA . BAIWO . 60). Because the price and
quantity indexes depend upon raference quantities and prices, « - § will net, in

general, be equal to PA . QA/PO o QO : the factor reversal property will not hold
if preferences are not homothetic.

In general, however, using Zqs. 4~4 and 4-5 it can be easily verified that

A A
R R A A JE YL S M PP
#%

Thus, some combinations of price and quantity indexes do satisfy the factor rever-
sal property. By Eq. 4-23, if total expenditures on emergy are known, two basic

indexes can be used to calculate the other two,

With homotheticity, the indexes are unique., Thus, Eq. 4-23 establishes that the
factor reversal property must hold for all true indexes which reflect homothetic

preferences.
Like separability, homotheticity is important for the application of price and

quantity indexes to energy. However, this importance is primarily a practical,

rather than a theoretical, matter. In particular, even if Ex(Q) is unknown,

4=-14



homotheticity allows one to bound the true price and quantity indexes and to cal-
culate zpproximations of these indexes independent of the preference structure and
the reference situation. Furthermore, if the expenditures on energy are known, it
allows one to use the factor reversal property to calculate one index from the

other. These capabilities can be very useful.

Conclusion

Price and quantity indexes for energy are intimately connected to the society's pref-
erence structure. Only when this preference structure is well characterized can
the true indexes be precisely defined. Even then, the definitions may be unsatis-
factory from a single-good perspective for large changes in prices and quantities.
In particular, if the preference structure is not separable, the indexes vary with
respect to the quantity of nonenergy goods consumed. If the preference structure
is separable, but not homothetic, the indexes vary with respect to the energy price
and quantity reference situations. Only if the preference structure is separable
and homothetic will the indexes exhibit the most desirable behavior. TFor infini-
testimal price and quantity changes from a given situation (PO,QO) used as the
reference, we can obtain approximations of the true index for any separable pref-
erence structure. In this case, homotheticity provides the added advantage of

independence from the reference situation.

To the extent that we are examining very small changes from a given situation
(PO,QO) , using this situation as our reference point, knowledge of the preference
structure is not required to define meaningful price and quantity indexes. For
larger changes, significant assumptions regarding the preference structure are re-
quired in order to define meaningful indexes. Meaningful price and quantity index-
es are, however, only the first step. The equally important second step is devel-

oping an operational technique for using such indexes to interpret data,

CALCULATING ENERGY ELASTICITIES USING THE INDEXES

The Approaches

The theory of price and quantity indexes indicates how the preference structure of
society regarding energy (EX) can be used to define price and quantity indexes.
However, the actual values of these indexes, and thus the calculated elasticities,
come from the data on the prices and quantities of individual energy goods. There
are three approaches to using these data to calculate the price elasticity of energy

demand, implicit in the models:

4~15



® functional,
] direct, and
o decomposition,

Each of these approaches 1s described below together with its advantages and dis-

advantages. In all cases, separability is assumed. Thus, E{(Q) represents the

preference ordering among the energy goods irrespective of the nonenergy goods

consumed.

Methodology and Implementation

In the functional approach, the (P, Q) data points are first used to estimate

the parameters of a preference function, E(Q) , of some particular form, e.g.,
homogeneous quadratic (QTAQ)I/Z. Each functional form has corresponding index
number formulae; e.g., for the homogeneous quadratic, the true price and quantity
indexes are the Ideal indexes [3,4]. These index number formulae are then applied
to the new, smoothed points on the E(Q) curve (P, Q) to generate the (r, 8)
data points. Because these points are derived from the application of the true
indexes to data points that precisely reflect the appropriate preferences, they

lie on a well defined demand curve., To calculate the elasticitf, the (mw, 8) data
points are fit to a constant elasticity function. Note that a particular functional
form for E(Q) may be selected for each individual model, or a single functional

form may be selected for all models.

in the direct approach, index number formulae are derived either by assuming a par-
ticular functional form for E(Q) and using the corresponding indexes, or by as-
suming homotheticity and using the Ideal (or Paasche or Laspeyres) index. These
formulae are then applied directly to the (P, Q) data, without smoothing, to
generate the (m, 8) data points. Because these points are derived from the ap-
plication of indexes that do not precisely reflect the preferences, the points do
not lie precisely on a well defined demand curve. In particular, the curve may
appear to be more of a point-to-set rather than a point-to-point mapping with the
same price index associared with many quantity indexes. WNevertheless, to calculate
the elasticity, a constant elasticity function is fitted to the data points. Again,
assumptions regarding E(Q) may be made for each model individually or for all

models collectively,

Implementation of the functional and direct approaches invelves choosing the form

of E(Q) one wishes to assume for each model. Once this decision is made, the
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indexes, whether true or approximate, are determined and calculation of the slas-

ticities is direct.

The decomposition appreach is fundamentally different from the other two in the
assumptions necessary regarding prefereunces and the manner in which the {(mw, &)
data points are utilized to calculate elasticities. Changes from the Reference case
(PO, QO) are normalized, making all (P, Q) data points representative of unit
price changes. One of the approximate indexes (Paasche, Laspeyres, or Ideal) is
applied to these normalized (P, Q) data points using (PO, QO) as the reference
gsituation to generate (w, 6) data, The (i, 8) data will lie in a demand re-
gion rather than on a demand curve, Points are fitted to describe a region (rather
than a curve) that reflects the possible changes in the quantity of energy consumed
for a unit price change. This region 1s characterized by two parameters: an aver-
age elasticity reflecting changes in the quantity of energy consumed as a result

of changes in the price level, and an adjustment factor reflecting the semsitivity
of the elasticity to the composition of the price change. This appreach is dis-
cussed more fully in Chapter 9, "Price and Quantity Change Decomposition for Aggre-

gated Commodities."

As in implementation of the functional and direct approaches, implementation of the
decomposition approach also involves choosing the form of E(Q) one wishes to as-—
sume for each model, However, once the Indexes are determined, the (m, 8) points
are used Lo estimate an average elasticity and a directional sensitivity, instead
of simply calculating the fitted elastiecity. The three approaches are contrasted
graphically in Figure 4-3,

Advantages and Disadvantages

As noted above, the purpose of the "Aggregate Elasticity of Energy Demand" study
was to determine the Implicit price elasticity of demand for energy in a number of
models. However, the elasticities calculated on the basis of the (P, Q) data
from each mecdel may be highly dependent on the approach taken and the indexes cho-
sen for the given approach. In choosing an approach and indexes, the fundamental -
considerations are:

° Is the elasticity calculated for each model an accurate and useful
reflection of its behavior?

. Do the elasticities provide a meaningful way of comparing models?
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Functional Approach

—{ 7, 6) data points
lia on weil-defined
demand curve

—constant elasticity
curva fitted to data

¢

Direct Approach

—{ m, 8 data points
lia in a region

— constant elasticity

curve fitted to data

Dacompuasition Approach

—{m, 8 ) data points
lie in a region

— region defined by an
average alasticity
and a directional
sansitivity fitted
to data

Flgure 4~3 Three Approaches to Estimating
Price Elasticiey

It should be noted that these considerations are somewhar contradictory, To ac-
curately reflect the behavior of a given model, the approach best suited to that
model should be used. However, this would lead to comparisons among models based
on entirely different behavioral assumptions., To compare models, exactly the same
appreach for each model should be used. However, the approach may be incomsistent

with the assumptions of some models. Some compromise is needed.

The functional approach is based on the assumption that each model's behavior can
be characterized by some functional form and that one has sufficient information
to determine that form. This assumption normally is invalid when only nine data

peints are available, However, the advantages obtained with this approach are

4-18



siguificant. In particular, the (m, 8) data points obtained through this method
(like data points for a single good) precisely reflect the demand curve inherent

in the E(Q) preference function. Thus, the elasticity calculated will be as good
a measure of the elasticity inherent in the E{(Q) function as in any constant 2las-
ticity estimate for a single good and, to the extent that this function is appro-
priate for the model, a2 good measure of the model's behavior. It is unlikely that

any one functional form would be best for all models.

The direct approach is also based on the assumption that each model’s behavior can
be characterized, However, it is not necessary to assume a given functional form;
only the property of homotheticity. Because the (P, Q) data are bound to deviate
from the behavioral assumption and because, in the case of a homotheticity assump-
tion, the indexes are approximate, the (m, 8; data points that are obtained will
not precisely reflect the demand curve inherent in the behavioral assumption. The
end result is a point-to-set mapping. Ome problem with this mapping is that the
corresponding best fit elasticity is highly sensitive to the magnitude of the price
changes considered in the experiment. Because the points do not lie along a single
curve, this can lead to counterintuitive results, such as an increasing price rew
sulting in an increasing quantity consumed. The advantage of this approach for
comparing models is that it may be more reascnable to impose the assumption of
homotheticity than to require some particular functional form for E(Q).

The decomposition approach limits the calculation of elasticity to small changes
from a given reference situation, which ensures the applicability of the approxi-
mate indexes., Furthermore, this approach acknowledges that the (v, 3) data re-
sulting from an application of the indexes will not, in general, precisely deter-
mine a demand curve. Rather than attempting to characterize this locus of points
with a single elasticity, one obtains an average elasticity for a random set of
normalized price directions and an adjustment factor indicating the sensgitivity
of this elasticity to the direction of the price change. Through the directional
sensitivity, it provides an indication of the degree to which the model can be
characterized by a single elasticity or conversely the degree to which the elas-
ticity depends upon the composition of the price changes., This directional sen-
sitivity will vary from zero as a result both of nonlinearity of the price and

quantity changes and of nonexistence of a single-valued demand curve.
The functional approach requires the most rigid assumptions of the three and is

the most unsuited for general application to all models. The direct approach re-

quires only a weaker assumption, homotheticity, and is generally applicable but
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produces an elasticity that is sample dependent and fails to indicate the degree
to which it fits the model. The decomposition approach 4is limited to the small
changes for which the indexes are more accurately approximared and has the addi-
tional advantage of less sample dependence and the availability of an indicator
of the fit of the elasticity. The disadvantage is that it relies on linearity in

normalizing price and quantity changes.

In our study, the functional approach was rejected for two reasons. First, because
the experiment involved only nine data points, sufficient data did not exist to
determine the functional form underlying the preferences in each model. Second,
because comparison of the models was fundamental to the study, selecting a single
functional form for all models would have been necessary. This would defeat the
best-fit advantage of this approach. For simila; reasons, the indexes used in the
other two approaches were selected, not on the basis of specific functional forms,
but for their general applicability. The Btu-weighted index was selected since it
is so commonly used, even if it lacks theoretical justification. The Paasche and
Laspeyres indexes were selected for their simplicity and because they are applicable

to a wide range of roughly homothetic preference structures.

Specific results and their interpretations appear in Chapters 1 and ¢ and hence

are not reported here. Only a few stimmary comments will be offered.

- Generally, for a given approach, the elasticity reported for a model is roughly the
same for the Paasche and Laspeyres indexes. For example, out of the 10 models re-
porting the elasticity for total energy, the Paasche and Laspeyres numbers differ
by 0.1 or less in 9 cases for the decomposition approach. This similarity is
understandable, since they are both first order approximations of the true index.
The same cannot be said, however, for the Btu-weighted index. It differs from

the Paasche index by more than 0.1 in 4 out of 10 cases for both approaches.

The elasticity results differ more between approaches than among indexes. The
Paasche index results differ by more than 0.1 in 6 out of 10 cases. A similar
variatien occurs for the Btu-weighted index. Interestingly, the same four cases

have the least disparity in both the Paasche and Btu-weighted indexes.
The data from the two approaches can be used to determine what kind of gqualifica-

tions must be placed on the elasticities reported for the various models. For some

models, the results from the two approaches differ minimally and the sensitivity
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to composition of price changes is small, This indicates that the (r, 9) data
lie in a narrow, demand-curve-like region, well characterized by a single elastic-
ity. For other models, the results from the two approaches vary greatly and the
sensitivity to price change composition.is large. This indicates that the data do
not lie in a demand-curve-like region and are not well characterized by a single

elasticity.
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Chapter 5

ENERGY SYSTEM ELASTICITIES: DEFINITION AND COMEUTATTION

There are strikingly different opinions about the magnitude of the aggregate elas-
ticity of energy demand. Much of that diversity of opinion stems from differences in
the way the aggregate elasticity is defined, such as differences in where it is mea~
sured, which fuels it includes, and how those fuels are aggregated. The effects of
these definitional differences have not generally been taken into account by those
producing aggregate elasticity estimates. Hence, they often remain implicit and

undocumented, complicating the comparison of the aggregate elasticity estimates.

Even when these purely definitional differences are resolved (as in the EMF experi-
ment), significant differences in elasticity estimates can result from restrictions
on the capability of certain sectars of the econcmy to adjust to changing energy
prices that are included in some models, but not others. For example, ISTUM includes
a detailed and disaggregated description of alternate means to produce industrial
process heat. However, it omits consideration of the effects of energy price changes
on the amount of process heat used in the production of industrial products and on
the level of demand for those products., When isolated, restrictions of this sort can
explain sizable differences in apgregate elasticity estimates. This chapter develops
a generalized framework to rationalize the development and examination of aggregate

elasticity estimates.

INTRODUCTION

Energy models can be typically organized into sectors and markets. Within a sector,
quantity and price decisions are determined by the goal-seeking behavior of repre—
sentative agents given technologies, expectations, endowments of stocks of resources
and capital goods, and market conditions. A sector's behavior can be characterized
by the elasticities (logarithmic derivatives) of its quantity choices, or in other

words, its demands and supplies with respect to the prices it faces in markets.
Market behavior is determined by the competitive or regulated equilibration of agents’

supplies and demands in the warkets with intermediate transactions between agents.

When some condition in an energy system varies, say an external price, policy,
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technology, or endowment, all quantity flows and prices between sectors may vary.
Logarithmic ratios of quantity changes and price changes may be defined as system
elasticities providing important characterizations of system behavior. These system
elasticities depend both on sector elasticities and sector relationships~-phenomena

which should be distinguished when comparing and analyzing models of system behavior.

Further, since prices and quantities are jointly determined, part of the system must
be conceptually isolated to define the system elasticities. Specifically, a quantity
variation at a specific point depends on what quantity variations are induced and
accounted for elsewhere in the system. Similarly, relative price variations vary

at different places in the system. To define a system elasticity then, two things
must be specified:

® The behavicral coverage of the elasticity——ln what sector are quantity
variations included?

@ The location of the price measurement of the elasticity-—where is the
"independent" price variation indexed and measured?

Typically, energy systems have a hierarchical organization with a natural direction
of energy flow from primary to secondary to final (or bottem to top) energy demand
éectors. Language like "primary energy elasticity" and "secondary energy elasticity”
can distinguish a different price measurement location with or without a change in
the behavioral coverage of the elasticity in question, e.g., are induced changes in
conversion losses included? Of course, different specifications will yield different
characterizations of the same system, which can lead to confusion in analysis ofr

seclor ur system differences.

This chapter develops explicit methods for specifying and calculating alternative
energy system elasticiries. The methodology is developed and illustrated as follows:
(1) a simple energy demand system, (2) some applications of the simple system, {3)
extensions of the constant-returns—to-scale energy system, (4) the EMF experiment in

perspective, (5) extensions and further applications, and (6) conclusions.

A SIMPLE ENERGY DEMAND SYSTEM

This section derives the primary energy elasticity for a simple energy demand system.
When the intermediate sector exhibits constant returns to scale, this elasticity is a
simple function of sector elasticities and sector heat rates (energy input-output
coefficients or energy input value shares). This function includes, as a special

case, the standard wholesale-retail elasticity relationship.
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Figure 5-1 depicts a simple energy demand system which presents essentially all the
problems discussed In the introduction. There are three sectors in the complete
system: primary supply, conversion, and final demand. The system is divided be-
tween primary supply and conversion; the primary supply function is replaced by an
exogenously specified supply price, PO. We may now consider primary energy demand,

QO' as a function of PO and evaluate the system primary demand elasticity,

d I q,

d 1In P0

as determined by sector behavior and intersector equilibration throughout the system.

Total differentials describe system behavior and partial differentials describe sec-
tor behavior.

Final demand, Ql’ depends on its delivered price, ?l' and on real income, u.
The final demand price elasticity is SF, and the final demand real income elas-
ticity is Gi. The representative consumer's real income depends on his attainable

consumption set which in turn may depend on the primary supply price, P For pur-

. 0°
poses of this analysis, this energy-economy interaction is summarized in the primary
price elasticity of real income, n?, represeating the behavior of some energy-

economy model. In the conversion sector (sector 1), the heat rate hl is the gross
energy input-output ratio: ‘

1 A
h™ = QGIQI . {5-1)

In this introductory section, the heat rate is assumed to be determined only by the
input price and not by the ocutput level,

pto- hl(PO) ) (5-2)

(This amounts to assuming constant returas to scale in this sector as we shall see.)
The price elasticity of hl is dencted dl. Now use the heat rate definition to

state the conversion sector factor demand function,

1
Q = W(PQ - (5-3)
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Network Specification

i 0. 1. F. Final
Primary Q., P Conversion Q,, P, (r) na
5 wy 9 "0 | 1 1’ 170 Demand
upply Q, = Q;h7(?.) Q, (®,, u)
[ 0 1 0 11

Behavior Characterizatcion

@

Primary supply:

PO - the primary supply price is exogenous.

Conversion:

1 1
h = Q0/Q1,h is the heat rate of the conversion sector,

1
1 1 1 _3lnh
SR e

Qo = hl(PO)Ql, the conversion sector demand function,

P1 = Pl(Po), the conversion sector inverse supply function.

Final demand:

Q, = q(P,, u), the final demand function depends on price,
1 171
Pl, and real income, u,

3 1n Ql F 3 1in Q1

F'—'—_-ll—b 65_——-—
2 1In Pl > Ta d1lnu

§

u= u(Po), real income, a function of the attainable demand
set, may depend on the primary supply price,
characterizing energy-economy interactions,

Figure 5-1 A Simple Energy Demand System
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The conversion sector supply price, Pys is determined by its input price, P

0’
in a way to be specified,

P1 = Pl(PO) .

This relation will serve as the inverse supply function for the conversion sector.

The determinants of the system primary demand elasticity may now be derived. Since

-l .
1
d In @ 3lnh d 1n Q d In Q
a1 P0=31P+dl 5 = &ty 5 (5-3)
" %o " %o T g Sy

where

d in Ql . 2 1n Q1 3ln u . 3 In Ql 3 1ln P1 (5-6)

d 1n PO_ 3in u 3 1ln PO 3 in Pl 3 1n Po ’

) 5F nF . aF 3 In ?1
u 3 1n Po ’

Note that there are at least five distinct demand elasticity notlons in this deri~
vation:

1. the final demand price elasticity, GF;
FB 1n Pl
2. the final demand "displaced price" elasticity, 8 TR’
0

which depends in part on the supply price pass~-through;

d In Ql

d 1In PO

3. the final demand primary price elasticity,

which involves the income effect as well;

1

4. the intermediate sector heat rate demand elasticity, §7; and
d in @
5. the system primary demand elasticity, Tin T which depends on
0

all of the above,
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These may be combined to yield

% g, Fonh + &F of (5-7)
d In PO 3 in PD u )

It remains te characterize the intermediate sector cost pass-through behavior simply.

When the intermediate sector minimizes cost subject to a constant-returns-to-scale

production constraint, the marginal cost pass-through equals the heat rate,

and its elasticity equals the Bross energy input value share,

1
3 In Py _ EQ 3 _ B, b i 25 -
3 1n P, P, 3P, P B, Q

This amounts to proving that the displaced final demand elasticity equals the input-

output value share of energy in the intervening sector(s) times the final demand
elasticity,

(3 n Q1> _ 51nQ dlaep o
u

= voo. (5-8})
3 In PO 3 1n Pl d In PO ‘

When the intervening heat rate is identically unity so that there is no conversion

loss (and, a fortiori, no variation in intermediate demand),

This reduces to the familiar relationship between wholesale and retail price
elasticities, [1)

wholesale price
retail price

wholesale elasticity = ( ) x retail elasticity.

The force of the Shephard's lemma contribution is that Eq. 5-8 is true independent

of the price variability of the intermediate sector hear rate.
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The vesults of this section may be summarized by the following expression for the
system primary energy demand elasticity,

System Primary - g:z:e;:izn] + [Final Demand }x [(I;:;l?: 5255?]
Price Elasticity | Elasticicy Price Elasticiry Share
[ ] [Elasticit of Income
Final Demand 4
+ x| with respect to Primar%]
_Income Elasticity Energy Price
d In Q0
1 F 1 F F
I in Po § + 8 v o+ 6u n (5-9)

which holds when the intervening sector is cost-minimizing with constant returns to
scale.

EXAMPLE APPLICATIONS OF THE SIMPLE SYSTEM

Three examples may give some feel for the magnitude of the ingredients of the pri-
mary demand elasticity.

The Wholesale Gasoline Elasticity

Suppose gasoline costs 75¢/gallon at the terminal and §1.25/gallon at the pump (these
Prices may geo rapidly out of date)}, and there is 2% wastage between the terminal and
the pump which is price invariant. Then

P, = 75¢/gallon ,

P, = $1.25/gallon

ht o= 1.02

st - o,

vb o= (0.75/1.25) 1.02 = 0.612 .

Suppose that the raetail price elasticity is 0.7 and the retail income elasticity
is 1.0,
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Finally suppose in the analysis in question, the event which will drive the whole~

sale price up 10% will lower a consumer‘s real income by 0.5%, so

nF = 0.0 .

(The importance of explicit scenario specification and analysis in determining SF
is clear.} '

Then,

d In Q0

P ] F
d In P

61+6Fv1+6£ﬂ

G+ (0.7) (0.612) + (1.0) (~0.03)

>

=0.43 « 0.05 = -0.48 .

The intermediate demand effect is zero. The retail demand elasticity iz attenuated

by the intermediate value share of 617 and the real income effect is small but not
trivial.

The Coal Price Elasticity of Electricity Demand

Suppose the price of coal is $l.00/1063tu (525 for a 25xlOﬁBCu ton) and the price of
delivered electricity is $0.03/kWh delivered. Let the heat rate for eleetricity
generated be 10,000 Bru/kWh generated (G.lelothu/kWh generated) and let transmission
losses be 97 (0.91 kWh delivered/kWh generated),

o
d

o $1.00/10%Beu
Pl = $0.03/kWh delivered |,

W= (0.01 lOﬁBtu/kWh generated) ¢ (0.91 kWh generated/
kWh delivered) , and

v’ = (1.00/0.03) (0.01/0.91) = 0.366 .

o T it WP <,

[ S P

bt ll] WA by



Suppose doubling this coal price would cause the generation heat rate to drop to

9500 Btu/kWh generated but leave the transmission loss constant so

st = 005 .

Let the retail price elasticity for electricity be -0.5, the income elasticity be

1.0, and suppose the events which raise the coal price have a real income elasticiry
of -0.05:

& = o5
s = 1.0 ,
u
3

Then

d 1In Q0
d1lnpP

- & 5Tl oT

= =0.05 + (~0.5) (0.366) + (1.0) (-0.05) ,

= =0.05 - 0.183 - 0.05 = -0.283

An Environmental Policy Impact Analysis

To analyze the impact of a complex environmental policy which affects the eoal price
directly and also affects coal and other factor inputs to generation as well, retain

the specification abeve. Parameterize the severity of implementation of this policy
by &« so that

d 1In PO -
d o *

Suppose the impact of the policy change on the level of fuel and other generation
input requirements, at constant factor prices, are 20% and 40% of the impact on the

coal price respeatively,

3 1n hl

T a 0.2 ,



Given the cost function

1
P, = Cl(Po’ w; a) = P0<cz) h (Po’ wy o) +w xl(Po, w; al),

1
then
d 1n P dInpP 1 1, 3 1n x1
1=v1 0+v131nh+(l-v)"—““-
d o d a 3 o J a
= (0.366) (1) + (0.366) (0.2) + (0.634) (0.4) ,
= (J,686
Then

1
Q = h (PG, o) Qltu(Po), ?11 .

1% _3tnnt 4P g4t
d o d 1In P0 d o 3 o
. d In Ql 3 1n u d In PO N 4 in Ql d In Pl
dlnu 3 1n PO d o 9 1n Pl d a ?

= (-0.05) (1.0) + (0.2)
+ (1.0) (~0.05) (1.0) + (-0.5) (0.686) ,

= ~0.243

This example illustrates the type of complex and offsetting effects which can be

analyzed in this framework.

EXTENSIONS OF THE CONSTANT-RETURNS~TO-SCALE ENERGY SYSTEM

This section treats some extensions of the derivation of the primary energy demand

elasticity in the simple energy demand system. For each case, the assumption of

constant returas to scale (CRS) in intermediate sectors simplifies both the analysis

3-10
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and the implementation. Essentially the CRS assumptions mean that marginal costs

equal average costs and marginal input-output ratios equal average input-output
ratios.
The extensions analyzed here are:

e multiple intermediate sectors (in series),

° multiple final demand sectors (in parallel), and

] multiple inputs (including the supply aggregation problem).

Multiple Intermediate Sectors

Let there be N intermediate sectors arranged hierarchically as in Figure 5-2. Then

the primary energy demand elasticity is a weighted sum of intermediate and final
demand elasticities. These elasticities dre attenuated by the product of the energy
input value shares through the systenm,

l Q0.P0

1
Qg = a3n'(Pg)

1 Q1, PT(
2

01 bl thz(P1 )

v

R

o

Qneve Py—1iPrp)

N
Oy = ayhNiy_y)

l Q. PytPy_1t

QN(PN, u)

Figure 5-2 An Energy Demand System with Multiple Intermediate Sectors
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From the notation presented in Figure 5-2, we have

1 N
Q, h™...h Qq ) (5-10)
nE o nle ) 31nnt s
-1 TIn P ' (5-11)
i-1
3 In QN F
QN - QN(PN,U), g-ig“gg = & (5=12)
d 1n QN ] 6F
3 lnu u
u = u(P,.), 3 Inu - F
0 3 1o Po n , (5-13)
i
T S B (5-14)
=1
Then since
3 In Pi ) vi
d 1n Pi—l
3 1n kP
i i,1
TSN v . {5-15)
0
Differentiating Eg. 5-10 gives
d In QO ) N d 1n hi d In QN (5-16)
d In P0 i1=1 d 1ln PO d 1ln PO
but
i
d 1ln h 61 i-1,1
dIn P, M ’

5=-12
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So

d In Q N
] i i-1,1 F M1 F_F
T b &ty +6 vyt §. o . (5-17)

0 i=1

In fact, the system can be entered at any point if the real income elasticity is
appropriately corrected,

d In Q,

N
. et ALl | F N34l FOF, 4.1
. yoosty + 8 +o npdl

(5-18)
3 isj+l

Multiple Final Demand Sectors

Multiple "parallel”™ fipal demand sectors, as shown in Figure 5-3, can be represented,

at least locally, by an aggregate final demand sector whose elasticity is the quantity-
weighted average of the individual sector elasticities., We will ignore the
income effect in thig section.

Let

be the aggregate final demand function. Then

i i

5“ 3 1n QN ] ? Eﬁ 8 ln QN

9 1n PN -1 QN 3 1n PN

i F
- Dbt (5-19)
i=1
where
1 i

Ea N g PG (5-20)

W Q 3 1n B, -
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Figure 5-3 4An Energy System with Multiple Final Demand Sectors

Multciple Inputs

The demand analysis of a system with multiple primary supplies or multiple inputs
to the intermediate sector shown in Figure 5-3 is straightforward but doesn't go very

far without introducing aggregation rules whose meaning in practice is still obscure.

Assuming constant returns to scale in sector 1, its factor demand can be written

1 .
on = Qq hj(P01.=.Pom,w),J = 1,...,m . (5-213
Then
d1 3 1n bt 3 In 5 In P
d 1n 301 3 1 Pj 3T 21 3 1n Pl : (5-22)
n 03" n 0" n 1 n 05"
5-14
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Denote

2 1in hl
5]-4 = y
33 d ln POj‘
5F, ¢ 1n Q1
3 In Pl -
Let the unit cost function for this sectsr be
m
1 1
P = P.. b, + wx .
1 jzl 01 4
By Shephard's lemma
3 P Q
1 1 A ¢
3E. " % T 6"1 ’
03 1
s0
9 1n P P Q
1 A "0f 0f A 1
dinP_,. P, Q= Y3 °
04 1 "1
Thus, Eq. 5-22 can be written
d 1n @
Q 1 F 1
I, ~ Sty oo (3-23)

which reduces to the elasticity expression derived for a single input when the sub-

scripts are suppressed,

There are m2 of these expressions, one for each input quantity price pair. Much
of the design work for the EMF experiment was devoted to devising quantity and price

aggregators for reducing such arrays to a scalar "elasticity" in a consistent and,

hopefully, meaniagful way.
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THE EMF EXPERIMENT IN PERSPECTIVE

The methcdrlogy developed here provides a natural perspective for understanding many
important differences in the results from the models included in the EMF "Agregate
Elasticizy cf Energy Demand" experiment. Analytical transformations of all the de-
tailed elasticities included in each model to a Single consistently defined aggregate
Mmeasure were not attempted nor perhaps even feasible. However, a simple stylized
model of the U.S. energy system can be used to illustrats the effects of differences
in point of measurement and restrictions on the ability of the economy to raspond

to changes in energy prices on the aggregate elasticity estimates obtained.

A Stylized Representation of the U.S. Energy System

A stylized representation of the U.S. energy system provides a common framework for
interpreting the results of the EMF experiment. iMany of the definitions employed in
the simple system parallel those used in the design of the experiment (Chapter 2}.

In this simple system, oil, gas, and coal are considered as components of an aggre-
gate called primary energy. Primary energy is combined with material inputs to pro-
duce electricity or combined directly with electric energy in an aggregate called
secondary energy. Secondary emergy, in turn, ié transported and distributed becoming

aggregate delivered energy. Figure 5-4 shows the linkages- between the aggregate
sectors.

OH.
—e
GAS MRIARY . SECONDARY OELIVERED
——( P —
ENERGY ENERGY ENERGY
CoAtL
L
L3
ELECTRICITY
ey
GENERATION

Figure 5~4 Sectoral Linkages in the Simple U.S. Energy System Model

5-16

ool



In general, the models include detailed representations of each aggregate sector.
However, simple stylized representations can be used to illustrate several key con-

clusions regarding the energy system elasticity estimates produced by the models.
It 1s assumed that the Cobb-Douglas functional form can be used to summarize the

aggregation of the individual primary emergy fuels. The unit cost function for

primary enerzy can be written as
E ] -94
PE CEPBO PGG PCC s (5-24}
where

PE = the price of aggregate energy;

C. = a constant (calibrated to 1972 data);

)
g

g
[]

o Bor Pe the prices of oil, gas, and coal, respectively; and
Gar oy @ = the value shares of oil, gas, and coal, respectively, in

aggregate primary energy.

A similar Cobb-Douglas rule 1is assumed to summarize the aggregation of material and

primary energy inputs into electricity. The unit cost function for electricity can
be written as

P.. = C_ Pk P™m

EL EL "E ¥ °? (5-25)

where

P = the price of electricity (at the busbar);

EL
CEL = a constant (calibrated to 1972 data);
P = the price of materials; and

1k

L Oy the value shares of primary energy and materials, respectively,
in the production of electricity.

Another Cobb-Douglas formulation is used to capture the aggregate substitution be-
tween electric and nonelectric energy (here assumed to be equivalent to primary
energy) in the composition of aggregate secondary energy. Thus, the price of sec-~

ondary energy can be expressed as
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Q. o
P Cg PLNE P EL (5-26)

where
PS = the price of secondary energy,
Cs = a constant (calibrated to 1972 data), and
QNE' aEL = the value shares of nonelectric and electric energy,

respectively.

Finally, the price of aggregate delivered energy, P is assumed to be equal to

Dl

the price of aggregate secondary energy, P plus a constant, K,

S’

PD = PS+K . (5-27)

Equations 5-24 through 5-27 provide a straightforward way to caleulate the price
of delivered energy from the price of primary energy. In the simple system, it is
assumed that the demand for delivered energy, Q., can be calculated from the fol-

lowing isoelastic demand function:

q, = chch)"Gn i (5-28)

whe~re
CD = a constant (calibrated to 1972 data),
G = Gross National Product, and

6D = the price elasticity of aggregate delivered energy.

| SRR =T SN

It is assumed that there are no physical losses in the final transportation and
distribution of erergy. Thus, the demand for secondary energy, QS’ is equal to

the demand for delivered energy:

The simple Cobb-Douglas structure of the primary, secondary, and electric energy
sectors provides a set of simple rules that can be used to derive the demand for

electricity, and primary energy, QE’ from the demand for secondary energy

QEL!
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The complete specification of the simple U.S. energy system model is shown in

Figure 5-3.

(5-30)

(5-31)
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Figure 5-5 Sectoral Specification of the Simple U.S5. Energy System Model
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The EMF experiment could be implemented with the simple energy system model defined
by Egs. 5-24 through 5-31. Primary energy prices could be varied and used to derive
variations in secondary and delivered energy prices which could in turn be used tao
derive changes in the demand for secondary and, finally, primary energy. Then iso-
elastic aggregate primary and secondary elasticity estimates could be calculated.
This, however, ignores the valuyable insights that can be drawn from the methodology
developed in the previous sections of the present paper. The simple rules that were
developed to compute aggregate elasticities have a straightforward application in
the simple energy system model. For éxample, since no conversion losses in secondary
energy preduction are assumed, the aggregate secondary elasticity (GS) can be
related to the aggregate delivered elasticity as follows:

P
& = S0 (5-32)
PD

Now from Eq. 5-18, the elasticity for nonelectric inputs to secondary energy is

P

NE S .D

§ = GNE B 8 . {5-33)
D

The electricity demand elasticity is
EL PS D
- — -34
§ Opr PD § . _ (5-34)

Additionally, the heat rate for the electricity conversion sector can be represented

as

% Perlp *ePeL <
S P . P ’ (5-35)
E E
and the heat rate elasticity with respeet to the energy inputs price as
h 3 In h
EL EL
= R = - - - 5-36)
§ 3 In PE 1 E) (

Thus, from Eq. 5-18, the elasticity for primary energy inputs to electricity genera-

tion is
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P
EI _ S D - -
§ Qo PD & - (1 aE) (5-37)

Finally, following Eq. 5-19 we can express the demand elasticity for agpgregate pri-
mary energy as a quantity weighted average of the elasticities of demand for inputs

to electricity and direct contributions to secondary energy production:

Qe QET
6 - B oNE L, _E GEL (5-38)
Qg Qg
or, using Eq. 5-31, substituting Eqs. 5-33 and 5-37, and simplifying:
o a P o0
B | _ v o m )
§° = Oep F ey ety t g ¥ Np 7, § B+ g0 (1 aE) . (5-39)

Additionally, Eqs. 5-25 through 5-27 can be substituted into Eq. 3-39, yielding an
expression for the primary energy elasticity as a function of the delivered elastic-—

ity and the primary energy price.

Properties of the Simple Energy System

Several observations can be drawn from the key equations relating the system elas-
ticities characterizing the simple energy system. From Eq. 5-39, we observe that

even if the delivered elasticity is zero, the calculated primary energy elasticity
will still be positive, although not as large as if the responsivness of end-use

demands to higher prices was included.

A second observation concerns the relationship between relative prices and relative

elasticicies. From Eq. 5-32 we get

So the simple price proportionality rule of thumb for elasticity translation holds.
This rule holds for the simple system and is a good approximation to the aggregate
behavior of many of the detailed models included in the study. For primary energy,

on the other hand, the situation is more complicated. Shifts in the relative prices
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of capital and energy fuels can be expected to cause a shift in the mix of electric
and nonelectric energy fuels and in the mix of capital and energy inputs to elec-
tricity generation. In general, increases in primary energy prices lead to a de-
crease in the demand for delivered and secondary energy, an increase in the propor-
tion of electricity in secondary energy inputs, an increase in the efficiency of
electricity generation, with an indeterminant effect on total primary energy inputs
to electricity generation, and hence total primary energy demand. Rearrangement of

Eq. 5-39 yields the following expression for the resulting primary elasticity to
delivered elasticity ratio:

e . “g%Er N “NE o Bs %t T -op)
— e .
Sy Oyg ¥ %dpn EEL o+ TN B (Ggg + 2p0e) &P

<

Jote that in this case the elasticity ratic is not proportional to the price ratio
nor is it independent of the value of the delivered energy elasticity. In fact,
in this case it is conceivable that the elasticity ratio exceeds unity; i.e., the

primary elasticity exceeds the delivered elastieity.

An explanation of the effects of changes in primary energy prices on the system
elasticities brings this set of rather stark equations to life. The left-~hand side
of Table 5-1 shows the electricity, secondary energy, and delivered energy prices
calculated from the primary energy prices shown in the first column. The right-
hand side of the table shows the key price and elasticity ratios characterizing

the system at each primary energy price. These ratios are plotted and compared in
Figure 5-6. The secondary to delivered elasticity ratio is identically equal to the
corresponding price ratio. The relationship berween the two primary to delivered
ratios is far more complicated. At very low primary energy prices the primary
elasticity exceeds the delivered elasticity as the heat rate elasticity dominates.
As the primary energy price is increased, however, the primary elasticity becomes
progressively smaller than the delivered elasticity because of the decreasing role

of primary energy inputs in electricity and secondary energy production.

EXTENSIONS AND FURTHER APPLICATIONS

Extensions of the methodology developed here to more complicated systems is clear,
albeit notationally complex. Nissen [2) develops system elasticity relationships

for a constant-returns-to-scale technology system with feedback (i.e., a system where
one of a sector’s outputs is alsoc one of irs inputs), and for a system with nonhomo-
thetic (nonconstant-returnsg-to-scale) technologies. Finally, he develops the machin-
ery required to derive system elasticities in a network with a general hierarchial

structure.
5-22
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Table 5-1

PRICES AND ELASTICITIES FOR THE SIMPLE U.S. ENERGY SYSTEM MODEL

§5,.D E,.D
Py Prr Pg Py P/Py 8%/§ Po/Pp 8°/8

1 $ 7.93  $1.70 $3.44 0.49 0.49 0.29 0.37
2 10.568 2.77  4.51 0.61 0.6l 0.44 0.42
3 12.72 .73 5.47 0.68 0.68 0.34 0.43

4 14,39 4.61  6.35 0.73 0.73 0.63 0.48

5 15.84 5.44 7.17 0.76 0.76 0.70 0.49
6 17.14 6.22 7.96 06.78 0.78 0.75 0.53
1.0 ' Y T T T
0.3 = N
¢S pg

0.6

S e A S P S SN S— —————
p———
s w—

L
0.4 6D -
0.2 - “
0 1 L 1 1
1.00 2.00 3.60 4.00 5.00 6.00

PRIMARY ENERGY PRICE (Pg)
{1980 $/106 B}

Figure 5-6 Comparison of Energy System Price and Elasticity
Ratios for the Simple U.S. Model
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There are a wealth of additional applications for the methods developed here (and
further in [2]). For a given system with an explicit statement of sector elastic—
iries, system (network) specification, system stare (the quantity of flows and prices
on network links) sector elasticities, and system elasticities can be defined, re-
ported, and analyzed. For example, in exercises like the EMF experiment, differences
in system behavior could be attributed to differences in system structure, sector

behavior specification, and data.

Cost functions like those used in the stylized representation of the EMF experiment
are natural minimodels of sector behavior. With standardized definitional structure
they serve as natural vehicles for assessing the sensitivity of system behavior with

respect to alternative sectaral specifications.

Sector analyses are partial equilibrium analyses. Minimodel representations of
the remainder of the appropriate energy system compouents can be developed using the
methods developed here. And these minimodels can be used to develop bounds for

the general equilibrium consequences of the partial equilibrium analysis based on a
detailed sector model.

The methods developed here offer obvious opportunities for algorithmic compression
in both network visitation and programming algorithms. For example, in intermediate
iteratiocns In a network visitation algorithm, an analytic evaluation may replace a
complicated sequence of process model visitations. In fact, the details of a com-
p-icsted sector that is only of indirect importance in a particular application
could be completely suppressed for that application. Thus, the energy system elas-—
ticity methodology could provide a useful discipline for the art, theory, and prac-

tice of combining energy models; see [3]. Both system and sector model research and
development can be more successfully developed and integrated when their separate

roles and interacrions are explicitly understood.

CONCLUSTONS

The energy system elasticity methodology developed here helps illustrate the depen~
dence of any aggregate elasticity estimate on where it is measured, which fuels it

includes, and how those fuels are aggregated. When these factors are not standard-
ized, large differences in elasticity estimates can result, even when they represent

two different measurements from the same underlying system.

In addition to definitional differences, which were resolved during the EMF experi-

ment, the methodulogy can be used to illustrate the effect of restrictions on some
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sectors cf the economy to respond to changing energy prices on the measured energy
system elasticiry, Such restrictions were included in some of the models included

in the EMF experiment, but not In others.

Finally, there are a wealth of applications for the methodology developed here ocutside
of its pedagogical role in the present EMF study. For example, it can be used to
structure future model comparisons, to speed the convergence of existing energy sys-

tem modeling algorithms, and to guide the flexible and efficient composition of the
energy models of the future.
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Chapter 6

THE DATA BASE FOR ELASTICITY ESTIMATES

The elasticity estimates presented in this chapter were based on the following

points of measurement.

Primary Energy

011 and Gas: Includes shale oil and biomass. Quantity of eil
measured at the refinmery input; quantity of natural gas measured
at the city gate. Composite price measured at the refinery input.

Coal: Quantity of coal measured after cleaning; price measured
delivered to electric utilities.

Nuclear: Includes nuclear, seolar, geothermal, and hydroelectric
generation, as well as geothermal and solar heat. Primary energy
equivalents (quantities) for nonfossil energy sources that are
converted to electricity are computed as the amount of electric
energy generated using the resource divided by the approximate
thermal efficiency for electricity generation from fossil fuels
equal to 0.36. Primary energy equivalents for nonfossil energy
sources that are used directly as thermal energy are computed as
the amount of fossil fuel energy replaced. This is assumed to be
at the rate of (1/0.36)(1.09) = 3.03 input Btu/end-use Btu. This
assumes 1007 efficiency for replacement of delivered electricity,
accounts for a 97 transmission loss, and converts to fossil input
equivalent. In both cases, the price for the primary energy input
is computed as the price of enough nuclear fuel to provide 106 Bty
{293 kWh) of electricity at the busbar times a nuclear fuel-to-
electricity conversion efficiency of 0.36.

Secondary Energy

0il and Gas: Quantity of ¢il measured at the refinery output;
quantity of natural gas measured at the city gate; composite
price measured at the refinery output.

Coal: WNet of coal used for electricity generation and swnthetic
fuels production; price measured delivered to industry.

Electricity: Includes geothermal and solar heat. Quantity and
price of electricity measured at the busbar. Primary energy
equivalents for nonfossil energy sources that are used directly
as thermal energy computed at 1.09 input Bru/end-use Btu. This
assumes 100% efficiency for replacement of delivered electricity
and accounts for a 9% transmission loss.
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Chapter 7

THE ELASTICITY ESTIMATES

INTRODUCTION

This chapter presents elasticity estimates at the primary and secondary energy
levels. These estimates are derived for each model from the raw fuel price and
demand data presented in the previcus chapter. The Paasche, Laspeyres, Tornquist,
and Btu-weighted indexes are used to produce estimates of aggregate energy demand-
and its price in 1990, 2000, 2010. Paasche index scatter diagrams (aggregate
price versus quantity plots) at the primary and secondary level are presented for
each model by sector for the 25-year year pericd. <Constant aggregate elasticities
were estimated for each model, sector, index, year, and point of measurement.
Fifteen- (1990), 25- {(2000), and 35-year (2010) constant aggregate elasticity esti-
mates are first presented in tabular form for each model, sector, index, and point
of measurement. Then, the estimates based on the Paasche Index are compared
graphically over time for each model and sector at each point of measurement. B

A review of the sectors, points of ﬁéasurement, and years reported by each model

precedes the description of the index number and elasticity estimates.

SALIENT CHARACTERISTICS OF THE MODELS

Several key characteristics of the models provide the necessary background for the
elasticity comparisons. Table 7-1 provides a list of the sixteen models. Nine
models considered essentially all U.S. demands for emnergy, while the other seven
considered only omne or two energy consuming sectors. Table 7-2 lists the models
and thelr sectoral coverage. All the models, except BECOM and ISTUM, reported
both primary and secondary data. Some models reported only l5-year results, others

15- and 25-year, and still others 15~, 25-, and 35-year results.

INDEX NUMBERS

Four price~quantity index pair combinations were considered: Paasche, Laspeyres,
Tornquist, and Btu-weighted. Table 7-3 shews the price index (PE) and quantity

index (E) formula for each index, where (pz, qi) are the price and quantities

7-1



Table 7-1

MODELS USED IN THE AGGREGATE.ELASTICITY OF ENERGY DEMAND STUDY

Energy~Economy Models

Brockhaven Energy $ystem Optimization Model/Hudson-Jorgemson (BESOM/H-J),
Brookhaven National Laboratory and Dale Jorgenson Associates

Energy Technology Assessment-MACRO (ETA-MACRO), Alan Manne, Stanford
University

Parikh Welfare Equilibrium Model (Parikh WEM), Shailendra Parikh, Stanford
University

Energy System Models

Baughman~Joskow (Baughman-Joskow), Martin Baughman and Paul Joskow,
University of Texas

Energy Policy Mcdel (EPM), Lawrence Livermore Laboratory

FOSSILl (FOSSILl), Dartmouth System Dynamics Group, Dartmouth College

Griffin Organization for Economic Cooperation and Development (Griffin OECD),
James Griffin, University of Houston

Mid-Range Energy Forecasting System (MEFS), U.S. Department of Energy

Pindyck Internatiomal Study (Pindyck), Robert Pindyck, Massachusetts
Institute of Technology

Sectoral Models

Buildings Energy Conservation Optimization Model (BECOM), Brookhaven
National Laboratory .

Federal Energy Administration-Faucett (FEA~Faucett), Carmen Difiglio and
Damian Kulash, Federal Energy Administration -

Industrial Sector Technology Use Model (ISTUM), Energy and Environmental
Analysis, Inc.

Jackson Commercial (Jackson Commercial), Jerry Jacksom, Oak Ridge National
Laboratory

The ORNL Residential Energy-Use Model (Hirst Residential), Eric Hirst and -
Janet Carney, Oak Ridge National Laboratory

Sweeney Automobile Model (Sweeney Auto), James Sweeney, Stanford University

Wharton Motor Vehicle Model (Wharton MOVE), Wharton Econometric Fore-
casting Associlates

of the input fuels for the Reference price case for some model/sector/point-of-
measurement/year combination, whereas (pi, qi) are the price and quantities of
the input fuels for another price case for the same model/sector/point-of-

measurement/year combination.

In preparation for the estimation of the aggregate elasticities, it is instructive
to plot the aggregate price and quantity indexes for a particular model/sector/

point~of-measurement/year combination to get some idea of the shape of the implied



Table 7-2

SECTORAL COVERAGE OF EMF 4 MODELS

Model TD R R/C C c/1 1 T
Baughman~Joskow X X X
BECOM X b4 X
BESOM/H-J? x x x %
EPM2 % X X x
ETA-MACRO x
FEA-Faucett? x
FOSSILL X
FOSSIL1 Conservation x
Griffin OECD b'e x X x
Hirst Residential X
ISTUM X
Jackson Commercial X
METS X x X b4 x X
Parikh WEM x
Pindyck X x X
Sweeney Auto b4
‘Wharton MOVE X

aReports only total demand at primary level.

bAucomobile
Note: TD =
R

R/C

C

c/1

I

T

only.

total demand.
residential.
residential/commercial.
commercial.
commercial/industrial.
industrial.
transportation,

curve for aggregate energy., Figures 7-1 through 7-1% show the 25-year primary

energy scatter diagrams for each model by sector using the Paasche index. Figures

7=-20 through 7-54 show the corresponding secondary level dlagrams.

ELASTICITY ESTIMATES

The available aggregate price and quantity index pair values for a given model/

sector/point-of-measurement/year combination can be used to compute a constant

elasticity estimate.

ticns:

The following functional form was assumed for the estima-



Table 7-3

PRICE AND QUANTITY INDEX FORMULATIONS

Name Price Index Quantity Index
T n
11 11
I Py L P19y
i=] i=1
Paasche PE = =
If poq; I ey
n n
10 01
I pq I p.a
. i=1 i%3 {=1 i*i
Laspeyres PE = - =
T 000 ? p°q°
121 134 {21 i°i
n
00 11 1 Prar
- o P18y Pydy 1 0 =3 +1
Tornquist Py = exp 1/2 z = (lnpi - lnpi) = a
i=1 7 2040 § olqt » ] 2040
g1 FE g3y M Eoyq 14
n n
10 1
1 Pha 74
4a3 0% 151 *
Btu-weighted PE = - =
E 20’ ) Eh
1= 1t 131 *
1n _E . C-~eglnP
GNP E
where E = aggregate energy demand

GNP = gross national product

C = a constant

€ = the aggregate price elasticity

P_ = aggregate energy price .

The 15-, 25-, and 35-«year primary elasticity estimates are presented for the

model/sector/point-of-measurement combination in Tables 7-4 through 7-6 while

the corresponding secondary elasticity estimates are recorded in Tables 7-7 through

7-9. TFinally, the aggregate elasticity estimates are compared by sector over

time for primary and secondary energy in Figures 7-55 through 7-68, respectively,



Table 7-4

15-YEAR ESTIMATED PRIMARY ENERGY DEMAND ELASTICITIES

Sector/Model Paasche  Tornquist  Laspeyres Btu-weighted

Total Demand

Baughman-Joskow 0.39 0.44 0.40 G.16
BESOM/H-J 0.40 0.41 0.40 0.28
EPM 0.57 0.56 0.57 0.33
ETA~MACRO 0.24 0.26 0.25 0.06
FOSSIL1 0.07 0.09 0.07 - 0.04
FOSSIL1 Conservation 0.11 0.13 0.11 0.08
Griffin OECD 0.45 0.47 0.46 0.28
MEFS 0.04 0.07 0.04 0.03
Parikh WEM 0.02 0.05 0.02 «0,02
Pindyck 0.39 0.36 0.40 0.40
Residential
Hirst Residential 0.21 0.04 0.22 0.21
MEFS -0.01 0.04 0,01 -0.02
Pindyck 0.38 0.30 0.42 0.44
Griffin OECD 0.82 0.84 0.83 0.43
Residential/Commercial
Baughman-Joskow 0.43 0.47 0.44 0.27
MEFS e 0.05 - -0.01
Commercial
Jackson Commercial 0.14 -0.04 0.15 0.18
MEFS 0.02 0.06 0.02 0.02
Commercial/Industrial
Griffin QECD 0.14 0.16 0.14 0.06
Pindyck 0.38 0.63 0.41 0.42
Industrial
Baughman~Joskow 0,33 0.37 0.33 0.03
MEFS ~-0.02 0.01 -0.02 -0.03
Transportation
FEA-Faucett CAFE® 0.10 0.10 0.10 0.10
FEA-Faucett No CAFE 0.13 0.13 0.13 0.13
Griffin OECD 0.60 0.60 0.59 0.60
MEFS 0.14 0.14 0.14 0.14
Pindyck 0.36 0.36 0.36 0.35
Sweeney Auto CAFE 0.17 0.17 0.17 0.17
Sweeney Auto No CAFE 0.40 0.40 0.40 0.40

a
Corporate average fuel efficiency standards.



Table 7-3

25-YEAR ESTIMATED PRIMARY ENERGY DEMAND ELASTICITIES

Sector/Model Paasche Tornquist Laspeyres Btu~weighted

Total Demand

Baughman-Joskow 0.49 0.55 0.51 0.17

BESOM/H~J 0.48 0.48 0.48 0.29

EPM .79 0.78 0.79 0.40Q

ETA~-MACRO 0.30 0.32 0.31 0.05

FOSSILL 0.11° 0.15 0.11 0.05

FOSSILl Conservation 0.17 0.21 0.17 0.09

Griffin OECD 0.45 0.46 0.45 0.24

Parikh WEM 0.11 0.15 0.12 0.01

Pindyck 0.44 0.41 0.45 0.45
Residentiél

Hirst Residential 0.24 0.03 0.25 0.22

Pindyck 0.52 C.45 0.52 0.53

Griffin OECD 0.93 0.95 0.94 0.40
Residential/Commercial

‘Baughman-Joskow Q.59 0.62 0.59 0.36
Commercial

Jackson Commercial 0.17 - 0.19 0.22
Commercial /Industrial

Griffin OECD 0.12 0.14 0.12 0.05

Pindyck - 0.43 0.45 0.43 0.544
Industrial

Baughman-Joskow 0.37 0.42 0.40 0.01
Transportation

Griffin OECD 0.39 0.39 0.39 0.39

Pindyck 0.38 0.38 0.38 0.38
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Table 7-6

35~YEAR ESTIMATED PRIMARY ENERGY DEMAND ELASTICITIES

Sector/Model Paasche Tornguist Laspeyres  Btu-weighted

Total Demand

EPM 1.34 1.37 1.34 0.47
ETA-MACRO 0.31 0.34 0.33 0.02
FOSSILL 0.16 . 0.23 0.16 0.03
FOSSILl Conservation 0.25 0.32 0.25 0.09
Parikh WEM 0.26 0.30 0.27 0.04




Table 7-7

15-YEAR ESTIMATED SECONDARY ENERGY DEMAND ELASTICITIES

Sector/Model Paasgche Tornquist Laspeyres Btu~weighted
Total Demand
Baughman-Joskow 0.59 0.60 0.61 0.63
BESOM/H-J 0.47 0.47 0.47 0.49
EPM 0.49 0.49 0.50 0.51
ETA-MACRO 0.14 0.15 .16 0.30
FOSSIL1 .08 0.06 0.06 0.10
FOSSIL1 Conservation 0.11 0.11 0.11 0.15
Griffin OECD 0.57 0.58 0.59 0.76
MEFS 0.30 0.31 0.31 0.32
Parikh WEM 0.04 0.04 0.04 0.05
Pindyck 0.68 0.68 0.68 0.66
Residential
BECOM 0.17 0.17 0.17 0.39
Griffin OECD 0.90 0.93 0.96 1.35
Birst Residential 0.47 0.49 0.51 0.44
MEFS 0.46 0.47 0.48 0.50
Pindyck 0.82 0.81 0.80 0.81
Residential/Commercial
Baughman~Joskow 0.73 0.73 0.74 0.77
BECOM 0.14 0.14 0.14 0.33
BESOM/H-J 0.54 0.54 0.54 0.71
EPM 0.43 0.44 0.44 0.54
MEFS 0.49 0.50 0.51 0.52
Commercial
BECOM 0.07 0.07 0.07 0.10
Jackson Commercial 0.34 0.34 0.34 0.30
MEFS 0.52 0.54 0.55 0.55
Commercial/Industrial
Griffin QECD 0.28 0.26 0.30 0.54
Pindyck 0,52 0.36 0.52 0.68
Industrial
Baughman-Joskow 0.46 0.47 0.48 =0,52
BESOM/H-J 0.52 0.52 0.52 0.49
EPM 0.64 0.65 0.65 0.63
ISTUM 0.14 0.14 0.14 0,02
MEFS 0.16 0.16 0.17 0.146



Table 7-7 {(continued)

Sector/Model Paasche Tornquist Laspeyres Btu-weighted
Transportation
BESOM/H-J 0.29 0.29 0.29 .29
EPM a 0.30 0.30 0.30 0.30
FEA~Faucett CATFE 0.11 0.11 0.11 0.11
FEA~Faucett No CAFE 0.15 0.15 0.15 0.15
Griffin OECD 0.54 0.54 0.54 0.54
MEFS 0.30 0.30 0.30 0.30
Pindyck 0.53 .53 0.53 0.53
Sweeney Auto CAFE 0.17 0.17 0.17 0.17
Sweeney Auto No CAFE 0.46 0.46 0.46 0.46
Wharton MOVE CAFE 0.19 0.19 0.19 0.19
Wharton MOVE No CAFE 0.21 0.21 0.21 0.21

aCorporate average fuel efficiency standards.

Table 7-8

25-YEAR ESTIMATED SECONDARY ENERGY DEMAND ELASTICITIES

Paasche Tornquist

7=9

Sector/Model Laspeyres Btu-weilghted
Total Demand
Baughman-Joskow 0.61 0.61 0.61 0.59
BESOM/H-J 0.42 0.43 0.44 0.46
EPM 0.57 0.57 0.57 0.59
ETA-MACRO 0.18 0.19 0.20 0.35
FOSSILL 0.08 .08 0.08 0.14
FOSSIL1 Conservation .16 0.16 0.16 0.23
Griffin OECD 0.35 0.56 0.57 0.68
MEFS 0,31 0.31 0.32 0.33
Parikh WEM 0.10 0.09 0.09 0.10
Pindyck 0.70 0.71 0.71 » 0-66
Residentizl
BECOM 0.60 0.63 0.66 1.12
Griffin OECD 0.95 0.99 1.01 1.22
Hirst Residential 0.44 0.45 0.45 0.47
MEFS 0.45 0.46 0.47 0.48
Pindyck 0.98 0.98 0.99 0.96



Table 7-8 (continued)

Sector/Model Paasche Tornquist Laspeyres Btu-weighted
Residential /Commercial
Baughman-Joskow 0.76 0.76 0.76 0.75
BECOM 0.51 0.54 0.57 1.00
BESOM/H-J 0.71 0.77 0.82 1.05
EPM 0.51 0.52 0.52 0.64
MEFS 0.48 0.49 0.50 0.51
Commercial
BECOM 0.28 0.28 0.28 0.52
Jackson Commercial 0.37 0.38 0.38 0.33
MEFS 0.51 0.52 0.53 0.53
Commercial /Industrial
Griffin OECD 0.29 0.25 0.31 0.54
Pindvck 0.68 0.70 0.69 0.74
Industrial
Baughman-Joskow 0.43 0.43 Q.44 0.44
BESOM/H-J 0.48 0.48 0.47 0.46
EPM 0.71 0.72 0.73 0.68
ISTUM 0.24 0.24 0.24 0.01
MEFS 0.1s6 0.17 0.17 0.17
Transportation
BESOM/H-J 0.23 0.23 0.23 0.23
EPM 0.38 0.38 0.38 0.39
Griffin QECD 0.47 Q.47 0.47 0.47
MEFS 0.34 0.34 0.34 0.34
Pindyck 0.51 0.51 0.51 0.51
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Tzble 7-9

35~YEAR ESTIMATZD SECCHT

ARY ENERGY DEMAND ELASTICITIES

Sector/Model Paasche Tornquist Laspeyres  Btu-weighted

Total Demand

EFPM 0.63 0.63 0.64 0.66

ETA-MACRO 0.15 0.16 0.17 0.29

FOSSTLL 0.08 0.08 0.08 0.18

FOSSIL]l Conservation Q.12 0.19 0.18 8.31

Parikh WEM 0.25 0.27 0.29 0.25
Residential/Commercial

EPM 0.59 0.60 0.61 0.78
Industrial

EPM 0.77 0.78 0.80 0.73
Transportation

EPM 0.45 0.45 0.45 0.46
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Chapter 8

EXPLATINING INTERMODEL DIFFERENCES

INTRODUCTION

Chapter 3 compares the structural characteristics and sppriaches to demand parameter
estimation.of the 16 models employed in the "Aggregate Elasticity of Energy Demand"
study. The present chapter attempts to explain the intermodel differences in em-
pirical aggregate elasticity estimates generated by the study using those a priori
model comparisons. Thus, it supports and expands upon the major intermodel com-
parison conclusions drawm in Chapter 1. First, those characteristics of the models'
structure and method of parameter estimation that seemed likely to result in differ-
ences In aggregate elasticities are reviewed briefly. The expected differences are
then compared with the observed results. Differences in the estimates of the aggre-
gate elaéticity for the nine models that include all energy consuming sectors are
énalyzed first. Then, the sectoral elasticity estimates available from these com-

prehensive models are contrasted with those from the seven sectoral models.

COMPARISON OF AGGREGATE ELASTICITIES FOR TOTAL ENERGY DEMAND

The elasticity estimates can be interpreted in light of the characteristics of the
various models. Some of the most important characteristics are noted in Chapter 3.
Two aspects of the models are of particular interest, their structures and approaches
to parameter estimation. As far as the structure of the models is concermed, our a
priori expectation is that models allowing the greatest degree of flexibility in
response to price changes will have the largest elasticities. Such models incor-
porate energy-economy feedback, explicit interfactor substitution, and dynamic
adjustment. At the other extreme are static energy system models with interfactor
substitution that is nonexistent or implicit. There is no expectation as far as

the methoed of parameter estimation is concerned.

In assessing the overall price elasticity of energy demand, the confidence one
attaches to any estimate should depend on certain structural characteristics of
the model. Five structural attributes appear potentially important in this regard.

First, due to the inherent technical differences in energy use among sectors, it



is desirable to provide a sectoral disaggregation of energy usage in industrial,
transportaticn, residential and commercial, and electricity generation sectors.
Fallure to provide a sectoral disaggregation can bias the aggregate estimate as sec-

tors experience different growth rates.

A second potentially important structural characteristic is the degree to which the
model describes interfuel substitution. Prices for specific energy forms seldom
change proportionally implying differing relative fuel prices. In turnm, the new
relative fuel prices will induce changes in the mix of energy which can affect

total energy use as well.

A third structural aspect is the care taken in capturing energy/nonenergy substi-
tution. In a trivial sense, any model which Implies a nonzero price elasticity of-
demand implicitly assumes some input factor is being substituted for energy. Never-
theless, in many instances it is important to identify the precise chanmels through
which this substitution is to occur. For example, in the iﬁdustrial sector, is
energy substituted primarily against labor, materials, or capital? In some instances,
it may be justifiable to restrict the range of energy/nonenergy substitution changes
if there are scientific reasons to do so. However, when it is not justified either
by statistical test or valid a priori reasoning, the resulting energy/nonenergy sub-

stitution response can be seriocusly biased.

A fourth important structural characteristic is the inclusion of dynamics in the
model so as to describe the long-run price response over the whole adjustment pe-
riod. Much of the demand for energy is embodied in the capital stock; each new
vintage has technical efficiency characteristies. A model should reflect the grad-
uval adjustment of the economies capital stock to changing prices explicitly or

implicitly, yielding dynamic price elasticities.

Fifth, most price elasticity estimates take as given the level of economic activity
and the price of other goods. Yet in the case of energy, there is reason to believe
there are substantial feedbacks from the macrdeconomy to the energy sector. These’
feedbacks can affect the level of economic activity and most certainly will affect
the relative prices of nonenergy factors--both of which will affeet the price elas-

ticity calculation,

Given the structure of a model, there remains an important choice as to the method
of parameter measurement used to implement the model's underlying structure. The

present group of models uses two different methodologies. First, econometric



techniques applied to histerical time-series or cross~sectional data can be employed
te provide statistical estimates of the parameters. The Baughman-Joskow, Griffin
QECD, Pindyck, BESOM/H—J, and MEFS models rely on statistically estimated parameters.
A second source for parameter values is informed judgment which is used in FOSSILI,
ETA-MACRO, EPM, and Parikh WEM. Estimates based on informed judgment may be con-
diticned on statistical and engineering parameters used in other studies, but the
linkage 1is informal in most cases.

Table 8-1 categorizes nine of the models by parameter measurement approach and
structural characteristic, including for comparison the aggregate energy demand
elasticity estimates., The data do not particularly bear out our a priori expecta-
tions. First, the parameter estimation method appears to be the dominant factor

in explaining model differences. Generally, models that rely on an engineering

or judgmental approach to parameter estimation imply elasticities that are signifi-
antly lower than those that rely on a statistical approach. Secondly, there appears
to be no clear relationship between the degree of flexibility in the model and the
reported elasticity. Apparently, the comprehensive models are sufficiently differ-
ent in other ways to prohibit genmeralizations such as "structural flexibility"”

from being very important,

‘The major distinguishing feature is the influence upon the results of the approach

to parameter measurement. The range of estimates from the models that employ statis-
tically estimated parameters is from 0.3 to 0.7, while the range for four of the
models employing judgmentally estimated parameters is from 0.1 to 0.2, with the fifth
being 0.6. 1In some cases, an attempt was made to calibrate the judgmental demand
parameters to those employed in the statistical models. The results of this study
illustrate the imprecision of those ad hoc calibrations. In other cases, the modelers
employing judgmental parameter estimates are skeptical of the statistically estimated
values because they perceive the data base used to estimate them as not being par-

ticularly rich and the level of uncertainty inherent in them correspondingly high,

SECTORAL COMPARISONS

Chapter 3 compares the differences in the structure and approach to parameter measure-
ment employed in the sectoral models. This section investigates the relationship
between the structure and approach to parameter measurement employed in the models

and the aggregate elasticites generated. The sectoral elasticity estimates from

the models that include all consuming sectors are alsoc included in these comparisons.
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Table 8-1

MODEL CLASSIFICATION BY PARAMETER MEASUREMENT

APPRCACH AND STRUCTURAL CHARACTERISTICS

Parameter Structural Characteristies 25~-Year
Estimation Aggregate
Approach Sectora]  Interfuel Ioterfactor ., . gzergy— Elasticity
Substitution Substitution =) omies onomy Estimate
Interaction _
Statistical
Griffin QECD x X X X 0.58
Pindyck x x X 0.71
Baughman-

Jaskow a x x x 0.59
BESOM/H-J x x % % 0.53
MEFS x X b4 0.33b

Judgmental
FOSSIL1 X x 0.28
FOSSILL x x 0.20

Conservation
ETA-MACRO x ) c 0.23
Parikh WEM x X c X X 0.13
EPM x x X X X 0.58

8Excludes transportation.
PEstimates for 1990.
cJudgmental.

The structures of the sectoral models can be compared on a number of levels, All -

of the models contain three basic components: (1) a component in which exogencus

variables, such as demographic and supply forecasts, are calculated and fed into

the rest of the model; (2) a component which computes energy demand from those

forecasts and from the characteristics and amount of fuel consuming equipment; and

{3) a dynamic component which revises the amount and characteristics of that con-

suming equipment over time. The second component is represented in two different
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ways. One approach separately estimates the total stock of consuming units, the
market shares of classes of unics {those with identical technical characteristics),
and the intensity with which each class is used. The second approach assumes cost
minimization to estimate demand. Additionally, a number of methods are used to
update the composition of consuming units. Some medels employ exogenous decay
rates, while others endogenously represent the equipment retirement process. Some
models also permit increasing fuel prices to induce substitution of capital for
energy, and thus permit higher technical efficiencies among newly installed con-
suming equipment. Finally, one model, ISTUM, attempts to represent the delaying
effect technological uncertainty has upon the date at which a Aew technology will
be introduced.

Table 8~2 presents a comparison of 25-year secondary demand elasticities across
sectors and parameter estimation approaches. (For a graphic presentation, please

refer to Chapter 7, Figures 7-62 through 7-68.)

Several parameter estimatjion methods are used to determine the sectoral model equa-

tions: statistical, statistical/engineering, engineering, and engineering/judgmental.

Statistical methods are used in the Sweeney Auto, FEA-Faucett, and Wharton MOVE
' models. Each of those representations includes detailed mathematical descriptions
of automotive demand for gasoline. Functional forms for the relationships between

variables are assumed, and, most importantly, all parameters are estimated eccno-

metrically.

The Hirst Residential and Jackson Commercial models are detailed descriptions of the
residential and commercial sectors, respectively, but not all parameters are esti-
mated statistically. Instead, engineering studies were used to make estimates of
parameters for which statistical information was inadequate (for example, the equa-
tions deseribing the tradeoff between capital and energy in these models were derived
from engineering data). .For that reason, the parametric estimation process used in
the Hirst Residential and Jackson Commercial models can be viewed as an amalgam of

statistical and engineering methods.

In the BECOM and ISTUM systems, few statistically estimated parameters are used.
There, because of the approach taken by those two models--cost minimization--vari-
ables are related on the basis of engineering data. I5TUM, however, uses a com-
bination of engineering data, such as its cost curves, and highly subjective infor-
mation, such as its estimates of the respomse of market shares to relative price

changes. Accordingly, ISTUM can be viewed as an engineering-judgmental model.
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Table 8-2

25-YEAR SECONDARY DEMAND
ELASTICITIES, BY SECTOR
(Paasche Index)

Sector Statistical Engineering Judgmental
Residential Hirst Residential® 0.4
Griffin QECD 0.9 BECOM 0.6
MEYS 0.5
Pindyck l.0
Residential/ Baughman-~ BECCM 0.5 EPM 0.5
Commercial Joskoew c.8
BESOM/H~-J 0.7
MEFS 0.5
Commercial MEFS 0.5 BECOM 0.

0.3
Jackson Commercial2 0.4

Commercial/ Griffin QECD 0.3
Industrial Pindyck 0.7
Industrial Baughman- ISTUM 0.2 EPM 0.7
: Joskow 0.4
BESOM/B~J 0.5
MEFS 0.2
Transporta- BESOM/H-T 0.2 EPM 0.4
tionb FEA-Faucett 0.1
Griffin OECD 0.5
MEFS 0.3
Pindyck 0.5
Sweeney Auto 0.5
Wharton MOVE 0.2
All Sectors Baughman- 0.6 EPM 0.8
Joskew® ETA-MACRO 0.2
BESOM/H-J 0.4 FOSSILL 0.1
Griffin OECD 0.5 rosstmid 0.2
MEFS 0.3 Parikh WEM 0.1
Pindyck 0.7

acOmbines both the engineering and statistical approach.

bThe FEA~-Faucett, Sweeney Auto, and Wharton MOVE results are for

automobile gascline only. These are 15-year elasticities.
All runs exclude the new car fuel efficiency standards.

cExcludes the transportation sector.

dFOSSILJ. Conservation.

8-6



Much of the difference in elasticity estimates shown in Table 8-2 can be attributed
to the fact that the models consider different sectors of the economy. However,

as can be seen from inftrasector comparisons, the structural characteristics of the
models also strongly affect their cutputs. It appears that the meost important of
these structural differences are: (1) whether the possibility of fuel efficiency
changes are considered, (2) whether price-induced changes in the rate of techmolog-
ical development are considered, (3) whether the model allows for changes in the
demand for emergy services, (4) differences in the preprocessing of GNP growth
rates into growth rates in other demographic variables, and (5) the manmer in which

equipment retirements are considered.

O0f the five structural factors, the first two constitute important mechanisms of
factor substitution and may be the most important. The Sweeney Auto, Hirst Resi-
dential, and Jackson Commercial models all attempt to represent the tradeoff between
capital and energy and to show the effects that fuel price variations have on inter-
factor substitution. Price increases can lead to substitutions using existing tech-
nology or stimulate efficiency, thereby enhancing technological progress. In all
three models, consumers are shown to switch to more fuel-efficient units as the
prices of fuels increase. However, in the FEA-Faucett and Wharton MOVE models, the
technical characteristics of consuming units are assumed to be fixed and such sub-
stitutions are precluded. Models which represent such tradeoffs will generaté
higher elasticity estimates than those which do not. These five models generally
have similar structures (BECOM and ISTUM are cost-minimization models and explicitly
represent more fuel-efficient energy utilizing technologies). However, the three
which permit interfactor substitution (Hirst Residential, Jackson Commercial, and
Sweenay Auto) have obtained much higher estimates than Wharton MOVE and FEA-Faucett.
Accordingly, it might be deduced that allowing interfactor substgtution is the

crucial factor which differentiates between the models.

Price increases can lead to factor substitutions via existing technologies, but
they can also stimulate energy efficiency-enhancing technological progress. The
differential effects of higher prices on the rate of technology development is

considered only in the Sweeney Auto model.

Stronger statements can be made about models which use exogenously determined energy
services consumption forecasts. Both ISTUM and BECOM fall into that category and,
because they use such forecasts, their elasticity estimates can be expected toc be
lower than the actual elasticity values (assuming that all other attributes of the

model would tend to produce accurate elasticity figureé).



This effect can be seen from the workings of ISTUM. There, the total demand for
"useful energy" (the amount of energy that is demanded after comversion losses are
subtacted) within each subsector of industry is determined exogenously, while the
market share for each different technology which is capable of meeting that demand
is explicitly modeled. Thus, the consumption of useful energy was made independent
of fuel price while conversion losses, and thus a portion of energy demand, were
allowed to respond to fuel price variations. This failure to completely relate
demand to fuel prices may explain, at least in part, ISTUM's relatively low elas-
ticity estimate (0.2 as compared to a midrange value of about 0.4 for all industrial

sector models),

Differences in the values that are assigned to demographic variables may have also
affected model results. The design of the EMF experiment included GNP growth-rate
assumptions. Demographic variables, such as population and income, are often cal-
culated from the GNP projections using preprocessing routines and then fed into the
rest of the system. 1In at least some of the models, the system equations are for-
mulated in such a way that relatively small differences in demographic variable
values could produce large differences in elasticity estimates. It should be empha-
sized that such effects are far from certain at this point. For example, in the
FEA-Faucett model, vehicle miles, a key variable in the determination of gasoline
demand, are estimated on a per household basis, where the total number of households
is determined exogenously. Moreover, it appears possible that, in the long-run,
small changes in estimated household growth could produce significant variations

in estimates of vehicle miles traveled.

The effects of differences in representaticns of equipment retirement is alse im-
portant. Most of the models reviewed here use decay functions that are price inde-
pendent, but FEA-Faucett and Wharton MOVE relate fuel prices to scrappage and usage
rates of comnsuming units (e.g., automobiles). Thus, through their decay functioms,
these two models account more fully for fuel price variations than other models.
However, it is not known whether this inclusion of price-related decay functions

will tend to increase or decrease elasticity estimates.

CONCLUSIONS

Table 8-3 summarizes the elasticity comparisons produced by the study along two
key dimensions: the sectoral coverage of the model and its approach to parameter

estimation, The parameter estimation approach is the most important determinant of




Table 8-3

SECTORAL. MODEL CLASSIFICATION BY PARAMETER MEASUREMENT
APPROACH AND STRUCTURAL CHARACTERISTICS

a s 25-year
Parameter Explicit Energy~
t
SECTCR: MODEL Measurement In grfu?l Interfactor, Dynamics Economy Aggrega?e
Substitution : . b Elasticity
Substitution Feedback :
Estimate

Residential
Griffin OECD s b4 % x ] 0.9
Hirst Residential S/E b4 % x o 0.4
MEFS s X o X o 0.5
Pindyck s X x o o 1.0
Residential /Commercial
Baughman-Joskow S X o b4 Q 0.8
BESOM/H~J =1 x X o X 0.8
BECOM E
Commercial
Jackson Commercial S/E b4 x X o 0.4
MEFS . s x o X o 0.5
Commercial/Industrial
Griffin OECD g x x x o 0.3
Pindyck ] X x o o 0.7
Parikh WEM J x x b3 % 0.1
Industrial
Baughman-Joskow s x o X o 0.4
ISTUM E/J b 4 x x =] 0.2
BESOM/HB~J s X x o] x 0.5
MEF'S s x o X o 0.6
Transportation
FER~Faucett 5 Q X x o] Q.1
Griffin OQECD 8 o] x X o 0.5
BESCOM/H~J S o X =} ® 0.2
MEFS s Q x b3 o 0.3
Sweeney Auto S o x X o 0.5
pindyck s b4 x o o 0.5
s = Statistical, E = engineering, J = judgmental.

F
il

yes, © = no.
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the aggregate elasticity of those models which estimate total energy demand. The
models that include all energy consuming sectors and employ statistically estimated
parameters yield considerably higher elasticity estimates than those from the models

with judgmentally estimated parameters.

The comparison of sectoral elasticity estimates is more complex. The sectoral
models employ both engineering and statistical approaches to demand parameter esti-
mation. 3But, more importantly, in their representations of energy demand, many of
them include restrictions om the ability of consumers to respond to higher energy
prices. In ISTUM and BECOM, end-use service demands {e.g., industrial process heat,
residential space heat) are not responsive to price changes. This omits considera-
tion of important mechanisms through which reductions in energy demand can be accom-
plished. For example, industrial firms can switch to production processes requiring
less process heat or to the production of less energy intensive products and building
owners can turn down their thermostats or install microprocessors for temperature
control. Consequently, it is not surprising that the sectoral elasticity estimates
from BECOM and ISTUM are lower than the other residential/commercial and industrial
estimates, respectively. Additionally, the FEA~Faucett and Wharton MOVE automobile
models do mot iﬁclude the possibility of fuel efficiency improvements within auto-
mobile size classes. This may lead them to underestimate the elasticity of auto-
mobile gasoline demand. The comparison with the results from the other models

tends to support this conclusion.

0f the sectoral models included in the study, only the Hirst Residemntial, Jackson
Commercial, and Sweeney Auto models do not place a priori restrictions on the response
of sectoral demand teo higher prices, The Hirst Residential and Jacksen Commercial
models combine statistical and engineering approaches to parameter estimations and

it is noted that these models produce somewhat lower elasticity estimates than those
for the corresponding sectors of the statistically estimated models that consider

all consuming sectors.
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ABSTRACT

For many analytical purposes, it is often desirable to aggregate a set of
commedities into a single composite commodity or to define an aggregate
quantity index, along with a price index. However, a demand function for
this aggregate does not necessarily exist, even 1f the demand mapping for
the individual commodities is single-valiued and smooth. Then the notion
of a demand correspondence or region may réplace the notion of a demand
function. If changes in the price vector map linearly intoc changes in the
comeodity vector, the demand region mapped out by all possible unit mag-
nitude price changes will be an ellipse characterized by two fundamental
parameters: the average slope and the width. The width is zero if the
demand mapping is generated by & cost-minimizing, separable, homothetic
production fumction. Thus, the demand region width provides a measure of
the degree to which these assumptions may be violated. The width also
provides a measure of how dependable a single average aggregate price
elasticity or demand derivative can be used to predict how the actual
aggregate will vary for alternative directions of price changes.



Chapter 9

PRICE AND QUANTITY CHANGE DECOMPOSITION FOR AGGREGATED COMMODITIES

INTRODUCTIOH

For a single commodity, a given price generally will be mapped into a unique guan-
tity demanded. As prices increase, the quantity demanded decreases, thus tracing

out a2 demand function which is single-valued throughout its entire range. Similarly,
for a class of commodities each having individual prices, as those prices change the
quantities demanded change. The demand function for a class of n commeodities is a
single-valued mapping from the n-dimensional space of prices to the n-dimensional

space of guantities.

For some purposes, 1t is useful to aggregate the n commodities into a single com~
posite commodity or quantity Index. In the fourth Energy Modeling Forum study,
"Agéregate Clasticity of Energy Demand," the goal was to estimate the aggregate
elasticity of energy demand implicit in the 16 models examined. This required ag-
gregating the demands for oil, gas, coal, and other energy commodities into some
index of energy consumed. COme such index commonly used in energy studies is the
Btu-weighted, Others include the Paasche, Tornquist, or Laspeyres indexes. For
statistical or econometric purposes, other commodities alsc are often aggregated.
For example, the demand for housing is often aggregated by number of units, total
value, or some measure of aggregate housing "services." Similar aggregates include
autos, food, clothing, or educational services. In fact, almost all data used for
economic studies consist of quantity or price aggregations of commodities that are

to some extent heterogeneous.

If an aggregated class of commodities is being considered, the demand function for
this aggregate no longer necessarily is single-valued, even if the demand funections
for each of the n commodities of the aggregated class is single-valued. TFor exam-
ple, it can occur that onme price increases while another decreases, so as to keep
the aggregate price constant., These price changes will alter the individuwal demand
quantities and may change the aggregate quantity. If the aggregate quantity is
changed while the aggregate price is not, the mapping from aggregate price to aggre-
gate quantity is not single-valued, The notion of an aggregate single-valued demand

function must be replaced with the notion of a demand correspondence or region.
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As an example, Figure 9-1 shows changes in aggregate gquantity and price indexes
(Paasche) resulting from the experiments with the ISTUlM model, experiments in which
each of three primary energy prices were independently altered. HNote that it is
impossible to construct a single-valued monotonic demand function through these

points.

The remainder of this chapter develops a decomposition approach in order to describe
the shape of a demand region and to provide a method of fitting such a region to
pseudo~-data generated by a model. Particular attention 1s paid to the two-commodity

case before the approach is generalized to a general n-dimensional case.

It will be shown under linearity assumptions that the region mapped out by all pes-
sible unit magnitude price changes has a particular form. The frontier of this

region (the entire region for the two-dimensional case) has an elliptical form:

AT = D cos 9§ {(9-1)
AB = B cos o+ Asind | {(9-23
1'3 1 1 1 i I
1.2 = 5 ol
2
11 | -
x 3
o
= 10 = 1 -
8
= 7
E 0.9 - —
8
0.8 = 9 -
0.7 1 i ] I 1
0.9 0.925 0.95 0.975 1.0 1.025 1.080

QUANTITY INDEX

Note: The numbers refer to price cases., The Paasche index
was used to calculate these estimates.

Figure 9-1 25-Year Industrial Secondary Energy
Index Values for the ISTUM Model
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where Aw and A8 are changes in the price and quantity indexes respectively, ¢
is an angle of price change varying between 0° and 360°, aznd 4, B, and D are con-

stants. This is diazgrammed in Figure 9-2.

It will be further shown that in some cases this region is reduced to a single-~
valued demand function, as would occur when A = 0. This will be the case when the
demand function is generated by a firm, or group of firms, minimizing cost to pro;
duce a given ocutput, and having a homothetic production funection separable into an
energy subaggregator and other inputs. This result will provide a test of how well
these assumptions are implicitly satisfied by a process which has generated z set of
price and quantity vectors. Finally, the procedure will be applied to data gener-

ated by the EMF "Aggregate Elasticity of Energy Demand” experiment.

THE DECOMPOSITION APPROACH

Each price change can be decomposed into components: one parallel to ¥, the gra-
dient of the price index, and the others perpendicular to V¥r. The latter set of
components will each lead to zerc changes in the price index. If the model and the
price and quantity indexes are linear, analysis of the quantity index changes asso-
ciated with each possible component of a price change will allow analysis of all

possible price changes.

O paensrnonnucnns

Ceenersenvaned (3

B krenensa’y Basusuwadwnn -l'-“"¢ = 00

P = 2709

Figure 9-2 Aggregate Price and Quantity Changes from a Unit Magnitude Price Change
Vector as- ¢ Varies Over its Range
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#*
Define a set of n unit price change vectors, each having unit magnitude:

BoreersPo g

first, PO, will be parallel to Vw, the latter n-1 vectors will be orthogonal

Tach unit price change vector will be orthogomal to each other. The

to VUr. These vectors can always be defined. Then any price change can be decom-

posed into components, each some multiple of one of the unit price change vectors:

n-1
8P = BP, + 121 @P, (9-3)
where
B o= AP P, , and (9-4)
@, = AP - P, (9-5)

These various vectors are illustrated in Figure 9-3 for the two-commodity case.

T CONSTANT

Figure 9-3 Decomposition of Price Change

®
Note: Pi is a vector, not the component of a vector.
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*
The linearity assumption can be formalized.

e Linearity Assumption: The model exhibits a linear relationship
between price changes and quantity changes. The price index is
linear in price; the quantity index is linear in quantities.

By the linearity assumption, changes In quantity vector AQ can be related to

changes :in the price vector AP by a matrix M of demand derivatives:
AQ = M+ AP, (9-6)

The matrix M may not be observable or identifiable from available data. By lin-
earity, changes in the gquantity index change can be determined:

46 = VO o« M - AP . (9-7)
Equations 9-3 and 9«7 can be combined to give:

n-1
de = B[Ve - M- P+ izl a,(ve « M+ P.] . (9-8)

This equation is fundamental to the decomposition approach because each expression
in brackets, although appearing complicated, is simply a scalar. Therefore Eq. 9-3

can be written

n-1
A8 = 8B+ § oA
i=1

i ] (9-9)

where B and the Ai's are defined by the corresponding terms between the brackets
in Eq. 9-8.

*While the linearity assumption will be necessary for the mathematical development,
this assumption is less restrictive than it appears. First, in practice, it is
required that changes be small enough for approximate linearity. Second, by appro-
priate interpretation, other smooth relationships are admissible., TFor example, a
log~linear relationship between prices and quantities can be assumed. 1In this case,
each P, or Q, will be interpreted as the logarithm of a price or a quantity. 8
and w1 “will be"logarithms of the quantity and price index, and so on. This gener-
alization will remain applicable except in the limiting case (explained in the sec—~
tion entitled "A Limiting Case"), where each symbol will always refer to the untrans-
formed variables.
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The corresponding price index change can be calculated easily using Eq. 9-3, since

1% Pi =Q, for i # 0:

Ar = 9w + AP = {[Vrn - PO] .

Since the term in brackets is a constant, which can be denoted as D, this equa-

tion becomes:
Ar = BD , (9-10)

In order to estimate values of the Ai‘s,

estimated directly from data on price and guantity changes, .The variables o, and

B, and D, Egs. 9-9 and $-10 can be

f can be calculated directly using Egs. 9-& and 9-5.

Two-Commodity Case

The properties of Eg, 9-9 can be explored more fully by first restricting attention

to the two~commodity case. Then the general n-commodity case can be considered.
In the case of two commodities, Eg. 9-9 reduces to
A8 = BB + oA , {9-11)

where the subscripts have been dropped from @ and A. The first term on the
right-hand side is associated with the component of AP that leads to changes-in

the price index, the second term is associated with that component that does not.

Consider now a price change of unit magnitude and angle ¢ from V7; see Figure
9~4, Then by Eqs. 9-4 and 9~5, B = cos ¢ and a = sin ¢. Therefore, Egs. 9-1

and 9-~11 become

AB = B cos ¢ 4+ A sin ¢ , (9-12)
and
AT = D cos ¢ . {9-13)

These expressions are identical to Egs. 9-1 and 9-2. These equations define, in
parametric form, an elliptical region of price and quantity index changes resulting

from a unlt magnitude price change. This is the region illustrated inm Figure 9-2.



T CONSTANT

p1

Figure 9-4 Unit Magnitude Price Change in the Two-Commedity Case

The derivative of the quantity index with respect to the price index can be calcu-

lated as

AB
A - O+ T tan ¢ , (9-14)

where @ = B/B and T = A/D .

Equation 9-14 indicates that the demand derivative can be decomposed into two terms.
The first term is a comnstant and independent of the direction of the price change
vector., The second is directly proportional to the ratio of the perpendiculér price
change magnitude to che'parallel price change magnitude. Therefore, this term is
dependent upon the direction of the price change. The first component will be re-
ferred to as the "price level" demand derivative while the second will be referred

to as the "relative price" demand derivative.

Equation 9-14 provides an analytical amswer to the basic question: Can one define,
for a given model, an aggregate demand elasticity applicable to a wide range of
price changes? By Eq. 9-14, 4f A = 0, the answer is yes. TFor any small price
change, the aggregate demand derivative is independent of the direction of price
change. Conversely, if A # 0, the price elasticity can vary with the direction
of price change: as various directions of price change are examined, tan é can
vary between -« and +=, Thus, the aggregate demand derivarive and the aggregate
demand elasticity can vary between -« and 4=, depending upon the direction of

price changes considered.



The parameter ¢ can be defined as the average aggregate demand derivative when all
possible directions of change are censiderad. Consider a price change of unit mag-
nitude but of angle ¢ wvarving with zqual frequency between 0° and 360°. The
average of A6/4m is the integral of tne right-hand side of Eq. 9-14 as ¢ wvaries.
Since tan ¢ = -tan (-9), the second term integrates to zero, leaving only the
first term. Thus the average aggregate demand is equal to G, the price level

demand derivative,

It should be noted that ¢ will not be the average of the derivatives obtained by
an experiment which asymetrically selects price directions, unless A = 0. o0 will
be the average of the price derivatives derived from an experiment if and only if

the term tan ¢ averages to zero over all variations chosen,

In addition, it should be noted that ¢ will not be the derivative obtained in
response to a proportional increase of all prices, unless ¥r is proportiomal to

P, since only in the latter case does tan ¢ equal zero, For commonly used price
indexes (e.g., Paasche, Laspeyres, etc.), Vr 1is proportional to Q. Thus o will
be the derivative obtained in response to a proportional increase in all prices if
and only if the vector of quantities is proportiocnal to the price vector or if

A= O,

Although the demand derivative can vary with the direction of price change, for-
small values of <T/0 most possible price changes will lead to derivatives approxi-
mately equal to 0. The smaller the ratio 7T/¢ (or equivalently, A/B), the wider
the range of price change directions in which the demand derivative is closely ap~-
proximated by G, .

Figure 9-4 coulé also illustrate, for a given value of T/0, the values of ¢ for
which the demand derivative is within a given percentage of 0, The areas of close
approximation symmetrically surround the price index gradient and its negative,
since tan (-¢) = ~tan ¢. The magnitude of this region of close approximation can
be calculated. Assume that a fractional error of E is acceptable. Then Eq. 9-14
allows a calculation of the rangeé of tan ¢ in which the demand elasticity is

within a fraction of +E of J. This range is defined by
itan ¢| < E/|a/B| = E/lt/c] .
Table 9-1 presents values of ¢ at which the above inequality becomes an equality.

These are then maximum values for which the demand derivative falls within a range

of o(l - E) and o(l + E). Table 9-1 also presents the fraction of the direc-
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Table 9-1

MAXIMUM VALUES OF ¢ AND PERCENT OF DIRECTIONS FOR WHICH
DEMAND DERIVATIVE REMAINS WITHIN ERRORZ OF +E: TWO-COMMODIYY CASE

t/d or E
A/B 0.10 0,20 0.5 1.0
o] % ) % ) A $ %
0.01 +84° 94 +87° 97  +89° 98.7 +89°  99.4
0.05 +63° 70 +76° 84  +B84° 94 +87° 97
0.2 +27° 30 +45° 50  468° 76 +79° 87
0.5  +11° 13  +22° 24 +45° 50 +63° 70

1.0+ 6° 6 +L1° 13 +27° 30 +45° 50

3The demand derivative remains within an error of +E for
all values of ¢ within the limits indicated plus all
values obtained by adding 180° to the limits. Thus for
E=0.10 and t/0 = 0,01 , the demand derivative remains
between O(1~-E) and g(l+E) 1f =84° < ¢ < 84° or if
96° < ¢ < 264° ,

tions of price change for which the demand derivative error is within a fraction

+E of 0. For example, for 1/6 equal to 0.05, and an allowable 20% error, the
maximum value of ¢ 4is +76°. Eighty-four percent of the price directions lead to
aggregate demand derivatives which fall within +20% of the price level demand deri-

vative.

Assume now, as an example, that the value of the price level demand derivative is
known, that one would like to estimate aggregate demand change for a number of dif-
ferent price change directions, and that a 207 error is acceptable. To calculate
aggregate demand change, the.price level demand derivative is applied to the aggre-
gate price change. Then if 1t/0 were as small as 0.01, 97% of the price directioms
would give actual aggregate changes within +207%7 of the estimated value. Three per-
cent of the directions--those most nearly perpendicular to the gradient of the price
index--would leazd to more than 20% error. However, if <t/o equaled 0.5, only 24%
of the directions would give estimates with no more tham 20% error while 76Z would

give a greater error.

The error fraction of 1 has a particular meaning. If the error fraction is smaller
than 1, the sign of the demand derivative is always the same as the estimated sign.
However, for error fractions greater than 1, the sign will be in error for one half

of the directions whose error fractions exceed unity. Thus, if t/c = 0.5, for 15%
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of the directions the estimated sign of the demand derivative will be the opposite
from the actual sign, while if T/0 = 1, the sign will be in error for 25% of the

directions,

The n=-Commodity Casge

For the n-commodity case (with n greater than 2), the basic principles for decom-
position are similar to those developed for the two-commodity case. Equation 9-9
can be used to examine the shape of the feasible region for the general n-dimen-
sional case. It will be shown that the frontier of the region occurring in responmse
to a unit magnitude price change will have an elliptical form identical to that des-
cribed by Egs. 9-12 and 9-13. However, for n > 3, the entire interior of the
ellipse will also be feasible,

One can generalize to the n-dimensional case the idea of an angle ($) between the
direction of the price change vector and the price index gradient vector.* Then for
a given A48, there will exist a range of possible values of AB, with those values
obtaining for various directions of price changes within the hyperplane of price
index constant. The maximum and minimum values of A8, for a unit magnitude price
change, will depend in a predictable mamner om ¢. All values between the maxi-
mum and minimum will be feasible.

For a price change of unit magnitude; the sum of the squares of the component magni-

tudes+ likewise must equal unity. By Eq. 9-3,

n-1
a2 + ) (o
i=1

2 .
i) = 1 3 (9"“15)

where the cr.i's and B8 are defined by Eqs. 9~5 and 9-4, respectively,

Now ¢ can be defined

]
w
.

cos ¢ (9-16)

*The angle can be constructed by defining a plane which contains the vectors vr
and AP. Then ¢ will be the angle between 9m and AP.

-
'Equation 9-15 depends upon the previous requirement that all unit price change vee~
tors are orthogonal to one another.
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Equivalently, by Eq. 9-15

n-1 2 1/2
sin ¢ = ¥ () . (9-17)

i=1

For the two-dimensional case, Egs, 9-16 and 9-17, combined with Eg, 9~9, reduce to
Eq. 9-12. Equation 9-16, combined with Eq. 9-10 gives Eq. 9-1 for.the n-dimen-
sional case, as well as for the 2-dimensiomal case. Thus, no further analysis

is needed to calculate the price index change.

An additional equation for A€ can be determined, Equations 9-9 and 9-16 imply
that

AB = B cos ¢ + XaiAi R (9-18)

By Eq. 9-18, A8 depends upon the precise values of the ai's. However, one can

characterize the frontier of the demand region by solving for those ai's which

either maximize or minimize A@ under the constraint of Eq. 9-17. The maximum, or

minimum, occurs if

Ai sin ¢
x 7172
X!

for all 1. Inserting the above o into Eq. 9-18 gives an egquation for.the de-

T
48
mand reglon frontier values of A8:

28 = Beos ot (JAP P ems . (9-19)
Now define A as
A = apht? . (9-20)
i
Then Eq. 9-19 reduces to the following:
A = B cos ¢+ 4 sin ¢, (9-21)

an expression identical to Eq. 9-2.
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The equations describing the frontier of the n-~commodity demand region thus corres—

pond precisely to Eqs. 9-1 and 9-2., The frontier of the region traced out by a unit
magnitude price change continues to be an ellipse, even for the n~dimensional case!

However, for n > 2, all points in the interior of the ellipse are traced out,

while in the case of n = 2, only the frontier is feasible,

Equation 9-9 can be interpreted somewhat differently by a specific choice of unit

. *
price change vectors. It wiil always be possible to choose mn-2 orthogonal direc-
tions which are perpendicular to ¥m, such that the corresponding quantity changes

are perpendicular to VO. Let PZ...Pn 1 be so chosen. In this case

A T Ay T ey 70,

and Eq. 9-9 reduces to Eq, 9-11.

Under this choice of unit price change vectors, two unit vectors will be particu-
larly relevant: PO and Pl' Only those components of a price change parallel to
these two unit vectors will lead to changes in either 8 or w., All other price
change components lead to Am = AB = (. Therefore, examination of the values of

Am  and A8 reduces to examination of the projection of AP onto a plane spanned
by the vectors P0 and P,. All components of AP perpendicular to this plane are

1
irrelevant to AT and A8,

Under this interpretation, £ c¢an be defined to measure the angle of AP from this
plane. This angle {fl) is implicitly defined by:

sin ¢ cos D = g, = AP s P , (9-22)

For {1 =0°, AP 1lies in the plane spanned by P_ and ©P.; for = 90°, AP

0 1’

is perpendicular to Pl'

*
Given any initial set of orthogonal unit price vectors, at least n-2 linear com-
binations can be chosen that give vectors which are perpendicular to one another and
which have zero change in the quantity index.
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Figure 9-5 diagrams the angles ¢ and . for the case of n = 3. For the case
n > 3, the interpretation of ¢ 1is straightforward, as indicated above, but the
interpretation of {! fecllows from a generalization of gecmetric ideas into spaces

of greater than three dimensions and thus cannot be diagrammed simply,

For a unit magnitude price change, under the above choice of unit price change vec-
*
tors, 9-9 reduces to

A8 = Beos ¢+ A sin ¢ cos O, (9-23)

and the aggregate demand derivative becomes

49

i g+ T tan ¢ cos 0, (9-24)

where ¢ = B/D and T = A/D.

p2

Vr

T CONSTANT

Ag=0

p3

Figure 9-5 Price Changes in the Three-Commodity Case

* :
Note that, by Eq. 9-20, in this case A = Al.
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This equation shculd be compared to Eq. 9-14, For 2 = 0° or 180°, cos (I becomes
1 or -1 respectively, its maximum magnitude. In this case, Eq. 9-24 reduces to
Eq. 9-14. For { fixed and ¢ varying, T cos @ takes a fixed value, smaller
in magnitude than <t. Thus, for & fixed, Eq. 9-24 will have the same form as
Eq. 9-14,

As In the two-dimensional case, the demand derivative can be decomposed into two
terms: the price level demand derivative (0) and the relative price demand deriva-
tive (T tan ¢ cos Q). The first component is a constant, independent of direction
of price change, while the latter component may vary between +® and - as the

direction of price change varies.

The price level demand derivative can also be interpreted as the average price de-
rivative, just as is possible for the two-commodity case. As all possible direc-
tions of price change are spanned, the second term in Eq. 9-24 integrates to zero,
leaving the average overall possible directions of price change of the values of
AB/AT  equal to G,

The parameter T will be referred to as the directional demand derivative., High
values of T imply that the variable component of the demand derivative is fre—
quently large, while small values of T imply that the variable component is usual-
ly small.

Under this cheice of unit price vectors, the price and quantity index changes can be
plotted for a unift magnitude price change as ¢ wvaries over its range, Figure 9-6
1llustrates the resulting demand region for the n-commodity case. Note that this
diagram is identical to Figure 9.5 except that the entire area within the ellipse
would be spanned as { and ¢ vary. For Q = 90° or 270°, the locus of Ar and
A is a single line, having slope ©. As Q wvaries, while ¢ remains constant,
AS will change but Am will not, This leads to vertical changes on the figure, as
illustrated.

The parameter T c¢an be interpreted as a measure of the thickness of the demand
region in Figure 9-2., The maximum vertical thickness of the demand region occurs
where AT = (; here the thickness is 2A., The maximum price index variation is 2D.
Thus, the ratio of the maximum vertical thickness to the maximum price index varia-
tion is A/D = T. Hence, T «can be interpreted as the demand region thickness

relative to the maximum price index variation,
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Price Change Vector as ¢ Varies Over its Range (n > 2)

A third parameter, the shape parameter Vv, can be defined to measure the relative
thickness 6f the demand regiom, Let Vv = A/B = T/0, Then V 1s the ratio of two
quantity index changes, one evaluated at the minimum absolute price index change

(AT = Q) and the other evaluated at the maximum absolute price index changa. v is
a measure of the relative contributions of the variable and fixed demand derivative
components, and so it provides information about the shape of the demand region. A
large value of v indicates that the demand is highly sensitive to the direction of
the price change and the region will be fairly thick. A small value of v indi-
cates that the demand is relatively insensitive to the direction of price change and
the region will be more elongated, In this last case, the demand region can be

closely approximated by a single-valued demand function with slope 0.

The range of applicability of the demand derivative estimate, ¢, can be estimated
as ¢ and { wvary over their ranges. Assume that a fractional error of E is
acceptable. Then the actual demand derivative falls within a range of o(1-E) and

0(14E) whenever

|tan ¢ sin Q] < E/ v .
Thus, the shape parameter Vv provides a measure of the fraction of price directions
for which 0 1s a close approximation to the price derivative, For n = 3, Table

9-2 presents the fraction of the directions for which the inequality holds., For
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Table 9-2

PERCENT OF DIRECTIONS FOR WHICH DEMAND DERIVATIVE
REMAINS WITHIN ERROR OF E: THREE-COMMODITY CASE

1/0 or E

A/B 0.1 0.2 0.3 1.0
0.05 0.81  0.90  0.96 0,98
0.1  0.66  0.8L  0.92  0.96
0.2 0.47 0.66 0.84 0,92
0.3 0.37 0.55 0.77 0.88
0.6  0.31  0.47 0.71  0.84
0.5  0.27 0.41  0.66  0.81
0.6  0.23 0.37 0.61  0.77
0.7 0.21  0.33 0.57 0.74
0.8 0.195  0.31  0.53 0.71
0.9  0.17 0.29 0.50  0.68
1.0 0,16  0.27 0.47 0.66
1.5  0.12 0.20  0.37 0.55
2,0 0.09 0,16  0.31 0,47

example, if Vv equals 0.5 and an error of 20% is allowable, then 90% of the price
directions lead to demand derivations which f£all within 207 of g,

As in the two~commodity case, an average demand derivative can be calculated by
letting ¢ and Q vary over their ranges with equal probability of any directiom.

Then again Vv 1is the average demand derivative in the three-commodity casa.

A LIMITING CASE

Although in general the decomposition approach has been designed to help identify’
regions of price change and quantity change, in a limiting case, the region could
have zero thickness. 1In this case, the relative price demand derivative is zero;

a single-valued demand function exists,

The limiting case will occur under a set of assumptions. First, assume that there

exists a production function, using a set of commodities as inputs to produce some
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output, The commodity demands are derived from minimizing the cost reguired to
cbtain a given level of output. The production function is assumed to be separable
in that one group of commedities can be aggregated into a single aggregate commod-
ity. TFor concreteness, these commodities will be assumed %o be various energy car-
riers. Thus the production function will be assumed separable into an energy sub-
aggregator, E{(Q), and a vector of other inputs, This subaggregator is assumed to be
homothetic, These can be summarized as follows:

® Assumption: Separable, homothetic subagpregator. Energy demand will be

assumed to be derived by minimizing cost of obtaining a given level of

output, based upon a separable production function, with a homothetic
energy subaggregator.

The price index and the quantity index will be assumed to have the following gradi-

ents for all changes:
vr o= Q (9-25)
Ve = p , ' (9-26)

This assumption Is exactly satisfied for infinitesimal changes around the reference
price and quantity vectors and is approximately satisfied for small price and quan-

- tity changes for the Paasche, Laspeyres, Ideal, and Tornquist indexes,

The following proposition can be established:

o Proposition: Under the assumption of a separable, homothetie energy sub-
aggregator, with price and quantity indexes satisfying Eqs. 9-25 and 9-26,
any price vector change which leaves the price index unchanged will be
associated with a quantity vector change which leaves the quantity index
unchanged.

Proof: Cost minimization implies that

P = AVE ,

where E 1is the gradient of the energy subaggregater and X is a scalar. By Egq.
9-26, this implies ' ’

Ve = AVE , (9=27)

The gradient of the quantity index will be parallel to the gradient of the energy

subaggregator.
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Now choose an infiniresimal &P, such that Vr « 6P = 0, Any finite price change
which does not change the price index can be made up of a set of such infinitesimal

changes.
By Eq. 9-25, for chis price change
Q% = 0 . (9-28)

Equation 9-28 implies that the minimized cost of obtaining the given quantity of the
energy aggregate is unchanged. Under the homotheticity assumption, the marginal
cost of purchasing the given energy quantity is also unchanged. Hence, the optimal

quantity of the energy aggregate remains unchanged:

0 = AE = VE - 8g , {9-29)
where &8Q d1s the resultant change in the vector of energy commodities.
Using Eq. 9-27 with 9-29 gives

AB = V8 ¢« 8¢ = 0 . {9=30)
The quantity index change must be zero,

For finite price changes, the legic can be applied to infinitesimal price and quan-
tity changes, and the result integrated to give the result stated. Q.E.D.

This result can be used as a test of whether data generated by a model or an econom-
ic process is consistentlwith the existence of cost minimization under a separable,
homothetic energy subaggregator. If the demand region derived from unit magnitude
price changes is thick, the separability or cost minimizing assumptions will be poor
approximations. 1If the regiom is thin, these assumptions may provide gocd approxi-

mations to the process generating the data,

The width of the elliptical demand region can be interpreted as a measure of the
degree to which the separability assumption is valid, Such an interpretation
includes a maintained hypothesis that the data is consistent with cost minimizing
behavior. Since the demand region thickness provides a measure of the degree of
failure of the separability assumption, it goes beyond current tests which only

indicate whether or not separability may hold.
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RESULTS FOR THE "AGGREGATE ELASTICITY OF ENERGY DEMAND" STUDY

The decomposition methodology was applied te several sets of data generated for this
study. These energy price and quantity data, generated for up to three fuels, were
aggregated using four indexes, the Paasche, Laspeyres, Tornquist, and 3tu-weighted.
Demand regions were then fitted to Egs, 9-13 and 9-18 using ordinary least squares
(0LS) and the frontiers were plotted using Egs. 9-13 and 9-21, The results ate pre-
sented in Tables 9-3 and 9-4. Table 9-3 contains primary demand elasticity esti-

mates while Table 9~4 provides secondary demand elasticity estimares,

The parameters 0O, T, and Vv have been estimated based upon the constants A, B,
and D as described above in Eq, 9-24. Since the price and quantity indexes equal
unity for the Reference case, the demand derivative is algebraically equal to the
demand elasticity for small changes in price and quantity around the Reference case.*

Thds, g and T can be interpreted as components of the demand elasticity.

An examination of Table 9-4 shows that the elasticities estimated for the Paasche,
Laspeyres, and Tornquist indexes are consistently close in value, whereas those
estimated for the Btu-weighted index often differ significantly from the others.
This was to be expected since the Btu-weighted index, in contrast to the others, 1s
not based upon the assumption of optimizing behavior, The aggregate elasticities
-and, hence, the decomposition parameters computed using the Btu-weighted index; will

be different from the others unless all energy prices are identical.

A comparison of Tables 9«3 and 9-4 supports the observation discussed in Chapter 1:
elasticities measured at the primary level are less dependable than those measured
at the secondary level. For almost all models, values of V calculated at the
primary level are larger in absolute value than for the equivalent statistics cal-
culated at the secondary level, Hence, at the secondary level, the average elas-
ticities closely match the actual elasticities for a greater fraction of the price

direction changes than occurs at the primary level,

Representative demand reglons based upon the secondary fuels data are displayed inm
Figures 9-7 through 9-l11. A complete set of demand region graphs is included in
Appendix B, The An's and 48's computed from the basic data and adjusted to cor-

respond to unit magnitude price changes were plotted as x's in these figures. The

*
The sign convention for elasticities used here is the opposite from that used in
Chapter L. Here a downward sloping demand function will have a negative elasticity.
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solid line in each figurs is the frentier of the demand region obtained by fitting
The dashed line is

e and quantity indexes.

i

T ic

Egs. 9-13 and 9-20 to the adjusted p

the locus of points for which the directional component of the demand derivative is

zero; its slope is 0.

The squares and stars are the index points adjusted to correspond to price change
These latter points

directions consistent with the frontier of the demand region.
were included to help interpret and explain the observationm that, for many of the

models, the frontier of the fitted demand region did not correspond to the index

The adjustment was made by computing an error term for each
computed from the basic data and

aB

poines (i.e., the x's).
point as the difference between the value of
AB was then adjusted to correspond to the situation

the value of AO computed from Eq. 9-23, with the values of A and B obtained from
the least squares regression,

of cos 8 =1, 4i.e., to Eq. 9-21. The error term was then added to the calculated
value of A8 corresponding to the frontier of the demand region. The squares cor-
respond to data points lying above the central axis of the ellipse; the stars cor-

respond to the data points lying below this axis.
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A comparison of these figures illustrates the effect of variations in the parameters.

In particular, consider the demand regions of Baughman-Joskow, Figure 9-9 and MEFS,
Figure 9-10. With the Paasche index, the value of the shape parameter for the Baughman-
Joskow model is relatively large, -4.04, and the region is fairly thick, indicating

that the demand is highly dependent upon the direction of the price change. In con-
trast, the value of v of the MEFS model is relatively small, -0.34, and the region

is thin, indicating that the demand is relatively independent of the direction of price
change.

SUMMARY AND CONCLUSIONS

Econometric studies based upon an aggregated class of commodities may face severe
problems associated with aggregation, Even the normal conceét of a demand curve
way not be valid for the aggregates. Rather, a demand region may be required to
describe the quantity index changes occurring in response to price changes of a
given magnitude. The problem could raise havoc with econometric studies since most
historical data available is, to a significant extent, composed of aggregates of

many scmewhat heterogeneous commodities,

This chapter has provided a theory for econometric modeling of aggregated commodity
classes, a theory strictly applicable only under restrictive linearity assumptions.
The basic shape of a demand region has been identified for the linear case. Param-
eters have been identified which could, in principle, be estimated in order to cal-
culate average price elasticities and.to examine the extent to which demand functions

can closely approximate the demand regions.

The thickness of the demand region has been related to the concept of separability.
If the commodities are inputs to a separable production function, embedying a homo-
thetic subaggregator for the commodity class, and If cost minimizing behavior is
occurring, then the demand region is of zero thickness: a demand function does
exist, Therefore, a thick region implies the violation of at least one of the
above assumptions. Parameters can be defined to describe the relative thickness of
the demand region and these parameters can indicate the degree to which the assump-
tion set 1s violated. Thus, if cost minimization is a maintained hypothesis, the

degree to which separability provides a close approximation is testable in principle.

The basic theory has been applied to a body of pseudodata generated for the "Aggre—~
gate Elasticity of Energy Demand" study, Tests with this data set confirm that even
for such clean data, the aggregation problems are highly significant and that the

normal concept of a demand function must be interpreted with extreme cautioen.
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Appendix A

SUMMARY OF THE COMPUTATIONS USED IN THE DECOMPOSITION EXPERIMENT

by
Steven Duvall

The equations used to compute the price and quantity indexes are displayed in Table

9A~1, These equations were defined so that each index has a value of unity at the

Reference case.

Table 9A-1

PRICE AND QUANTITY INDEXES

Index Price Quantity
I oot ot Lol
i3 i 4
Paasche T = =1 g = iul
% 20 ot T et
i=1 i3 11 173
g 10 ? 01
& Py qi i Pi qi
Laspeyres T = g = -
I o242 I 0 q
i=1 i3 i=1 i*i
4
n 0 0
Py 4 P; 45 21 Py 9
Tornquist T = exp 1/2 E + = g = =
it I I S N T ] B)as
=1 L oy 1 H =3+ 1
n 0
1 0 1
I pga 1 g
i=] 01 i=1 i
Btu-weighted T 6 =
n n
Z PO qO Z qO
=1 + 1 =1
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As an ald to the comparison of the decomposition results for the various models,

the computations were based upon unit magnitude price changes. That is, for each
x

scenaric, the price change vector was normalized by dividing it by its magnitude :

AP/[IAP|!. Consistent with this approach, the A48's and AT's were computed using

0 pt - 2
)
[

P+
HPl-P

-

as the price vector for the specific scenario and,

1 0
RS TR Y
P =P

as the quantity vector for the specific scenario.

The demand regions corresponding t¢ unit magnitude price changes are described by
equations (94-1) and (9A-2):

Am = D cos ¢ (94-1)
A8 = BB + uA1 + YAZ (9A=-2)
where
¢ = the angle between VT and AP ,
B = AP - P0 = cos ¢ ,
a = AP - Pl , and
Y=AP-P2
The vectors PO, Pl’ and PZ form an orthogonal hasis in price space with PO

parallel to Am.

Pl and P2 were computed by applying the Gram-Scimidt orthogonalization method to
Py = vn/||vn|] = QO/!|Q0]I and two arbitrary unit vectors. The basic matrix thus

obtained, before normalization of the columns, is

% /2

[‘ « || will denote the norm of the vector X; (o« 1] =& - X)l .
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Defining M as the matrix obtained by normalizing the columns of M', the data
vector (B, @, Y) in Eq. 9A-2 was computed using Eq. 9A~3:

(8, ay, v) = (AP)T M. (9a-3)

The parameters A1, AZ’ and B din Eq. 9A-2 were estimated by applying ordinary = -
least squares (OLS) to Eq. 9A~2 with the data vector estimated using Eq. 9A-3

and A8 adjusted to correspond to a unit price change.

The parameter D in Eq, 9A-1 could be estimated im a similar fashion using OLS.

However, under the assumption that Vr = pO/qO . po , D can be calculated di-

rectly from the basic data. 3By definition

D = ¥m e PO . (gA-A)

But, P, = In/i|97|| . Therefore,

D = Vr - 9n/|l9n|] = [lom|] .

%9

Sa, setting ¥Yr =
qopo H

(9A-3)
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The cerrespondence between the fitted demand region and the data points can be judged
by adjusting A8 so that each data point correspends to the frontier of the demand
region, That is, an error term is computed for each data points as the vertical

distance between A8 and the fitted demand region. Thus,

-~ el

g = AB - ﬁ cos § - dAl - YA

, s (94-6)

2
from the regression. It should be clear that € can be either positive or nega-

where ﬁ, Kl’ and A, are the values of the parameters 3, Al’ and AZ obtained

tive. The value of A8 adjusted to correspond to the frontier of the demand region

is then calculated by adding £ to the equation for the fromtier:

AB* = Beos P+ Asin ¢+ {9A-7)

where A = VA% + Ag .

Alternatively, when sufficient data are available to estimate the matrix of demand

derivatives,

— —
an/aPl an/aPZ 3q1/3P3

G = BqZ/BPl qu/BPZ 3q2/3P3

3q3/3P1 3q3/3P2 3q3/3P%J ,

a more direct approach for estimating the parameters of the demand regions is avail-

able. Assuming G 1s known, the parameters in Eq. 9A-2 are given by Eq. 9A-8,

B = (V8, GPO)
A = (ve, GPl) {94-8)
A, = (ve, GPZ) .
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The decomposition method was compared to this latter approach by applying both meth-
ods to a set of pseudodata generated using the FOSSIL] model under 27 different
scenarics. As is apparent in Table 94-2 and Figures 9%A-1 and 9A-2, the two methods
yielded relatively consistent results, though the demand region estimated using de-
composition was slightly thicker.

Table 94-2

COMPARISON OF DECOMPOSITION RESULTS WITH DIRECT ESTIMATION

Estimation Approach ag T v
Direct Estimation -0.05 0.04 -0.68
Decomposition
Paasche Index -0,07 0.07 -0,93
Laspeyres Index ~0,08 0.06 -0.76

g = average elastieity (slope).
T = directional elasticity (thickness),
Vv = ghape factor.

02 T 7 T

e
- .

T

1

CHANGE IN QUANTITY INDEX
s o
- [=]
i
i

-0.2 )] 1 L
—0.2 =0.1 0 0.1 0.2

CHANGE IN PRICE INDEX

Figure 94~1 25-Year Direct Approach Estimates for the
FOSSILl Model {Total Demand, Paasche Index)
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]

= 0.1 -
>

=

-

Zz

! I T e

a 0.0 RS R LTy
Z

w

2

g =0.ip -
I

(%)

~0.2 i L 1
=0.2 -0.1 [ 0.1 0.2

CHANGE IN PRICE INDEX

Figure 9A-2 25~Year Decomposition Estimates for the
FOSSIL]1 Model (Total Demand, Paasche Index)

A second experiment using the same FOSSIL1 data was designed to evaluate the depen-—
dence of the decomposition results upon the particular sample used. Demand regions
were fitted to nine different subsets of the 27 scenarios and compared with the de-
mand regions obtazined from the criginal nine EMF 4 scenarios and the full set of 27
scenarlos. Each of the nine subsets were chosen to reflect the effect of changing
one of the underlying assumptions of fuel prices, For example, the first case.con»
sists of all scenarios based upon low oil and gas price., As seen in Table 9A-3,
with the exception of the nominal coal price case, the results are fairly consis-

tent, indicting that the decomposition estimates are fairly robust,

§-32



Table 9A-3

SAMPLE DEPENDENCE OF THE DECCMPOSITION RESULTS
(Paasche Index)

Price Case . g T v
Low 0il and Gas Prices -0.05 0.05 -0.85
Nominal 0il and Gas Prices -0.23 0.24 -1.01
High 01l and Gas Prices ~0.09 0.10 -1.04
Low Coal Prices -0.09 0.12 -1.40
Nominal Coal Prices -0.38 11,99 32.00
High Coal Prices -0.06 0.05 -0.87
Low Electricity Prices ~-0.08 0.06 -0.73
Nominal Electricity Prices -0,11 C.38 =3.44
High Electricity Prices -0.07 0.09% -1.28
EMF 4 Scenarics -0.07 0.05 -0, 68
All Scenarios (27) -0.07 0.07 -0,93

g = average elasticity (slope).
T = directional elasticity (thickness).
v = ghape factor.
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Appendix B

MODEL/SECTOR DEMAND REGIONS FOR
PRIMARY AND SECONDARY ENERGY
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Chapter 10

QUANTIFICATION OF UNCERTAINTY IN ELASTICITY ESTIMATES
OBTAINED FROM THE ECONOMETRIC MODELS

INTRODUCTION

There is a range of uncertainty associated with any demand elasticity estimate:

The actual elasticity could be greater than or less than aay of the point estimates
presented in the "Aggregate Elasticity of Energy Demand” report. However, limita-
tions in the current state of the art either preclude calculation of explicit un~’
certainty measures or make caleculation extremely costly. Furthermore, the objective
measures of uncertainty which could be conceptuzlly calculated can never be expected
to capture the subjective uncertainties in the minds of many potential model users
or modelers., For these reasons, the goal of developing a satisfactory measure has
not been reached within the present study. This chapter summarizes the difficulties
involved, suggests a path for future research, and describes an appropriate estima-

tion methodology.

DIRECT APPROACH

Let y be a scalar function of the vector of predetermined variables, X , and the

vector of parameters, B , so that
y = f(xa B) » (lo-l)

where f may be a nonlinear function of B for given X . It is desired to obtain
an estimate of y , say ; , by substituting for B an estimator of R , say B .

Suppose that 8 1is consistent and asymptotically normal with a known variance, then

the variance of ¥ may be approximatred by:

~ 3f! . af
viy) = 38 v{8) 58 ° (10-2)
where %%(X,B) is evaluated at 8 = B and v(é) is the variance of é . Note

however, that in general, E; # £(X,ER} unless £(¥,B) is linear in B .
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Now suppose that f£(X,8) is, in fact, the formula for the demand elasticity; then
its asymptotic variance can be readily estimated. In principle, this can be done
for every model in the present study which provides estimates of the variance-

covariance matrix of its parameters.

The difficulty of implementing such an approach lies in the fact that, except for
very simple models, it i1s not possible to express the demand elasticity as a function
of only the predetermined variables and parameters in closed form. One can strill

estimate the variance numerically, but the computation is likely to be elaborate.

However, it may be worthwhile to examine the models inecluded in the "Aggregate
Elasticity of Energy Demand" study to see if they are amenable to this direct

approach.

STOCHASTIC SIMULATION

If the direct approach outlined above proves computationally intractable, a simpler

but computer-time intensive method called stochcastic simulation can be used.
Let the system of equations that defines the model be written as

F(Ya ,x, B) = 0 5 (10"3)
where F 1is a vector-valued function and Y is a vector of the jointly determined
variables of the model., Typically, the demand elasticity can be calculated as some

scalar function of Y for given X and B , say

£ = £(Y, %, B . (10=-4)

~

Given the estimator § of B and an estimate of v(é) » and assuming that £B is
asymptotically normal, one can make randem drawings of E from its underiying
multivariate normal distributicn. Given any such drawing, one can solve Eq. 10-3
for Y , and given X and Y , can solve for a value of the demand elastipity.
One can repeat thils process to obtain a sequence of estimates for the demand elas-
ticity, € . Given this sequence of estimates, one can compute an estimate of the
mean and variance of the demand elasticity. If the number of drawings is suffi-
ciently large, this method should yield an estimate of the variance that is close

to the true variance. In other words, omne can do a Monte Carlo study to estimate

the error properties.
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If the model is large and complex, this may be the only feasible method to obtzain
any answer at all. This method need not be particularly expensive, but it does
require running the meodels over and over again for different sets of parameter

values that are drawn from the underlying distribution.

PARAMETER ESTIMATION ERROR VERSUS FORECAST ERROR

Alrhough the two are related, one should not confuse the error in the estimate of

a parameter, such as the demand elasticity, with the error in a conditional forecast,
such as the quantity of energy demanded if the price of energy is X . The error

in a conditional forecast comes from two separate sources——the error in the estima-
tion of the parameters B and the intrinsic stochastic error in equations of the
model. In order to estimate the standard error of a conditional forecast of energy
demand, it is better to approach the problem directly, rather than through the

demand elasticity. In general, one may write
3}0 = (%, B, e) , (10-5)

where Yo is a forecast and eo is a vector of stochastic disturbances. Then

2 1 e
a8 ~ 38
~ . B
V() V) ,

A 9

-1 Je
[=]

of af 2

where =5 and - are evaluated at B =0 and € = 0 1t should be noted
3R ag, o

~

that, in general, c(B,EO) is assumed to be zero, since B is presumably based on

past observations.

It may be difficult to have a closed form representation for Eg. 10-5, so that
stochastic simulation may again be the only tractable way to attack this problem.
Thus, starting from ' .

F(Y, X, B, EO) = 0 , (10~6)

one can draw (% } from the underlying distributions. We note that in the form of
0

Eq. 10-6, most models can be written as
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Fx(Y, X, B} + €, = o . (10-7)
Equation 10-7 is a substantial simplification of Eg. 10-6.

From forecasts of Y and its estimated standard errors, one can construct a fore-

cast of Yo and its estimated standard error.

LINEARIZATION APPROACH

4 low cost alternative that may work well is to linearize the complete model in

8 and £ around the equilibrium solution values. One can then proceed as if the
model were linear; and computation of the estimates of the error variance bécomes
quite straightforward. There is, however, no real assurance that such estimates will
be close to the true values, although limited experience with stochastic simulation .
of other models suggests that the procedure should work reasonably well, Moreover,
this procedure is likely to be relatively inexpensive, and also should take rela-
tively little time to implement. This may be the way to obtain some preliminary

idea of the degree of uncertainty in estimates of demand elasticities while efforts

along the iines indicated above are pursued.
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Chapter 11

THE DYNAMICS OF ELASTICITY ESTIMATION

INTRODUCTION

The "Aggregate Elasticity of Energy Demand" study attempted to measure the aggregate
price elasticity of energy demand implicit in 16 energy demand and energy-econamy
models by using data generated through controlled runs of these models. The ex—
periment was set up whereby individual prices were variled, and both these prices

and resulting fuel demands were aggregated and compared across scenarios to deter-
mine energy demand elasticities., 1In this chapter, we discuss some of the problems
encountered when estimating elasticities in a dynamic context, and we describe a

few alternative approaches to the problem.

In static models, the demand elasticity is a well defimed concept, being the per-
centage change in demand in response to a percentage change in price. In dynamic
models, however, the picture is a bilt more complicated; a vector or time sequence
of priceé results in a time sequence of demands. Demand responses depend on the
nature of the price path, as well as the terminal price level. When we speak of
a price change, therefore, we need to specify which elements of a price sequence

are being changed.

Baecause of this ambiguity, a price elasticity is normally thought of as the limiting
percentage change in demand in response to a change in the terminal steady-state |
level of price relative to the initial level of price. Most analysts usually
assume that demand will fully adjust to new price levels within 20 years. The
elasticity measured in this manner is referred to as the long-run elasticity of

demand.

In this chapter, we show that estimates of long-run demand elasticities depend on
both the experiment run to generate data, i.e., the sequence of prices chosen, and
the procedure used to estimate the elasticities. We also show that, even 1f it is
known exactly, the long-run demand elasticity is useful only when prices remain
constant for an extended time after a shift in prices. We use empirical results

obtained using the Hirst Residential model {1] to illustrate the ideas we discuss.

1i-1



OQur major conclusion is that the long-run demand elasticity by itself is an interest-
ing measure, but has limited applicability in time frames under 20 or 23 years. It
is more informative to account for the dynamics of energy demand explicitly, i.e., to
consider both short- and leng-run elasticities, when prices are expected to change

over time.

MEASUREMENT OF THE LONG-RUN ELASTICITY IN A DYNAMIC CONTEXT

The Experiment

Because the thoice of experiment is by no means unique, a crucial question arises
as to what extent ocur measure of aggregate demand elasticities depends upon our
choice of experiment. We wish toc design experiments that can yield maximum infor-

mation about demand response over time.

Here we define an experiment in terms of a price path for emergy or energy fuels.
We assume all other model parameters are fixed at some base level, We alsoc assume
that all model runs start from the same point (EO,PO) and that the price P is
changed in period 1 and in all periods thereafter.

Three general price paths are commonly used. They can be described as:

] a one time step change in prices with prices held constant there-
after;
@ a percentage jump over some sat base price path (the YAggregate

Elasticity of Energy Demand" experiment); and

® a variation in the rate of growth of prices (called the rate
experiment). \

Statric Estimation Models

Many energy demand models include dymamics in one form or amother. A simple
dynamic model is used to analyze the use of a static model as the basis for
estimating long-run demand elasticities. We assume that the underlying dynamic

process is correctly described by a constant geometric lag

R -
E KE__, P, (11-1)

In logarithmic form this is

&n Et a fin K+ Aln Et-l + Bin Pt ,

where A and B are constants independent of the price.
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Three parameters are of interest: the lag parameter A ; the short-run demand
elasticity B ; and the long-run demand elasticity @ = B8/(1-1) . Assume that
estimates (B,0) are made of B and 0 , and that an estimate X of the lag

parameter A 1is determined as

A= 1 —'g . (11-2)
&

-~

We examine both short-rum (1 peried) elasticity estimates £ and long-run estimates

~

¢ , and use elasticity estimates made after 20 and 25 years as approximations of

the long~run elasticity. Equation 11-1 can now be expressed in cleosed final

form as

A" [ﬁ:ﬁf] B_8A gt t
E, = EjK 138 SN oy (11-3)
t-1
= k ppf B

el

The Estimators. We assume elasticity estimates are made on a pairwise basis,

i.e., two runs are made of the model, each with a different set of inputs. The
results of these runs are then used to compute the elasticities. We use two
estimators referred to as the EMF estimator and the arc elasticity estimator.

Both estimators are based on a static model of demand.

The EMF estimators of elasticities are based on the equation

fnE = A +0 InP , (11-4)
where t denotes the time period. The EMF egtimators are defined as

n tn (E,/E.)

e e (a1-52)
in (PllPl)
. in (E/ED

g = —— = (11-5b)
in (Pt/Pg)

where t = 20 or 25 , and
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¢ g
o= 1 -7, (11~5¢c)
c
where
Et = energy demand in period <t Zfor scenaric 1 ,
P% = energy price in period t for scenario 1i ,
B = estimate of the short-run (1 period) price elasticity,
G = estimate of the long-run price elasticity, and
A = estimate of the lag parameter.
The arc elasticity estimators are defined as
2 1 1 2
e = =z E 2 (11-6)

ta
-

P+
arc P2 - Pl El sz
where the one-period estimate is taken as § ~and periods t = 20 and t = 25

are taken as estimates of ¢ . A is defined as in the EMF case.

Note that Eq. ll-4, which is used as the basis for the EMF estimators, is the
long-run limit of the dynamic model, Eq. 11-1, when E_= E_, end 0= B/(1-1). Use
of Eq. 1ll-4 is usually justified by assuming that 20 or 25 years is a long enough
time peried to closely approximate the full adjustment of demand to price changes.

We show that this assumption is not always valid.

Biases in Static Model Estimators. We examine approximation errors incurred in

estimating B , A , and ¢ {rom both the EMF estimator, Eq. 11-5, and the arc

elasticity estimator, Eg. 11~6. Appendix A contains details of our calculatioms.
The results are summarized in Table 11-1. Table 11-2 lists the percentage errors
between estimated long-run elasticities, using the EMF estimator, and the actual

values.

Although each experiment always underestimates the elasticity response of the true
model, both the step perturbation experiment and the EMF 4 experiment provide a
close approximation when )\ is less than 0.9 and t = 20 or 25. Whem A = 0.95 ,
the elasticity measurement would have to be made at t = 45 or greater to have
less than a 10% errocr. On the other hand, estimates obtained from the rate-of-
growth experiment are significantly less than the elasticity of the true model

for any realistic time frame.
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Table 11-1

SUMMARY OF ESTIMATOR BIASES

Eglsis‘i;‘;ie? Experiment Short-Run Long=Run
Step change Exact o(l - At)
EMF EMF Exact ol - A5
t
AL = A
Rate change Exact o[l - £(—=571
Step change Close, depends |UEMF| < |carcl < |U|
on interval
< <
Arc EMF Close? depends |OEMF| |Uarc[ o]
on interval
Rate change Very close very close to EMF estimator

35ee Appendix A for exact calculations.

Table 11-2

PERCENTAGE ERROR IN LONG-RUN ELASTICITY ESTIMATES
USING THE EMF ESTIMATOR

Step Perturbation and Rate—of-Growth Change
A EMF 4 Experiments Experiment
t = 20 t = 25 t = 20 t =25
0.8 -1 - -20 ~16
0.9 -12 -7 =40 =33
0.95 =36 -28 -61 -55

Discussion of Static Model Estimators. Our major comnclusion is that measurement

of the demand elasticity using estimators based on static models is dependent upon
the experiment performed (im this case, the time path of energy prices). For
each of the estimators considered, the step perturbation and EMF 4 experiments

allow better estimates of true parameter values than does the rate-of-growth
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variation experiment. Estimators obtained with the rate-of-growth experiment

underestimate frue parameter values.

The accuracy of the EMF and arc estimators depends on the parameter being estimated.
For the short-run elastieity B , the EMF estimator 1is exact in each experiment
while the are elasticity is slightly larger than the true value. For the long-~

run elasticity estimates, the arc elasticity estimate gives a value less than the

true value but larger than the EMF estimator.

Analysts sometimes use estimators measured at point t rather than the long-run
elasticity to evaluate changes in demand corresponding to different-'price levels
at time t . This practice suffers from the same difficulty as encountered with
long-run elasticiries: namely the elasticity estimate will depend on the time
path of prices and not just the price level at the point of measurement, See
the use of the long-run demand elasticity section for further discussiom of this

point.

This raises a question about our ability to measure elasticity parameters exactly.
When we know the exact parameters to Eq. 1ll-1, we can predict exact demand
regsponses for amy price path or price level. Exact measurement of the parameters
is possible when we use Eq. 1l-1 rather than the static model, Eq. 11-4, as the
basis of our estimation procedure. Since there are only two independent parameters
out of the three of interest, B, A, and 0 , we only estimate two of them. We
show in Appendix B that we obtain more accurate results if we estimate B and A
rather than B and G . Pregented in the next section are two general dynamic

estimation procedures that can be used to estimate B and X .

A final question is whether the results obtained generalize to models with more
than one exogenous variable. In Appendix C, we describe two ways in which income
can be incorporated in the model, comcluding that, for these cases, the problem

is analogous to the simple one-variable model.

Dynamic Estimation Models

As seen in the previous section, the selection of price paths for an experiment
is extremely important in determining our ability to estimate long-rum elasticities
of demand. Many models contain some representations of dynamics and will respond

differently to alternative price paths. A natural next step is to treat dynamic
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behavior explicitly by using Eq. 11-1 as the basis of our estimates. Use of this
equation can overcome many of the shortcomings resulting from the use of a single

elasticity measure to represent demand behavior over all time.

We intreoduce two methods of estimation based on Eq. 11-1, We estimate the short-
run elasticity B and the lag parameter A and compute the long-run elasticity

estimate & as

B
1 -3

Qs
L]

. (11-7)

For this dynamic estimation process, we make no explicit assumptions about the
true underiying model. We wish to determine parameters of our simple model that
allow the best characterization of the output of the actual model for all time

periods. Define

et = {n Et

and

Equation 11-~1 can be expressed as
e = le + BP_ . {11-8)

We can obtain parameter estimates i and é using one of two methods 1f we are
given a number of runs of the actual model and a number of observations of the
sequences [(Pt,et)] . These two methods are referred to as the structural form
method and the final form method, respectively., Derived estimates of e can

t
be represented as e, -

The structural form method emphasizes the single period response of a model. This

method estimates period t's demand as a function of the price in period t and

the actual demand of period t-1 . Thus we have the expression
~ - -~ + ”~ . - —9
e Aet-l BPt (11-9)
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~

Our objective is to find estimates X and P which allow the best characteriza-—
tion of Eq. 11-8., This objective requires that we minimize the goodness of fit,
which is defined as
T ~ ~ 2
= - X - . -
Ls tél (Et e 1 BPt) (11-10)
This is a standard least-squares regression problem and A and B can be deter-

mined by solving the simultaneous equations

Ie e 1" BZPtet_

io= = - 1 (11-11a)
Eet_l
and
R EetP - XZet_lP
B = S > £ (11-11b)
rpl

In many applications, we wish to consider the demand approximation in not only
one period, but all periods. The final form method takes this objective inte
account explicitly. ’

The final form estimator is based on the equation

e, = e, +EBP_, (11-12)

where we assume that eo

period t's demand as a function of the current period price and the estimate

and (Pl’Pz""’PT) are given. This form estimates

of the previous period’'s demand. Equation 11-12 can be expressed in terms of all

exogenous inputs by writing it in the final form

T
A o t o~ t"‘iA
8, = Atey ¥ 151 A BPi . (11~13)

~

Again, our objective is to find estimates A and B that minimize the goodness

of f£it. TFor the final form, the goodness of fit is expressed as

[}
| ue ]
~
w

|

T .
Rfe - ¢ AV Epot . (11-14)

LF
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A model giving the best global approximation is determined by minimicing the

goodness—~of~£fit function, Eq. 11-14, rather thanm the one in Zq. 1L1~1J. Unfor-
tunately, minimizing LF invelves equations which are nenlinesr in 1 . Appendix
D outlines the algorithm we use to estimate A and B . It also exclains modi-

fications necessary when data for each year is not availablie from the true model's

cutput.

Because we make no assumptions about the structure of the models being charac-
terized, no general statement can be made about biases in the parameter =stimates.
If Eq. 11-1 accurately characterizes the dynamic structure of the true model,

both structural and final form estimators give exact estimates. The final form-
estimated model will always give better estimates than the structural form—
estimated model. However, we are unable to make any a priori statements as to

which experiment leads to better estimates.

USE OF THE LONG-RUN DEMAND ELASTICITY IN A DYNAMIC CONTEXT

The purpose of measuring the demand elasticity implicit in the energy demand and
energy-economy models is to allow us to easily characterize how energy demand

projections of the models will change given a change in the price of energy.
This elasticity measure, combined with the simple model
{11-15)

allows quick, back-of-the-envelope calculations of demand changes for policy

discussions or for energy-economic analysis.

This type of back-of-the~envelope analysis dignores how prices get to the level of
interest. For example, if we want toc examine a doubling in energy prices by the
vear 2000, do prices increase at a constant rate between now and then, do they
increase today and stay constant thereafter, or do they fellow some other time
path? We examine the effects of alternative price paths by assuming (as dis-
cussed above) that the underlying dymamic process is correctly described by the
constant gecmetric lag model Eq. ll-l.*

Appendix D shows the calculatiens for both the step-change price path and the

rate~change price path. Tables 11-3 and 11-4 show errors in predictions of demand

*
We assume that quantities and prices are scaled so that the constant X in
Eq. 11-1 is unity,
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Table 11-3

DEMAND PREDICTIONS GIVEN A STE® CHANGE IN PRICES
(percentage difference from actual)

A
g 0.8 0.9 0.95
(%) ¢9) (%)
-0.2 0 -2 -5
-0.4 0 -3 -10
-0.6 0 -5 -14
-0.8 -1 -6 -18
Table 1l-4

DEMAND PREDICTIONS GIVEN A RATE CHANGE IN PRICES
(percentage difference from actual)

A
g 0.8 0.9 0.95
(%) (%) (%)
-0.2 -3 -5 -8
-0.4 -5 ~10 -15
-0.6 -8 -15 -22
-0.8 -10 ~19 -28

changes resulting from az doubling of prices for various combinations of long-run
elasticity and lag values. Table 11-3 shows the error when prices double today
and remain constant thereafter; Table 1l-4 shows the errors when prices increase

at a constant rate (3.5%) over 20 years.

It can be seen from the tables that the errors are larger for both longer lags and
higher long-run elasticities. All predictions overstate the decrease in energy
demand. {(For price increases, they would overstate the increase in energy demand.)
The prediction error from the rate~change~in-price scenario is always significantly

larger than the prediction errors from the step-change-in-price scenario.
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NUMERICAL EXAMPLE

Estimation methodologies outlined in the earlier sections were applied to runs of
the Hirst Residential energy demand model. We estimated elasticities for each fuel
(electricity, gas, and oil), and not for aggregate energy. The major observations

shpuld be the same for either case.

Two data sets were used. Each set consisted of 56 runs of the Hirst Residential
model. The first set was generated by using step changes in the price variables
beginning in 1985. The second set was generated by introducing various rates of
growth for each of the prices, again starting in 1985. Prices in the year 2000

are the same for corresponding step-change and rate-of-growth-change scenarios.

Table 11-5 presents the elasticity and lag estimates generated by each estimation
method for the Hirst Residential model. The EMF estimation procedure uses the
static model, Eq. 11-4, with least-squares regressions to estimate the Ut values.
To obtain parameter estimates, the 56 model runs in each set are used rather than

the pairwise procedure outlined above.

Table 11~5

ELASTICITY AND LAG ESTIMATES®

d
b b EMFC BF

Fuel Structural Final Form 1995 2000
Electricity

Step Scenarios -0.52 (0.81) =0.50 (9.78) -0.45 ~-0.51

Rate Scenarios -0.58 (0.83) -3.51 (0.77) =30,36 =0.40

Gas )

Step Scenarios -0.68 (0.84) -0.62 (0.79) =0.3%6 =0.63

Rate Scenarics -0.79 (0.86) =0.61 (0.74) =0.46 =0.351

0il
Step Scenarios -1.10 (0.87) =0.99 (0.83) -0.83 -0.96
Rate Scenarios -1.31 (0.89) -0.98 (0.80) -0.65 -0.74

8Flasticities are estimates of the long-run elasticity.
bVa.lues in parentheses are estimates of the lag wvalues.
“This is an observationm after 11 years.

d’I‘his iz an observation after 16 years.
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From Table 11-5 we see that elasticity estimates from the EMF &4 procedure are about
20% lower for rate~of-growth perturbation scenarics than step-change scenarios, as
rredicted in the Static Model Estimator section above. Elasticiry and lag estimates
from the structural and final form procedures are similar to each other, with esti-
mates from the structural form procedure being slightly higher. However, the dif-

ference is not encugh to be considered significant.

SIMARY AND CONCLUSIONS

When dealing with dynamic models, it is preferable to represent actual model outputs
using simple dynamic models rather than simple static models. A dynamic model, if
estimated with the structural or final form, enables one to determine the response

of the true model to any price path, not just the one used for estimation. Parameter
estimates of static models, on the other hand, are dependent on the type of experi-

ment used to generate data.

Measurements of the long-rum elasticity based on the step-change (or EMF) scenario
are considerably more accurate than those based on the rate-~change scenaric. Appli-
cation of the long-run elasticity is fairly accurate when there is a step change

in prices, but less so when épplied to rate changes in prices. More generally,
failure to take account of the price path can lead to serious misestimates of

actual demand.
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Appendix A

BIASES IN ELASTICITY ESTIMATES

THE EMF ESTIMATOR

Experiment 1: One-Time Step Perturbation of Inputs

We set prices so that

L

P, = P, forallc>1 |,
and

Pi = SPO foraill t>1

Short~-Run Elasticity Estimator. We have by assumption

. B
KE(:;?O ’

and

Since E1 = E2

o 0 ° using the EMF estimator to determine @ leads to

~

1,.2
3 ln(El/El) -Bn s _ 8

Eu(PO/sPO) -fn s

Thus, the short-run EMF estimator is exact. We note that this applies only if the
first period demands Ei and Ei are used. If the first available demand output
Ei is for t = 5 , the EMF estimator no longer has the exactness property. See

Appendix B for further discussion of this case.

Long-Run Elasticity Estimator. For a step change in prices, Eq. 11«3 implies that

e
Ei = KtPg-l A
=4 [1=4]
- 1T -
Ei = Ktss- 'Pg



Using the EMF estimator, we obtszin

Ln(ET/ED)

n(P/P7)

ok er 1
rt o baler b

1 -2
-fn s

t
_B[l_:_&_] in s

8 t
‘i—'_'";;[l-l] .

The estimate N will be less than the true 7 [2 B/(1-A)] by a multiplicative
factor. See Table 11-2 for computations of the magnitude of this difference. Note
that if A were known, one could eliminate this bias by adjusting the multiplica-

tive factor. Appendix B contains further discussion of this topic.

Lag Estimator.

See Table 11A-1 for calculations given typical values of X . Analogous to the case
for ﬁ . A will always underestimate the true A for A < 1.

Experiment 2: Rate-of-Growth Perturbation of Inputs

For this experiment we set prices so that

1 t
Pt 1+ rl) PD
and
2 t
Pt = (1 + r2) PO

Short—Run Elasticity Estimators. We obtain first-year demand projections

1 8_8
El = Kl(l + rl) PO
and
2 BB
El = Kl(l + r2) P0
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Table 11A-1

ERROR IN LAC ESTIMATES USING THE EMF ESTIMATOR OF A

Actual Experiment 1. Experiment 2

Au {Step Perturbation) {(Rate-of-Growth Changes)
t =20 t =25 t = 20 t = 25

0.75 0.75 0.75 0.71 g.72

0.80 0.80 0.80 0.75 0.76

0.85 0.84 0.85 0.79 0.81

0.90 0.89 0.89 0.84 0.85

0.95 0.92 0.93 0.87 0.89

Using the EMF estimator, we obtain the shortwrun elasticity estimate

1+ rl
~ Bliniy—o

2
B = 1l + rl

2? 1+ r2

One can see that the short-run EMF estimator is exact. Again note that this is

L and E2

true only if the first period demand observations El 1

i

are used.

If the

first available observation E_ 1is for t = 5, the EMP estimator no longer has

t
the exactness property. See Appendix B,

Long~-Run Elasticity Estimator

By applying Eq. 11-3 for later years, we obtain

t t-1
B—:—-%——] g7 (-1t
8 (L +1,) 1=0

= BT

t 0 1
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and

The EMF estimator of the long-run elasticity is

=1 n 1+ Ty

B( I (¢ - 1)A ) in [1 ]
~ +r
" 1=0 2

. 1+ rl
”“rrg
t=1
T (¢ - DAt
1=0

e B _fy _AlLl- xt]
1-2 Tr 1 -2 ?

indicating that there is a downward bias to the estimare. Again, see Table 11-2

L
|

for a tabulation of the magnitude of the error implied by the above equation for

typical values of A .

Lag Estimator.

>y
¥
',..-I
!
Sy

l[t(l -1 - -5 }
£(1 = A) = a1 - A%

-3 (=)
t \1 ~2
t
Af1 -2
1-3 (1 - A )

This estimate underestimates A for A < 1 . See Table 11a-1.

= X
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Experiment 3: The EMF & Experiment

The EMF 4 experiment can be shown to give exactly the same results as the step per-

turbation experiment. In the EMF & experiment, prices in peried t are defined as

1 t
Pt_ = (1 + rl) PO

and

2 t
Pt (1 + rz) 1+ rl) Pc ,

where r and r

1 are percentages., If s = (1 + rz), we have

2

2 t
Pt {1+ rl) P,
It is easy to show that estimators based on this formulation give the same results

ags estimators based on the step perturbation experiment,

The rate-~of-growth perturbations always lead to estimates of the lags that are

smaller than both the step-change based estimates and the actual values., This would
imply that models using lags based on the rate-of-growth scenariocs will show both a
faster initial response to price changes and a2 smaller total long-run response than

would actually occur,

THE ARC ELASTICITY ESTIMATOR

An alternative method of calculating estimates of the elasticities is to compute

arc elasticities. These are defined as
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Using this estimate, again lock at each of the three experiments.

Experiment l:

One-Time Step Perturbation of Inputs

Shert-Run Elasticity Estimator.

Given that

1

for all t > 1 , we obtain the estimate

The ability of this formula to zpproximate the true

™)

Py = Pq

(s -1} (s + 1)

{(s+ 1) (s - 1}

for all

t

>

1, and P% = sPj

R depends on the value of

As indicated in Table 1lA~2, the estimation error diminishes toe 0 as
approaches 1.
Table 11A-2
ARC ESTIMATES OF SHORT-RUN ELASTICITIES
(step perturbation)
True
Value S Value
B 0.5 LO75 0.85 1.05 1,25 1.75 2.0 3.0
-0,01 =-0.01 -0.01 -0.01 -0.01 -0,01 -0.01 -0.01 -0.0%
-0.05 -0.05 -0.05 -0.05 -0.05 -0,05 =-0.05 -0,05 «0.06
-0.10 -0.10 -0.10 «~0.10 =-0.10 -0,10 =0,10 -0.10 =0.11
«0,15 ~0.16 -0.15 -0.15 -0,15 -0.15 =0.15 -0.16 =0.16
-0.20 -0.21 =0,20 -0.20 =0.20 =-0.20 -0.,21 -0.21 -0.22
Long=-Run Elasticity Estimator. We obtain the estimate
124
8 1 -2
a {s - 1) (s + 1)
t [1 _ kt] (s -~ 1)
gl = A
(s + 1)
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The astimation error can be broken intc two parts here. Table 114-2 indicates the
2rror in estimating the value of B[(l - Kt)/(l - k)} , and Table 11-2 indicates
he error arising from the term (1 - At). Compariscn of the two tables indicates
that the estimate of Rl - kt)/(l - lﬂ is larger than the actual value, and that
gl - Ay a - l)] is less than the actual value of £/(1 - 2) . The (1 - At)
term is dominant, which leads to an estimate that is lower than the actual value of

11 but higher than the EMF estimator when using the step-perturbation experiment,

lag Estimator,

Experiment 2: Rate-of-~Growth Perturbation of Inputs

Short-Run Elasticity Estimator. Given that Pi’ - (1 + rl)tPo and Pi = (1 + rz)tP
we obtain

(1 +r 8

l) (1 + 1.-2)8 i (1 + rl) + (1 4+ r2)

a+ rl)s + 1+ rz)B (1 +1) - L +1)

B =

This can be rewritten as

(1 + rz)B {1+ "'2)
1 = o 1+ —
B = .
(1 + r.,)E (1 +1,)
14— 1 -
(1 - rl) {1 + rl)
8

(s + 1) (s* = 1)

11-1%
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where

s*% =

1+ T,
1+ Ty

This expression has the same form as our result using the step-perturbation experi-

ment and so Table 11A-2 can be used for evaluating the accuracy of this estimate.

Note that s*

give very good approximations to the true £ .

Long-Run Elasticity Estimator,

is generally close to unity, a value which Table 11A-2 indicates will

t-1 i t-1 4
B ] (t-DA 87 (t-1)A
a - a -+ rl) 0 - 1+ rz) =0 (L + rl)t + {1+ r2)t
8 z (t-»l))\i B8 Z (t-i)ki 1+ rl) - {1+ r2)
1=0 1=0
™ -1 ]
Bz (-t
i=0
- s* -1 [s* + 1}
t-l i s* - l 3
8 I (e-1)A
i=0
| s* + 1
where

g® =

l+r
1+

!

As with the step-perturbation experiment, Table 11-3 indicates the error in esti-

mating the value of

t-
Bl L

1

(¢ - i)li] ,

i=0
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which is equivalent tc the EMF estimater based on the rate-of-growth experiment.
Since s* 1is close to unity, the Table 11A-2 errors are small and the degree of

approximation to the true B is indicated by Table 11-2.

Lag Estimator. This is computed by employing the usual formula.
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Appendix B

EXACT ESTIMATION BY EXPANDING THE MODEL

If we use the model given in Eq. 11-1,

A B
Et tht-lPt ?

as the basis for our estimators rather than the static model,

Et = n A1 + Et fn Pt s

we can estimate 8 and A , and use these parameters to derive a long-run elasti-
city estimate as

In solving for A , one would ideally use data on a year-by-year basis. Many models,
however, report results on a five-year Increment or some other interval. Although
more complicated, it 1s still possible to solve for A even in these cases. To

estimate B, we still use the EMF estimator since it gives exact results.

ESTIMATION OF A WHEN YEARLY DATA ARE AVAILABLE

Experiment 1: One-Time Step Perturbation in Inputs

One may solve for A wusing

A 8.8
Et ) Et-l . s PO
E A BB
t-1 Et—z s PO

1122



o

E

n ( E

nl

in (Et-l)
t-2

Experiment 2: Rate-of-Growth Perturbation in Inputs

One may solve for A using

Et (1 + )tS 8
E = (t~- l)B B
t“'l Et—z(l + r) Po
A
=
£-1 B
= (1 +1)
[Et-z _

or

E
n [Et‘l] -8B (1+1)
-1

o E1
E,

ESTIMATION OF A WHEN DATA ARE AVATLABLE AT FIVE-YEAR INTERVALS

Experiment 1: One-Time Step Perturbation in Inputs

t
5

LY £ =
10¢s?

4
E El (SP )8+A8+...+A 8
t-5
t=5 A
t

)B+As+...+xaa

or

[ fa (E_/E__¢) }
A = t-5 )
in (Et_SIEt_lo)
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Experiment 2: Rate-of-Crowth Perturbation of Inputs

5 el 5 1 (e
e B2t a+n MO
fe-5 5 T e 6 1 (e-1)a1>
EileP?O 1+ 1) 3

This equation cannot be eazsily solved for A , but it can be reduced to the form

5
5 1 -2
in (Et/Et-S) = AT in (EC—SlEt—}.O) + SB[T-_R-} n (L 4+1r) .

This later expression can be used as the basis for obtaining numerical estimates of A .
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Appendix C

EXPANDING THE MODEL

Of particular interest is whether the results obtained here apply when the model
has been expanded to iInclude additional parameters and variables. We examine the

inclusion of income in the original medel as an example.

Tirst. consider a situation where income effects have the same lag structure as

prices. Our model becomes

A
Et aEt-l

Et't *
The corresponding static representation becomes

E = ap’y" ,
a

where

Application of the EMF estimator to obtain estimates of O and n gives

. tn(EL/ED)

& = t' Tt

t 1 2
En(PEt/PEt)

with Y theld constant, and
A E(E/ED
n - }. 2 3
En(Yt/Yt)

with PE held constant.
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The estimate of O 1is independent of Y and n . Likewise, the estimate of © i

try

independent of PE and ¢ . Thus, the results derived earlier for single wvarizbhlies
apply to the estimation of ¢ and 1 without modification.

in

Alternatively, consider the case where there is instantaneous response in energy
demand to changes in income but a lagged response to changes in price. This model

can be expressed as

A
Et B Et-—l
—g = a?t "é“—' .
b4 Y
t t-1

The corresponding static representation becomes

where o = B/(I1 -2} .

In this case, estimation of ¢ is the same as for the single variable case, The
estimation of © 1is comparable to the single variable short-run elasticity esti-

mation and 1s exact using the EMF estimator.
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Appendix D -

THE FINAL FORM ESTIMATION PROCEDURE

STANDARD METHCD

We seek estimates A and § that minimize the goodness-of-fit criterion

X T

ot
= T L ( - ie, -
Lp ol tel ®kt 0

2

At_i ) .

t
LA
i=1

BPki

We solve for the optimal B, givem A, and search over the domain of 2Ae(0,1) for

the value of A giving the smallest L, . To solve for the best value of B

~ F =
given A , define auxiliary variables Ekt]; and Pktli as

Ekt[i ® fxe T Ateo

and
t A
- t-
R S T
ke[ ol i
LF can then be written as
- K T " 5
Lepa ™ kEl tfl(ekt|l - 5Pkt|1} ,

which is a standard least-squares problem. We select the A giving the smallest
value of LF‘% .

Missing Data

Many models do not report their ocutput on a yearly basis. Models such as Jackson
Commercial and ISTUM, for example, use a time period of five years. With minor
modifications, it is possible to estimate a final form meodel for a yearly time
period.
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If 5 represents the set of years for which we have model observations, our

goodness—of-fit criterion can be written

Lp = I Z(e.kt-?\e.o-XZ\IBP)
k=1 &8 i=1

If we have available the yearly sequence of prices (Pt) , the initial demand ey >
and the demand output of the model, it is possible to modify the standard method.
We need only use the points te&$§ rather tham t = 1,2,3,...,T .
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sppendix E

ERRORS IN THE USE OF LONG-RUN DEMAND ELASTICITIES

DEMAND PREDICTION IN RESPONSE TO A STEP CHANGE IN PRICES

Let

and

If P is the new level of price, then the demand in period t 1is

g, = £ _ 0

t t-1"¢t

or

or

The static approximation is Eq. 11-15

(11E-1)



Define the ratic of estimated demand to actual model output as

t
P

m
T
’ i
p—————
-]
[}
———

Calculations for (Pt/PO) = 2 are shown in Table 11-3.

DEMAND PREDICTION IN RESPONSE TO A RATE CHANGE IN PRICES

Let
8
9 1 -7
and
(3]
Eo b4 .

Suppose that prices increase at the rate r beginning in perled 1 so that

t
Pt = (1 4+ 1) PO .

Then the actual model demand is

-1 .
8 7 (t=1)A
At ai-nb i=1
¢ EO Po (1 +)

or

t
o (e- M2

_ o
Et = Po(l + )
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If we approximate this by

0 to
Et = Po(i + ) .

the ratio of estimated demand to actual model ocutput is

t
oA [—i—%—]

e, = (1 +71) .

Calculations for (Pt/PO) =2 for t=20, or t = 0.035 are shown in Table 11-4,
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Chapter 12

THE ECONOMETRIC EXPERIMENT COF 1973

INTRODUCTION AND SUMMARY

In 1973, OPEC performed a unique experiment. Unlike most econometric time series,
this is a case in which there were dramatic changes in relative prices, but com-
paratively small changes in the GNP (gross national product). Between 1972 and
1978, U.S. e¢rude oil prices rose by 1407 (measured in dollars of constant purchasing
power). See Figure 12-1 and Table 12-1. During this same period, the energy-GNP
ratio dropped by 8%. For the longer term, year 2000 and beyond, what are we te
infer from this six-year experience? Many competing hypotheses are available, but

the three most plausible ones would appear to be the following:
° the price elasticity of demand for primary energy is low,
[ adjustment lags are long, or

° energy price elasticities are highly uncertain.

Each of these interpretations leads to a rather different policy position. 1If£

there is a low price elasticity of demand, our best bet is to procee& rapidly

toward commercilalization of expensive, and possibly unsafe, supply technoclogies.

if the adjustment lags are long, we might do best to rely upon emergy consumers'
gradual. responses to increasing prices. If the price elasticities are highly un~
certain, we would do well to adopt a hedging strategy, that 1s, to develop new
supply and conservation technologies, but not to attempt immeddiate large-scale
commercialization. The MAggregate Elagticity of Energy Demand" study could have

a significant influence upon the climate of expert opinion in the U.S., and it dis
essential that we not overstate the degree of confidence to be placed im our current

estimates of demand elasticities.
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Figure 12-1 Crude 0il Prices and Energy-GNP Ratios

A LAGGED ADJUSTMENT MODEL
The essence of this problem is that it takes time to adjust to higher energy

*
prices, Let Yo denote the energy-GNP ratio din year t . Let P, denote

the price of primary emergy (measured by the wellhead price or the refiners’
And let A denote the fraction of the lomg-run

acquisition cest of erude oil).
Except for

adjustment to the price P that takes place within a single year,

minor changes, our estimating equation is identical to that employed in simu-
lation experiments by Hogan [5]. This is a first-order Koyck distributed lag

model:

- -xe _(1-2)
Ye Py o1 - (12-1)

*
Instead of total primary energy consumption, we have also experimented with a

"value-weighted" measure, counting each quad of coal at 70Z the economic valus
of one quad of o1l and gas. This leads to significant changes in the index Y.

for the years 1920-50, but not for the period since 1950. Accordingly, we
shall omit a detailed account of this value-weighted index of energy consumption.
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Table 12-1

BASIC TIME-SERIES DATA

Crude 0il Prices

Total Primary
Year (3/107 Bew) Energy Consumption (109G§§72$
Current b (1015 Btu) )
19725
Prices
1950 0.43 0.81 33.99 533.50"
1951 0.44 0.76 36.78 576.50
1952 0.44 0.75 36.46 598.50
1953 0.46 0.79 37.59 621.80
1954 0.48 C.80 36.26 613,70
1955 0.48 0.78 39.70 654.80
1936 0.48 0.77 41.70 668 .80
1957 0.53 0.82 41,71 68C.90
1958 0.52 0.79 41.70 679.50
1959 0.50 0.74 43.14 720.40
1960 0.50 0.72 44,57 736.80
1961 0.50 0.72 45,32 755.30
1962 0.50 0.71 47.42 799.10
1963 0.50 0.70 49,31 830.70
1964 €.50 0.68 51.24 874.40
1965 0.49 0.66 53.34 925.90
1966 Q.50 0.65 56.41 981.00
1967 0.50 0.64 58.27 1007.70
1968 0.51 0.61 61.76 1051.80
1969 0.53 0.62 64.98 1078.80
1970 0.55 0.60 67 .14 1075.30
1971 0.58 0.61 68.70 1107.50
1972 0.58 0.58 71.95 1171.10
1973 0.67 0.63 74,74 1233.40
1974 1.56 1.34 73.04 1210.70
1975 1.79 1.41 70.67 1202.30
1976 1.88 1.40 74.41 1271.00
1977 2.05 1,45 76.25 1332.70
1978 2.15 1.41 78,01 1385.70

®Domestic wellhead prices through 1973; refiners' acquisition costs thereafter.

bBased on GNP deflator,

Sources: crude oil prices (current prices): 1950-1973 [1], 1974-1977 [2,
January 19781, 1978 [2, March 1979]; crude oil prices (1872 $): 1950-1%374
[1], 1975-1976 [3, September 19771, 1977 [3, March 19781, 1978 [4]; total

primary energy consumptionm: 1950-1974 [1}, 1975-1977 [2, November 1978],

1978 [2, March 1979]; GNP: 1950-1974 [1], 1975-1978 [4].
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Taking logaritims in Eq. 12-1, we get the following linear equation:

Ln V. = In o - Ac Lo p. + (1-1) &n Yooy - (12-2)

We employ two distinct approaches to estimate the long-run primary emergy price
elasticity € . The first approach is te estimate @, &, and A directly from
the time series data, e.g., apply ordinary least squares (OLS) to Eq. 12-2. There
are theoretical problems with such an approach. Alternatively, we can assign a
plausible value to the adjustment parameter 1, substitute it in Eq. 12-2, and
calculate o and € from the time-series data. This estimatijon is much sounder

theoretically, given that A 1is chosen "correctly."

The lag parameter A cannot be estimated with high reliability from historical
data. If the lags are due to social and psychological inertia to lifestyle
changes, A may indeed be quite low. If consumers anticipate future increases

in energy prices, A may be high. And 1if the lags are related to the expansion
and replacement of physical capital, they will be of the same order as the ratio of
gross investment to the capital stock: 5«10Z per year. This is the range that
would be suggested by the "putty-clay" hypothesis on adjustments to price changes.

Equation 12-1 is highly aggregated. It is unclear whether the price elasticitj
effects have been over- or underestimated by using crude oil prices as a proxy for
all forms of primary energy. There would have been difficulties, however, if we
had attempted to measure nationwide natural gas and coal prices. Prior to 1973,
there were three-to-one regional variations in the prices of each of these fuels.
Moreover, natural gas has been subject to price control and has been allocated to

consumers by regulatory agenciles during the past decade,

Before proceeding with numerical estimation, it is worth noting some possible errors
in the specification of Eg. 12-1, Each of these errors would tend to overestimate
the impact of price elasticites upon U.S. energy demands since 1972,

o In effect, we are assuming a unitary elasticity of energy demand with

respect to the GNP. If the GNP elasticity were less than unity, this
in itself would have led to a reduction in the energy-GNP ratio.

8 We are neglecting all forms of nonprice conservation: speed limits,
efficiency standards, appliance labeling, moral suasion, etc. These
could also account for a portion of the 8% decline in the energy-GNP
ratio since 1972.
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e We are assuming that energy consumers adjust their capital eguipment
only to current prices, and that they do not anticipate future price
increases.

PRICE ELASTICITIES AND ADJUSTMENT LAGS--JOINT ESTIMATION

Joint estimation of «a, €, and A using Eq. 12-2 raises two basic problems.
Ordinary least squares (OLS) estimates will be biased because of the lagged de-
pendent variable Yooy If, in addition, the disturbance terms are serially
correlated, then OLS gives inconsistent estimators. We used both OLS and a
Cochrane~Creutt iterative scheme which attempts to eliminate first order auto-

regressive correlation in the errors.

For the 1950-1978 data series, OLS yields 0.1l as the "best estimate” of the long~-
run price elasticity € and 0.24 as the best estimate of the adjustment parameter
A . With 80% confidence, the one-year adjustment rate lies between 9 and 38%.
Using the Cochrane-Orcutt procedure, we cbtain best estimates of ¢ = (.07 and

A = 0.38 . The confidence interval for A is even wider in this case.

The results for the 1968-1978 data are almost identical to those above. The major
difference is the slightly wider confidence bands for all of the parameters., For

the balance of this chapter, we shall employ an exogenous value for X .

PRICE ELASTICITY ESTIMATES—--EXOGENOUS ADJUSTMENT LAGS

Three sets of primary energy elasticity estimates are summarized by Figures 12-2
through 12-4. These refer, respectively, to the years before 1968, after 1968, and
the entire period 1950-1978, According to Figure 12-2, there is virtually no in-
formation on primary energy price elasticities contained in the 1950-1967 time

series.* There was a downward trend in emergy prices, but virtually no change im

*If one is attempting to pool inrernatiomnal cross-section and time-series data, the
OECD (Organization of Economic Cooperation and Development) publication Energy
Statistics is perhaps the most convenient official source of energy price data.
Unfortunately, these data are in the public domain only for the years since 1968.
If the U.S. is at all indicative, however, the earlier years would provide little
information on price elasticities in individual countries.

International data are perhaps best employed by pooling time-series with ¢ross—
section evidence. There then arises the difficult problem of whether or not to
employ "dummy" wvariables to adjust for inter-country differences. UNordhaus

{6, p. 571] has demonstrated how these dummy variables may have a large effect
upon price elasticities estimated through international cross-section data.
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Filgure 12~2 Dependence of Long-Run Elasticity Estimates on
Assumed One-Year Adjustment Parameter: 1950-1967
Aggregate Data

the energy-GNP ratio during those years. WNeither the magnitude nor the sign of
the long-run price elasticity can be inferred reliably from this sample period
through the distributed lag estimating Eq. 12-2.

Equation 122, however, performs reasonably well when applied to the 1968-1978 time
periocd, including the OPEC "experiment" of 1973. Frow Figure 12-3, note that there
is virtually a hyperbolic relationship between the adjustment parameter A and

the long-run primary energy price elasticity € . If X = 0.05 , that is, if only
5% of the long~run price adjustments take place in any one year, 0.57 is our best
estimate 0f the price elasticity €& . If, however, A = (0,10 , the estimated value
of the price elasticity drops to 0.30. 1In any case, note the width of the error
bands. For example, with A = 0.075, the 80% confidence interval for £ extends

from 0.19 to 0.59. For policy purposeé, it is inadequate to report only the best
estimate of 0.39.
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Figure 12-3 Dependence of Long~Run Elasticity Estimates

on Assumed One-Year Adjustment Parameter:
1968-1978 Aggregate Data

Figure 12-4 shows the consequences of pooling the earlier pericd with the latter

one. Note that the price elasticities are somewhat lower, but that the width of

the error band remains virtually the same. Moreover, there is again a virtually

hyperbolic relationship between the lag parameter A and the estimated price
elasticity £ .

ADDITIONAL RESULTS

The results of the least squares estimation of Eq, 12-2 are displayed in Table
12-2 for the three time periods: 1950-~1967, 1968-1978, and 1950-1978. In every

instance, the Durbin-Watson statistic implies that the successive residuals in

Eq. 12-2 are uncorrelated. If positive serial correlation had been present, the

estimated standard errors would have been too small,

Fortunately, this does not
appear to be the case.
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Aggregate Data

The adjusted R2 {(here indicated by ﬁz) values are so low for the 1950-1967
series that the mean of the energy-GNP ratio for the l8«year peried is as good

an estimate as that provided by the least squares regression equations. The re-
sults are somewhat more satisfactory for the 1968-1978 and combined series., These
both have positive &2
no regression explains more than 507 of the variation in the dependent vardiable.

, but no R s larger than 0.5. This means, roughly, that

But in the context of policy decisions, the real issue is accuracy in predictiom,
not necessarily how well the past data can be fit, And it is easy to see that

I_lz is not always a good criterion for judging forecasting ability. For instance,
when Eq. 12-2 is used to estimate € and XA jointly, the results (for the 1950-
1978 series) are & = 0.11 , A = 0.24 , and &2 = 0.68 . From Table 12-2, when

we assumed A = 0,24 | the results were E = 0,11 and ﬁz = (0.15 . The diffarence
in R?

value is assumed. Since the predictive ability of Eq. 12-2 is the same in either

is due to the smaller wvariance of the dependent variable when the A

case, I_{z does not appear to be a useful measure here.
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The 1950-1967 time series contains little information about the long-run primary
energy price elasticity. This is evident from the large standard errors when the
series is considered alone. This is also why the 1968-1978 data deminate the re-
sults from the pooled data. The elasticity estimatés for the pooled period,
1950~-1978, are approximately four-fifths the magnitude of the 1568-1978 estimates.
They are influenced very little by the earlier period. Therefore, it may be best
to consider only the more recent decade, and to avoid using the inconclusive
evidence of the 1950-1967 peried.
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EVIDENCE FROM RECENT TRENDS™
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This chapter is forthcoming. Please contact the auther at the John F. Kennedy
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