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ABSTRACT

The overall purpose of this paper is to formulate a model of residential
energy demand that adequately analyzes all aspects of residential consumer en-
ergy demand behavior and properly treats the penetration of new technologies,
particularly solar photovoltaics, in an explicit fashion. An adequate treat-
ment of energy demand must take account of the fact that both fuel demand and
the demand for fuel-burning equipment are jointly derived from the demand for
fuel related services. This requires modelling both demand for fuels and for
their related equipment. In order to model the equipment demand and the demand
for new technologies, the technological characteristics of the alternative
equipment must be explicitly analyzed. The formulated model attempts such
explicit analyses.

In order to formulate such a model this paper first introduces and reviews
19 existing residential energy demand models to ascertain how well they have

dealt with these issues.
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A) INTRODUCTION AND SUMMARY

The activity of critically reviewing a group of positive -or normative models
of the social or physical sciences can be a thankless task for several reasons.

In the first place, the process of model review usually takes the approach of
constructive criticism; as a result, while aimed-at being constructive, the cri-
ticism is still criticism and can affront those modellers whose models are reviewed.
In the second p]ace, the review function perforce limits the body of models dis-
cussed to those felt to be most relevant to the particular purposes at hand; as

a result,the review can also affront those who feel certain crucial or seminal
efforts have been excluded.

In spite of these potential difficulties, I attempt to identify and critically
review a group of energy demand models in this paper for two major objectives.

1) The first objective is to indicate how various analysts have understood
and modelled the demand for energy by residential users. Since the demand for
energy is a derived demand given the demand for the services that a given energy
source provides (such'as heating, cooking, and clothes drying for residential
consumers), the analysis of energy demand must deal with the fact that fuels and
fuel burning appliances are combined in varying ways to produce a particular resi-
dential (and commercial and industrial) service. As a result, analysis of the
demand for energy must include analysis of the interactive demands for both fuel
burning capital and the fuel used by that capital stock. This review of energy
demand models will assess how and how well the reviewed models deal with both of
these demands.

2) This review is performed for the Department of Energy in order to
develop improved energy demand models for the analysis of the penetration of new

energy technologies, in particular solar photovoltaic installations for residential



use. As a result a second objective of the review is to identify the analytic
strengths and weaknesses of the assembled models with respect to their usefulness
in explicitly analyzing the demand for new energy technologies.

The literature provides a wide array of models available for this review.
Over the past ten to fifteen years, quantitative models of the system of sources
and uses of various energy forms have come to dominate an increasing share of the
engineering, management research, and economic literature. The literature now
abounds with old and new models of supply and demand, with characterizations and
assessments of new technologies. The research area has been legitimized by a
number of review articles such as Hoffman and Wood ( 50 ) and Charles River Asso-
ciates ( 25). |

These models have been developed in order to understand, quantify and finally
to predict technological, sociological, and/or economic behavior and relationships
underlying an energy system. The desires to understand, quantify, and predict have,
at times, been stimulated by academic interest. At other times, the modelling
efforts have been intended either to do or to evaluate strategic planning acti-
vities and policy analysis. For example, state, local and federal regulatory
bodies (FPC, ERDA, FEA, state utility commissions, EPA, CEQ, etc.) affect utility
rate structures, environmental compliance costs, research and development into a
diffusion of new technologies, pipeline and utility siting, and appliance efficiency
standards and taxes, to name just a few. At times the policy planning of these
agencies is based upon ad hoc decisions; in other cases, the quantitative models
are utilized to help refine and understand the impacts of proposed policy measures
(see 58, 34, 63, 44). Likewise, quantitative models have been utilized to do or to
evaluate strategic planning for energy industries or other private sector parti-

cipants (21).



A number of techniques have been utilized in the construction of these energy
models including optimizing techniques (linear, non-linear and integer programming
- 27, 18), activity analysis and input-output analysis (59, 48, 72), statistical
and econometric techniques and engineering/process methods (10, 58, 49). Many
models or analyses utilize only one of these techniques; however, others combine
several of the techniques.

As indicated above, it is the purpose of this paper to review those models
that focus upon the residential/commercial sectors. All the models deal with
energy demand; the review will indicate how well the models deal with new techno-
logies and the fundamental fact that the demand for energy related services in-
volves demand for fuels and fuel burning equipment.

The demand models to be reviewed canbe divided into two groups:

e models dealing with demand for a single fuel

e models dealing with overall energy demand and interfuel substitution
The models that are reviewed in these categories are listed in Table 1.

While this table contains 19 modelling efforts (enough for any review), the
list is clearly not exhaustive. For example, the translog utility analyses of
consumer demand characterized by the efforts of Christensen, Jorgenson and Lau
and Berndt, Darrough and Diewert] are not included. The reasons for their exclu-
sion become clear when the proposed model respecifications are discussed in Section E.

The single fuel demand models analyze the demand for one fuel, usually elec-

tricity. In general, the single fuel demand models are more refined in their

L See E.R. Berndt, M.N. Darrough and W.E. Diewert (1977) "Flexible Functional
Forms and Expenditure Distributions: An Application to Canadian Consumer Demand
Functions," International Economic Review, (October, 1977) and Christensen, L.K.,
Jorgenson, D.W., and Lau, L.J., "Transcendental Logarithmic Utility Function,"
The American Economic Review, Vol. 65, #3 (June 1975) pp. 367-383.




TABLE 1: MODELS REVIEWED IN SECTIONS C AND D

SINGLE FUEL MODELS

Acton, Mitchell and Mowill
(1976), (AMM)

Anderson (1972), (1973)
Balestra (1967)

Cargill and Meyer (1971), (CM)
Fisher and Kaysen (1962), (FK)
Griffin (1974)

Halvorsen (1973)

Houthakker (1951)

Houthakker, Verleger, Sheehan
(1974), (HVS)

Mount, Chapman and Tyrrell
(1973), (MCT)

Mount and Chapman (1974), (MC)

Taylor, Blattenberger, Verleger/

DRI (1977), (TBY)
Willis (1977)
Wilson (1971)

INTERFUEL SUBSTITUTION MODELS

Baughman/Joskow (B/J)

Federal Energy Administration
Project Independence Evaluation
System (FEA/PIES)

Oak Ridge/Hirst, et al.
(OR/H)

Anderson

Erickson, Spann and Ciliano
(ESC)



analytic structure and data base. For example, Mount, Chapman and Tyrrell (MCT)
incorporate variable elasticities that change with the level of the explanatory
variables. Acton, Mitchell and Mowill (AMM) and Fisher and Kaysen (FK) utilize

a multi-equation specification of demand focusing upon the demand for fuel-burning
capital and a separate specification for the demand for a fuel given that fuel-
burning capital. The Taylor.Blattenberger, Yerleger/pRI (TBV)analysis of resi-
dential electricity demand develops marginal and fixed electricity charges.

In spite of their refinement these single fuel models deal inadequately with
the competition from other fuels and from new technologies-through price cross-
elasticities only. The models dealing with interfuel substitution explicitly are
theoretically superior because they are based upon the premise that the demand for
any fuel cannot be adequately assessed without quantifying the price and non-price
competition to that fuel posed by all alternative fuels and their respective fuel-
burning appliances. However, in spite of the theoretical superiority of these
interfuel substitution models, the empirical implementation of them has been
deficient to date. The analytic refinement and data base development of the single
fuel models are missing in the interfuel substitution models. For the most part,
interfuel comparisons are based only upon operating costs (2,3.4,5.6,9,10,12,58,
13,35), while the capital costs and technological characteristics of alternative
fuel burning devices have been ignored (except in 60 and 45).

These characteristics of the single fuel and interfuel substitution demand
models will be explored in greater detail in the actual review sections C and D
below. Based upon that review, one must conclude that in spite of the theoretical
superiority of the interfuel substitution models, and in spite of the fact that the
single fuel demand analyses provide great analytic refinement, extended efforts
are still required. The entire generation of energy demand models in the liter-

ature have reached a stage of forced obsolescence. New work done on consumer



choice modeling (generalized logit [Hartman ( 43) ] and covariance probit
[Hausman and Wise ( 47 )], production/cost duality [Econometrica International

( 33 )], and the explicit differences between short-run and long-run energy
demand [DRI ( 29 )] provides extremely cogent arguments for completely respeci-
fying the analyses of energy demand in order to adequately model the penetration
of new technologies such as solar photovoltaics within a well specified demand
model.

Such a respecification is currently being performed by the MIT Energy Lab
for the Department of Energy. The goals of the respecification are based directly
on model characteristics explored in the critical review in sections C and D.
That respecification is outlined heuristically in Section E. To summarize, that
respecification will include the following objectives:

e Explicit dichotomization of the behavioral characteristics and policy

variables for short-run and long-run demand.

It was stated above that the demand for energy related services articulates
itself in demand for fuels and fuel-burning equipment. The different behavioral
characteristics of demands for fuels and for equipment must be properly incor-
porated. In the short-run, the characteristics and size of the energy-burning
capital stock are fixed. Behavioral specifications and policy variables must take
into account that demand responses can only take the form of conservation and
altered capital utilization. In the long-run, when the size and characteristics
of the capital stock are variable, the characteristics of new technologies and
interfuel substitution (through changes in the capital mix) become relevant.
Likewise in the long-run, appliance efficiency taxes and standards, and appliance
capital costs become relevant policy variables in addition to the standard opera-

ting costs of the fuels.
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e Utilization of appropriate models and data for consumer choice.

Conditional logit has been utilized extensively for the analysis of inter-
fuel substitution in a partial adjustment framework. However, conditional logit
as used in the literature suffers from a number of difficulties including: the
imposition of constant cross-elasticities [see Baughman and Joskow ( 9, 11, 12,

13 ), Hausman ( 46.), Domencich and McFadden (32 ), Hartman ( 43 ), and Hart-
man and Hollyer (.45 )]; implied misspecification [Hartman and Hollyer ( 45 )
and Hartman (43 )]; excluded variables; and the restrictive underlying model of
individual choice [Hartman (43 ) and Hartman and Hollyer ( 45 )]. Such modeling
of consumer choice could be improved by generalized logit formulations [Hartman
( 43)] or covariance probit - formulations [Hausman and Wise (47 )]. Further-
more the choice methodologies could be applied to changes in the appliance stock
rather than the actual stock [see Hartman and Hollyer ( 45)].

@ Appropriate treatment of new technologies.

While generalized 1ogit and covariance probit avoid some of the difficulties
inherent in conditional logit, the treatment of new technologies is not trivial
for either new alternative and careful formulation is required.

The discussion in this review proceeds as follows. Because the purpose of
the discussion is to critically review the energy demand models identified in
Table 1, Section B introduces a number of model criteria to assist in that review.
Utilizing those criteria Section C reviews the demand analyses that focus upon
individual fuels and Section D reviews the interfuel substitution models. Finally,
Section E summarizes the model evaluation and proposes the nature and scope of
model reformulation desirable for better treatment of new technologies (solar

photovoltaics in particular).



B) MODEL CRITERIA

The purpose of the model review is to evaluate the models in Table 1, their
treatment of demand, and their ability to assess new technologies. Such an eval-
uation requires some formulation, explicit or implicit, of criteria with which the
models can be judged. It is the purpose of this section to introduce a set of
such criteria.

Eight criteria for the evaluation of modelling energy demand are introduced
and discussed here. The criteria are generally stated; specific articulation for
the actual models is found in Sections C and D. These criteria can be utilized
at two levels:

e Evaluation of a given model of energy demand against an idealized stand-

ard of comparison.

e Evaluation of a given model against the purported desires and scope of the

modellers.
The two levels of evaluation serve different purposes. The evaluation of a model
against the purported modelling aims of the model-developers indicates just how
well the model-developers were able to specify, quantify, develop, and utilize the
analytic system they desired. Such an evaluation is very important to model users
familiar with the analytic and policy aims of a given model. However, a more on-
erous model evaluation - against an idealized standard of comparison - is also
very useful. While a given model may be well-suited for the particular analyses
intended by the model-developers, crucial policy questions and crucial market
and geographical disaggregations may have been ignored in the initial aims of

modelers.

The eight criteria for energy demand models to be used in the review are as
follows:

i) Proper identification of major market participants and the level of dis-



aggregation required.

While this review focuses upon residential energy demand, some of the inter-
fuel substitution models analyze other user sectors as well; hence it is useful
to indicate other user sector disaggregations. Four sectors of final use include
commercial, residential, industrial and transportation use. One area of intermed-
iate use is the electric utility sector. Residential use can be disaggregated by
type of use (home-heating, water heating, cooling, etc.). Commercial and indus-
rial use can be disaggregated by process and comfort use while industrial users
can be disaggregated by SIC or technological characteristics.

In most cases, the greater the disaggregation by user sector and fuel use,
the better. However, extreme disaggregation may not be useful for all analytic
purposes; as a result the thrust of this criteria will depend upon the analytic
aims of the modelers.

ii) Proper identification and incorporation into variables in the model of
policy issues and technological considerations for the major market participants.

One of the two principal concerns of this model review is to examine the ab-
ility of models to assess the competitiveness of new energy technologies and anal-
yze alternative energy policy proposals for the penetration of those technologies.
As a result, a crucial criterion is whether the important policy and technological
issues have been properly incorporated into the variables and the structure of the
models.

The policy issues in general are most easily dichotomized into long-run and
short-run issues. In the short-run, a model of energy demand should deal with
conservation techniques and policy variables aimed at affecting the utilization
of a given stock of fuel-burning equipment (e.g., thermostat control, highway
speed 1imits, appliance use standards). In the long-run, where new technology

penetration is crucial, a demand model should deal with such policy and technical
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issues as the explicit characteristics of technologies, efficiency standards
(taxes) and the effect of them upon changes in the stock of fuel-burning equip-
ment.

iii) Proper degree of geographical disaggregation.

As with criterion 1), greater geographical disaggregation is generally bet-
ter. However, the actual level of disaggregation is more usefully judged against
the analytic aims of the model-builder.

jv) Utilization of the appropriate behavioral models and underlying behav-
ioral assumptions.

The second principal concern of this review is the appropriate treatment of
the dual components of energy demand; to wit demand for fuels and for fuel-burning
equipment. Given the identification of the major market participants and the pol-
icy and technical issues to be addressed, a wide array of analytic specifications
are available for demand analysis; they include partial adjustment models, choice
models, consumer utility models, etc. While each type of model provides a power-
ful tool for analyzing a particular behavioral phenomenon, each model also imposes
certain assumptions upon the behavior being analyzed. Such assumptions require
critical scrutiny before a model is estimated and utilized for policy. Futher-
more, the available analytic specifications can be complicated; as a result, the
details of the technical application of the behavioral models also require close
scrutiny.

v) Proper integration of the demand analysis into an overall energy and/or
macroeconomic model.

This criteria is applicable only to those single fuel or interfuel substitu-
tion demand models that are utilized within larger models of energy systems. For
purposes of this review, this criterion will be relevant only to several of the

interfuel subsitution demand analyses. In those cases, a well-specified energy



-11-

demand module must be properly integrated into a well-specified overall model of
energy in order to simultaneously assess the static interaction of demand and
supply and dynamic changes in demand and supply over time.

vi) Utilization of proper data and statistical/econometric techniques.

A comprehensive and We]]-specified model may prove useless if improper his-
torical data and/or estimation techniques are used. It is not usually possible
(given research budget constraints) to subject a given model to rigorous statis-
tical testing including forecasting; backcasting; estimation for sub-sample of
data to test parameter estimate robustness; and examination of alternative vari-
ables and specifications. However, such analysis can be very useful in assessing
the adequacy of the data and the estimation techniques.

Furthermore, in policy simulation, the inputted exogenous variables must ad-
equately represent the policy scenarios being assessed.

vii) Provision of good documentation for the use of the energy demand model-
ling.

viii) Provision for relatively easy accessibility and extensibility of the
modelling effort.

It is not possible for a given model or group of modelers to incorporate or
foresee all possible policy simulations or analytic uses. As a result, it is a
very desirable characteristic that it is easy to enter the theoretical and com-
puter-coded structure of a model in order to alter or extend particular elements

of that model for specific analyses desired by the potential user.



-12-

C) MODELS OF DEMAND FOR INDIVIDUAL FUELS

OVERVIEW

In Section A, the Introduction and Summary, it is stated that the demand
models would be reviewed to assess their treatment of the dual components of de-
mand - demand for fuels and demand for fuel-burning capital stock. Furthermore,
the models will be assessed regarding their treatment of new technologies. Both
assessments focus upon the behavioral structure of the models.

In Section B, criterion jyv) indicated that there exist many behavioral models
for dealing with energy demand. Several of these behavioral models are discussed
here. Before that discussion, it is useful to summarize the consumer demand be-
havior that the models attempt to approximate. That behavior can be thought of as
a three step process that spans both the Tong-run and the short-run:

o The consumer decides whether to buy a fuel-burning consumer durable, cap-
able of providing a particular consumer service (e.g. cooking, heating,
Tighting, air conditioning, etc.)

o The consumer decides on the characteristics of the equipment he desires,
including efficiency, technical characteristics and fuel type. The con-
sumer also decides on whether the equipment is a new or traditional tech-
nology.

® Once the equipment is acquired, the consumer determines the frequency and
intensity of use.

The first two decisions, which are sometimes simultaneous, are essentially
long-run decisions that effect changes in the size and characteristics of the
fuel-burning capital stock. The third decision is short-run, taking the capital
stock as given.

This Section will indicate how each of the single fuel models approximates

these three consumer behaviors.
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The mode1s to be reviewed in this section wére introduced in Table 1 of Section

A and are repeated in Table 2 along with a brief summary of their characteristics.

Table 2 delineates a number of important characteristics of the reviewed
models. The Tevel of analysis is usually residential electricity or electrical
applicance demand, although some results for residential/commercial electricity
demand and gas demand are also reported. The type of data utilized by the mod-
els is usually pooled time-series cross-sectional data for states; however, a num-
ber of studies utilize more refined disaggregated data at the county meter read-
book level. The dependent variable of the single equation models is usually elec-
tricity consumption on a total, per capita, per household or per customer basis.

In some cases, demand for the appliance stock and demand for gas and o0il are also

modeTed. In one case [Taylor, Blattenberger, Verleger/DRI (29)] study, the de-
pendent variable is the utilization rate of the appliance stock. The'explanatory
variables in the models usually include own-price (PO), substitute prices (Ps)’
income (Y), population (N), weather/climate variables (W), appliance stock data
(A), demographic variables (including housing characteristics, degree of urban-

ization and characteristics of the consuming residences) (D), and a time trend (t).

Examples of static and dynamic models are included. For dynamic formulations,
stock adjustment specifications utilizing a lagged endogenous variable are common

in the models reviewed. In some cases, appliance prices are also used.' The func-

tional form and estimation techniques are identified in Table 2. The prfce speci-
fication is indicated, since in the face of the declining block rate electricity
prices, a number of alternative price specifications can be used with different
theoretical and empirical implications.

Since the principal reason for this review is to assess the validity of the

behavioral assumptions about energy demand inherent in these models particularly
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TABLE 2: OVERVIEW OF DEMAND STUDIES-

FUNCTIONAL FORM/

ArTHOR/ LETEL OF ANALYSIS/ - DEVENDENT \/
ANALYSTS TY?E OF DATA VARIABLE YT ® W A D o ESTIMATION TEGHNIQUE
1) ACTON, MITCHELL RESIDENTIAL ELECTRICITY CONSUMPTION BY T izix|x]X LINEAR; TOTAL ENERGY EQUALLING
ASD ¥OWILL (3976) DEMAND HOUSEROLD THE PRODUCT OF THE APFLIANCE
STOCK AND 1TS UTILIZATION BATE, .
MONTHLY DATA FOR METER DOES CROSS-SECTIONAL AND TIME-
READ BOOK AREAS IN LOS SERIES ANALYSIS SEPARATELY.
AIGELES COUNTY, JULY 1972~
JUNE 1974
2) ARPERSOMN (1972) RESIDENTIAL ELECTRICITY
FMALD
30 STATES, 1969 ANNUAL CONSUMPTION z z LOG-LINEAR, OLS
PER FLEXIBLE (NEW)
CALIFORNIA, ANNUALLY CUSTOMER IN
1947-1969 KWH/CUSTOMER YEAR
3) ANDERSON (1973) RESIDENTIAL APPLIANCE, @SHARES OF z x z LOC-LINEAR, OLS AND CLS.
s o 1 ELECTRICITY, GAS APPLIANCE STOCK BY STATIC AND DYNAMIC
1 oeAND ENERGY TYPE FOR FORMULATIONS
50 STATES, 1960-1970 VARIOUS USES
ODEMAND FOR z 12 x
ELECTRICITY/
HOUSEHOLD .
SDEMAND FOR GAS z } b
R 2
4) BALESTRA (1967) RESIDENTIAL/COMMERCIAL cAS I 81U X 10%%; L ix|x z LAGGED LINEAR, LOG-LINEAR, FIRST
GAS DEMAND INCREMENTAL DEMAND joEPENDENT DIFFERENCES, 2 SLS, MASIMUM
' 49 STATES AND A¥D TOTAL DEMAMD VARIABLE LIKELTHOOD. PARTIAL
p WASHINGTON, D.C. ADJUSTMENT FORMULATIONS
4 1950-1962
$) CARCILL AND ELECTRICITY DEMAND FOR SYSTEM LOAD AT z EMPLOYMENT OF 24 HOURLY EQUATIONS; OLS
MEYER (1971) ALL SECTORS twd, 1w l,...20 PRODUCTION
2 SMSA'S, MONTHLY DESEASONALIZED RKERS 1IN
DATA, JANUARY 1963 = . ‘JanvracTurIRG,
. DECEMBER 1968 2 .
6) FISHER AXD RESIDENTIAL ELECTRICITY DEMAND FOR ELEC- z z X NUMBER OF WIRED |MULTIPLE REGRESSION ASD COTARIANCE
. KAYSEN (1962) AND APPLIANCE DEMAND TRICITY IN THE . HOUSEHOLDS, NUM- | ANALYSIS (OF GROUPS OF STATES).
R A7 STATES 1946 - 1957 SHORT RUN (KWH) BER OP MARRTAGES,|OLS ON FIRST DIFFERERCIS OF TRE
GIVER FIXED CONSUMED PER | LOGARITHMS.
APPLIANCE STOCK AVERAGE USE,
APPLIANCE PRICES,
DEMAND FOR X |z X PRRMANENT INCOME.|
APPLIARCES IN -
THE LONG RUN .
7) cairnlN (1974) RESIDENTIAL ELECTRICITY DEMAND PER z x 23 EQUATIONS, BLOCK YSCURSIVE.
DEMAND CAPITA ALMON LAG. OLS AND 25LS.
MTTED STATES' "LINKED" TO MACRO MOMEL.
AGGREGATE ANNUAL DATA,
. 1943 AND 1951 - 1971
8) WALVORSEN (1973) \ RESIDENTIAL ELECTRICITY ' AVERAGE CONSUMP=- b 3 x iz |x DEGREE OF URBA- | STATIC EQUILIBRIUM MOTEL. LOG-
DEMATD TIOR OF ELECTRIC WIZATION, LINEAR,2SLS, IV FOR STATIC EQUA-
48 CONTICUOUS STATES, ENERGY/CUSTOMER APPLIANCE TION USING DATA 1961 - 1968.
AUIAL, 1961-69, PRICES.
POOLED TIME SERIES AND .
CPOSS SECTIONAL DATA
-
9) NOUTHAKKER (1951) RESTDENTIAL ELECTRICITY AVERAGE ANWUAL X X |z LOG-LINEAR.
: DEMAXD CONSUMPTION OF
* 42 PROVINCIAL TGWNS, ZLECTRICITY FOR
ENGLAND, ANNUAL DATA, CUSTCMERS ON TWO
1937-38 PART TARIFYF, | i

"ro-a-:mc:.r o PRICE OF SUBSTITUTZ FUELS, ¥ = IZCOME, N o POPULATION, V = WEATKER/TDCURATURE, A = STOCK OF AFPFLIANCES

D © DEROCRAPRIC/HOUS S CRARACTERISTICS, ¢ = TRD.

8 2y 23 TYPICAL TLECTIZC AL (FPC) AND TCB IS TYPICAL GAS BILL (FRGH BLS)
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TABLE 2: (cont.)

e ELASTICITIES
PrICE OWM-PRICE CROSS-PRICE
SPECIFICATION b) L.R. S.R L.R. 8.2 N OTHER STOCK TREATMENT ADDITIONAL REMARKS
UFALS EXPLICITLY WITH ~.70 | -.3S 7 .38 (SR) DEVELOPS APPLIANCE STOCK ELASTICITY ESTIMATES FROM POOLED DATA.
DECLINI'YG BLOCK RATE ESTIMATE BASED ON AVERAGE CROSS-SECTIONAL ELASTICITY ESTIMATES
STHLD'LE, ESTLMATING MONTHLY CONSUMPTION; AIR FOR DIFFERENT MONTHS SHOW WIDELY TIME-
MiPL]AL RATE AND CONDITIONERS AND HEATING VARYINC RESULTS.
FIXED CHARGE WEIGHTED BY COOLING AND
HEATING DECREE DAYS
-.85 SIZE OF SEPARATE ROWS OF RESULTS FOR ANALYSIS
HOUSEHOLD OF S0 STATES AND CALIFORNIA
TEB (1000 KVH/MO0) -.91 413 1.13 <18 WINTER
TEMPERATURE
TEB (500 KWH/MO) -.88 .17 o3h=.46 .83 SUMMER
ATRAGE REVENUE TEMPERATURE
178 (1600 KWH/MO) -.94 §12E OF N SHARE EQUATIONS SEPARATE ROWS OF RESULTS POR THE THREE
763 (30 THECISYNO) HOUSEROLD DEPENDERT VARIABLES
«76 ISINCLE
.. PAMILY UNITS
-1.12 <30 cAs 80 .27 OIL
i .12 COAL
REGATIVE BUT :
-2.7% INSIGNIFICANT
POR OIL,
ELECTRICITY
AND_COAL
AVERAGE PRICE ELASTICITIES VARY CONSIDERABLY 3Y - INCREMENTAL DEMAND ELASTICITIES
STATE AND GROUPS OF STATES POOLED SICNIFICANTLY CREATER THAN TOTAL
BY HOMOGENEITY IN WEATHER, GAS DEMARD ELASTICITIES. SUBSTITUIES
AVAILABILITY AND TIME PERICD ABE OIL AKD COAL.
-.68 |=-.03
AVERAGE REVENUE -.06 IRSTCHIFICANT DEALS EXPLICITLY WITH TIMFE OF
ACGRECATED OVER 10 -.58 DAY PRICING. EXPECTS MORE PRICE
ALL CLASSES OF RESPONSIVENESS IF TIME OF DAY
CUSTOMERS PRICING EXISTED. SIGNIFICANT
PRICE CHANCES SHOULD LEAD TO
DECREASED CONSUMPTION.
AVERAGE REVENUZ INEL. .07 70 .33 [APPLIANCE DISTINGUISHES SHORT RUN SUBSTANTIAL DIFFERENCE BETVEEN
~.16 T0 B PRICES HAVE DEMAND AS A FUNCTION OF REGIONS OF THE COUNTRV. AS KEGRIOKS
-.23 ¥O EFFECT. INTENSITY OF USE OF PRESENT | "MATURE" ECONONICALLY, PPICE
CHANGES IN NUM~| STOCK VS. LONG RUN DEMAND SENSITIVITY DECREASHS. HIFIASTZES
CURRENT AND | BER OF WIRED AS A FUNCTION OF THOSE THAT RELATIVE AND NOT ABLOLUIE
meL, INEL, PERMANENT HOUSEHOLDS AND | VARIABLES WHICH INFLUENCE CHANGES ARL OF IMPORTANCE, HENCE,
INCOME NUMBER OF MAR- | RATE OF CROWTH OF STOCK OF MOST VARIABLES EXPRESSED IN TEAMS
IMPURTANT RIACLS HAVE APPLIANCES, OF RELATIVE CHALLES
SIGNIFICANT ;
POSITIVE EFFECT
AVERACE REVENUE =52 | -.06 +06 (SR) «22 (CAPITAL AIR CONDITIONERS ONLY RESTDFKTTIAL FLECTRICTITIFS
.88 (L) 8T0CX) EXPLICITLY INCLUDED REPORTED HLKE. MODLL LNIESNDED FOR
SIMULATION. FORECASTS To 198).
STUDY ALSO DISCUSSES LARGE USERS.
BAS SEPARATE PRICE -1.0 049 47 DEALS EXPLICITLY WITH SIMULTANEITY
EQUATIUN FOR MAR- 0 k1] 0 PROBLEMS, FOR THE PRICE LOLATIUIN
CINAL FRICE, BUT -1.21 .088 54 SPECIFIED, THE USE OF MARGINAL GR
USES TEB AND AVERAGE AVERAGE PRICE WILL YIELD 1HE SAME
PRICE FOR DEMAND ELASTICITIES.
MARGISAL PRICES -9 +.2 |1.00 - 107 “NEAVY" EQUIPMENT ONLY AS TENTATIVE INVESTIGATION ON
(FRON TWO-PART T0 0 MEASURED IN TERMS OF KW SEASONALITY (HOURS OF DAYLIGHT,
TARIFF), LAGGED 1,04 +.28 RATING, AVERAGE TEMPERATURE).
WO PERIODS,

o ?, = o rurce,

® » DEMOCRAPHIC/HOUSING CHARACTERISTICS, t = TRZND.

» TED 13 TYPICAL ELECTRIC BILL (PPC) AND TCB IS TYPICAL GAS BILL (WRoM 3L3)

P' ® PRICE OF SUBSTITUTE FUELS, ¥ = INCOME, ¥ = POPULATION, W = VEATHER/TEMPERATURE, A = STOCK OF APPLIANCKS
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VUNCTIONAL FORM/

ArTHON/ seromar
AMALYSTS TYIE OF DATA VARIABLE %% T & W A D.t onm ESTINATION TEQHNIQUE
T — " RESIDENTIAL ELECTRICIT 1 CONSUMPTION 1.) LOG-LINEAR+ PARTIAL ADJUSTMENT
VERLECER, SHEEHAN vEMAD PER CAPLTA WODEL. GLS, ENROR COMPONENT
(1975) A8 STATES, 1961 - 1971 TECHRIQUE.
2.) OLS WITH AND VITHOUT SA'E
INTERCEPTS
3.) IV (LAGGED Y, LAGCED P,
POPULATION)
LLINOUNT, CHATMAN T0TAL ELEGTRICITY LOG-LTNEAR SPECIFICATION. COSSFANT
oo TosEL (1973) | eestmeTiaL BIAAND, BV x 10 T T ity
ELASTICITY, MODEL - OLS AXND IV,
COMMERCTAL USES ERROR COMPONINTS W'DEL.
INDOSTATAL

CITY DEMAND. 48 CONTICUOUS STATES

ELECTRL
ANNUAL, 1946 ~ 197
DL

. {IyHouNT AoP TGTAL ELECTRICITY | GEOMETRIC LAG., GLS, RANDOM
CRAPMAN (1974) DEMAND DEMAND IN K CROSS-SECTIONAL EFFECTS,
U.S. CONTICUOUS STATES, ‘ LOG-LINEAR-
ANNUAL, 1963 - 1972
13)TAYLOR, RESIDENTIAL ELECTRICITY SRESIDENTIAL COM~
SLATTENBERGER, GAS, OIL DEMAND * | swerion or cas, SLOC-LINEAR AND LINEAR TRADITIONAL

VERLEGER/DRT (1977)

50 STATES AND
. WASHINGTOM, D.C. 1955 -
1974

ELECTRICITY AND
OIL BY STATE

GAPELIANCE 870K
UTILIZATION BATES
CAPITAL STOCK

FLOW ADJUSTMENT MOUEL; LOG-LINEAR
AND LINEAR KOYCK MODEL

o1.OC-LINFAR AND LINFAR FLOW
ADJUSTMENT AND KOYCK MODEL

@LOG-LINEAR .

OLS, ERROR COMPONENTS MODEL
USED THROUGHOUT.

“?Ht‘l-l-l (1977)

RESIDENTIAL ELECTRICITY
DEMAND; CONSUMPTION DATA
FOR 39 MASSACHUSETTS
" ZLECTRIC UTILITY DIS-
TRICTS AND 57 RESIDEN~
TIAL RATE STRUCTURES,

1978

MONTHLY CONSUMP~
TION IN KWd

OLS, LOG-LINEAR

1s)viLson (1971)

BRESIDENTIAL ELECTRICITY
DEMAND
77 CITIES IN 1966

LIMEAR, LOC-LINEAR QLS

.,Po-G-‘IPnﬂ. r’-rmorwunmms.!-m.l-mmm,v-mﬂnlmmm.A-mwmm

9 = DEMOGRAPHIC/ROUSING CHARACTERISTICS, t = TREND.

%) 135 IS TYPICAL ELECTRIC BILL (PPC) AND TGB IS TYPICAL GAS BILL (YROM BLS)
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TABLE 2: (cont.)

ELASTICIYIES -
[ 44143 OWN-PRICE Q1 8s-rrIct :
SPrCIricATION b) L.R. 8.R Lole  8.R. INOOME OTHER STOCE TREATMEWY ADDITIONAL REMARKS
DIFFERENCES BETWEEN | -1.0 | -.089 .1 = 143 . PORECASTS AND BACKCASTS SURPRISINGLY
TEB FOR 1) 500 & 100 : L.R. =1.6 ©OOP FOR 50 SIMPLE A MOBEL. LITTLE
1) KWH; 2} 250 & 100 KwH, . HOMOGENEITY AMUNG STAILS. FLOW
3) 500 & 250 KWK AS | -1.2 | -.094 S.R. = .127 . ADJUSTMENT MODEL THE MOST USEFUL
ESTIMATES OF MARGINAL L.R. #1,6 o . SPECIFICATION. ELASTICITIES ARE
PRICE -.45 | -.029 S.R. = 148 - W.R.T. THE DIFFERENT PRICE
L.k, =2.2 . DEFINITLONS.
e
AVERACE PRICE -.14 TO .21 (L.R.) ] UNITARY (L.R.){ THE ABSOLUTE VALUE OF THE PRICE
. -3,2 =36 .2 02 .02 10 W.R.T. POPULA- BLASTICITY POSITIVELY CORRELATED
n) .10 (3.R.) TION. INEL. WITH PRICE. ELASTICITIES REFER TO -
. =1.6 .08 .88 (L.0.) W.R.T. PRICE RESIDENTIAL, COMMFRCIAL AND
. OF APPLIANCE INDUSTRIAL. IV AND OLS GIVE SIMILAR
-1.8 .06 .68 (L.} ] (L.R.) ‘ L.R. ELASTICITIES BUY DIFFERENT S.R.
- ELASTICITIES.
1.) MARGINAL 1.7 | =31 .03 | .01 8.R.=.16 DISCUSSES:
. 10 0 L.R.=.61 EFFECT OF IKCREASES IN Po OX
2 2.) AVERAGE 81 | .16 GENERATING CAPACITY ANU Gl
. PRIMARY FUEL REQUIREMENTS.
3.) AVERACE/MARGINAL : ALSO EQUATIONS FOR COMMLRCIAL AKD
INDUSTRIAL SECTORS.
MARGINAL AND FIXED -.82 | -.08 .10 8.1, ELECTRICITY REPORTED ELASTICITIES FOR FUEL DEXAND
CHARGE TYCCTRICITY - 1.08 L.R. FIXED CHARCE ARE THOSE FOR ELECTRICITY.
R RATES; AVERAGE GAS =02 (5.R.)
) PRICE } =-.17 (L.R.)
12 | -.06 .0004 TO «,08 (L.R.) [APPLIANCE STOCK VARIASLE A
0 10 .38 (S.R.)  ELECTRICITY |WEICHTED STOCK USING “NORMAL"™ .
. ~1.0 -.34 FIXED CHARGE |USE AS WEIGHTS
-.02" «02 | VARIES VIDELY . OVARYING ELASTICITIES FOR REFRIGERATORS,
0 T0 | BY APPLIANCE | FREEZERS, ROOM AIR CONDITINNERS, WATER
.22 «10 | ALL INELASTIC : WEATERS, STOVES, AUTOMATIC WASHERS,
ROWEVER o DRYERS, CENTRAL HEAT AND CENTRAL AIR
CORDITIONERS.
MARGINAL AND FIXED ~.08 - .32 (8.R.) : HANDLES APPLIANCE STOCK
W) ' CHARGE ELECTRICITY : THRU SATURATION BATES IN
© RATES; AVERAGE CAS BQUATIONS
PRICE . C : :
18) TEB FOR 500 KWH/MO +1.33 0.31 -0.46 JANCE STOCK IS A PRICE IS THE MAJOR DETERMINANT.
: TON OF "LIFE STYLE.”
SEPARATE EQUATION, DEPENDENT
ARTABLE: X HOUSES WITH AT
1 URIT OF APPLIANCE 4.
(f=1,.,.6) 6 DIFFERENT
(CATEGORIES .

o !‘ ® OWX PRICE, P' @ PRICEZ OF SUBSTITUTE FUELS, ¥ = INCOME, W = POPULATION, W = WRATHER/TEMPERATURE, A = STOCK OF APPLIANCES
B DEMOCRAPHIC/HOUSING CHARACTERISTICS, ¢ « TREMD. .

» TES 18 TYPICAL ELECTRIC BILL (FPC) AND TGB IS TYPICAL GAS BILL (FROX BLS)-



-16-

with respect to new technologies, estimates of behavioral sensitivity are crucial
products of the models. .Various elasticity estimates for each model are there-
fore reported, principally own-price, cross-price, and income elasticities in the
short and long run. Other selected elasticities are indicated. Such elasticity
estimates are determined by the interaction of four elements: type of data used
in the model, the specification of the dependent and dndependent variables, the
equattonal formulation, and the estimation techniques. A comparison of the elas-
ticities of the models in Table 2 will help in eya]uating the effects of the in-
teraction of specific forms of these four elements in each model. Table 2 a]sb
indicates how appliance stocks are treated.

This overview and the facts detailed in Table 2 assume a knowledge on the
part of the reader of the meaning of such technical terms as static model, dynam-
ic model, partial adjustment formulation, and elasticity. Furthermore a basic

understanding of econometric modelling issues is assumed.

The discussion of this section proceeds by model/analysis documented in Table

2. Once each model is documented, the summary will critically overview the models.

1) ACTON, MITCHELL AND MOWILL“(1976) (AMM) MODEL

The authors examine (1) demand for electricity based on highly disaggregated
monthly data from Los Angeles County over the period 1972 to 1974. Their theoret-
icai formulation explicitly differentiates the Tong-run and short-run; for the
short-run ana]ysis, they treat applicance stock as fixed and concentrate on mod-
elling the factors that determine capital utilization. They‘uti1ize theoretically
apbropriate variables including disaggregated appliance stock data, marginal and

fixed-charge electricity prices and weather. Possibilities of errors in variables

and aggregation biases are.leséehed by the level of data disaggregation utilized

by the study.
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The AMM model treats'conﬁumer behavior as the three step process outlined in
the Overview of this Section. Those were:
e The consumer decides whether to buy a fuel-burning consumer durable, cap-
able of providing a particular consumer service.
o The consumer decides on the characteristics of the equipment he desires,
including efficiency, technical characteristics and fuel type.
o Once the equipment is acquired, the consumer determines the frequency and
intensity of use. |
The first two decisions are treated correctly by the authors as long-run. AMM
then focus upon the determinants of the third decision, the short-run capacity
utilization decision. By explicitly dichotomizing the short-run and long-run in
this fashion, AMM permit a theoretically sound analysis with a richer specifica-
tion in terms of policy variables and socioeconomic and technological characteris-
tics. |
The short-run fuel demand is specified as
= UPgys Psps Yoo Zgs Ag) * Ay la)

while long-run app11ance demand is spec1fied as

et’ ST T

A t =‘F(P
where Et is the consumption of e]ectr1c1ty in month t

Aet is the stock of electricfty consuming appliances in t

Ast is the stock of other fuel consuming appliances in t

P.i is the price of electricity (measured by multi-part tariff)

Pst is the price of substitutes (AMM look at gas only)

Yt is income

Zt includes all other exogénous factors affecting short-run appliance util-



-18-

ization, including weather, household characteristics, etc.

Z; includes all other exogenous factors affecting long-run appliance
demand

t reflects periods earlier than t, hence the Tong-run.
AMM examine the present theory of nonlinear declining multi-part tariff schedules
and develop a marginal rate and an associated fixed charge. For gas only average
prices are used. AMM specify 1a) as
Et =a + Ul(xt) + Uz(xt) Ae,C t ey 2a)
allowing different responses in intensity of utilization with respect to measured
appliances (UZ*Ae) and uses of electricity such as 1ighting for which no adequate
stock measure is available (U]). Using a linear specification AMM obtain

By =2, % 23Ky ¥ 2 biKip Agp ¥ ey 2b)

where Xt includes all exogenous variables in la). Measuring the appliance stock
Aet as a composite average of eight major electfica] appHances.l weighted by aver-

age monthly consumption of those appliances, AMM obtain

8
_ CDD HDD
Aet = Y.I(%AC) t + Yz(%AH) t +1‘53 Y‘iA'i 3)
€D HDD
where Ai = percentage of households with ith electric appliance,
v: = mean consumption of ith appliance in kwh/month,

j
(%AC) = percentage of houses with air conditioning, weighted further by

monthly cooling degree days (CDthfﬁﬁ),

(%ZAH) = percentage of houses with electric heating, weighted further by
monthly heating degree days (HDDt/ﬁﬁﬁ).
Substituting 3) into 2b) yields the equation that AMM estimate using monthly data

for the cross section of meter read-book areas in Los Angeles County. The exogen-

]The eight electric appliances are air conditioners, space heaters, stoves,
clothes dryers, water heaters, dishwashers, refrigerators, and television sets.
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ous variables that AMM include in Xt are the marginal prices of electricity and
gas, the fixed customer electricity charge, average income per household, average
number of rooms per household, average monthly rent per household, average mar-
ket value of the owner occupied housing, percentage of homes in a given observa-
tion that are rented, and average number of persons per housing unit.

The interested reader should refer to the full analysis for all elasticity
estimates. The more important oneé are summarized in Table 2. While the own-
price elasticities vary from -.06 to ~1.03 for different seasons, the average
short-run monthly elasticity is -.35 (relatively inelastic). The effect of the
fixed customer charge was nearly zero and seldom significant. The elasticity
with respect to income is .38 and the cross elasticity is a relatively high .71.

2,3) ANDERSON MODELS (1972, 1973) 1

Anderson (4,5) examines residential electricity demand in terms of annual
consumption for "flexible" (i.e. new) customers in his 1972 and 1973 analyses.
In the 1973 analysis he also models demand for appliance stocks. In the 1972 an-
alysis Anderson uses OLS on both the 1969 cross-sectional data and the 1947-1969
California data. In the 50 state case, the demand for electricity is hypothesized
to be a function of gas and electricity prices (typical electric bills), aver-
age household income, average number of persons per household, fraction of popu-
lation living in non-metropolitan areas, average January and July temperatures and
the percentage of-all electric customers. For the California data, only gas and
electricity prices, average per capita income, and time were used. The 50 state -
regression results indicafe electricity demand is significantly affected by all
variables except gas costs and avérage January temperature.

The 1973 éhalysis uti1izes both static and d&namic specifications for the 50

~states using 1960 and'1970 data. Since the dynamic and static results differ

]S1nce much of the material in both Anderson pieces is similar, further
references to Anderson include both the 1972 and 1973 analyses, unless only
one article is being referenced.
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Tittle, Anderson only reports the static results. His energy demand equations.for

gas and electricity are functions of own and substitQte prices (goal, utility gas,

T TEReRE RTTIEE—

‘bottled gas, fuel oil, electricity, and kerosene), appliance pfices, household fn-"
come, hoﬁseho]d size, urbanity (i.e. fraction of total house that are nonurban),
housing characteristics (percent of total that is single family), winter and sum-
mer temperatures (mean December and July temperatures).

Anderson's analysis deals with the differences between short-run and long-run
demand differently than AMM. He differentiates between energy customers that
choose to stay locked into a particular pattern of energy using appliances and
those that choose to make major chamnges in their stock of appliances. Anderson
furthermore assumes that because of force of habit and low variable-to-fixed cost
ratio for most electricity using devices, short-run demand by locked in customers
is "nearly if not totally unresponsive to changes in income and gas and electric-
ity costs.” Thus, short-run elasticities = 0, which is a rather severe assump-
tion in light of the analyses suggesting significant, if small, short-run sensi-
tivity.

Ander;on assumes that total demand in any year Dt is therefore the sum of
locked-in demand from the previous year, aDt_] (where § is the fraction of locked-
in customers) plus flexible demand (the number of new customers times the average
demand per flexible customer). In short, .

Dy = 8D, 4 + F(X) * (Hy - sH, ;) - 4a)
where Dt is total demand in year t
§ is the proportion of Tock-in customers
Ht is the numbgr of residential customers

Hy

- sHt_1 is the number of incremental customers, new plus non locked-in
and F(X) is average demand per flexible Custdmer, a function of exogenous vari-

ables. By manipulation Anderson makes average electricity consumption per flex-

ible (incremental) residential customer a function F of X:
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Dy - oDy

Ht - 6Ht-]

= F(X) ; | ab)

given estimates1 of ¢, bt Ht’ and X, the parametefs of F can be estimated given
specifications for F. Anderson tries in his 1972 analysis linear, log-linear, ex-
ponential, and combinations of log-linear and exponential specifications.

In the 1973 analysis, Anderson utilizes equation 4b) for analyzing total en-
ergy demand. He also develops appliance demand equations that focus upon inter-
fuel substitution. The interfuel substitution mode]ling and results are listed in
Table 2; however; this work will be discussed in Section C when models of inter-
fuel substitution are assessed.

The price specifications in the two Anderson analyses of energy demand are
similar-typical electric bills. The long-run own-price elasticities for the three
separate data sets are similar, between -.88 and -1.12. In the 1972 analysis, the
gas cross elasticities are .13 to .17, indicating much lower cross price sensttiv-

ity than the AMM results. In the 1972 and 1973 cross-sectional results, the TOhg—

run income elasticities are between .80 and 1.13. However, for the time series
data in the 1972 analysis, the income elasticity is between .34 and .46. The
time series analysis excludes a number of variables which could be biasing the
income elasticity toward zero. However, the cross-sectional analyses may be
attributing state locational effects to income and may be biasing the income

e]ast1c1ty away from zero. )
' It is 1nterest1ng to note for the pooled time- ser1es/cross-sect1ona1 anaiys1s

of AMM where variable specification and data is quite refined and disaggregated,
that the short-run 1nc0me elasticity is .38, suggesting a long-run elasticity clos-

er to the Anderson cross secttona] est1mates rather than h1s t1me ser1es est1mates

]When Anderson attempted to estimate 6, g1ven D,H, and X, the estimate was
zero. -Such a value is impossible. As a resu]t he- estimates equat1on 4b) us1ng
.varying ‘'values of 6 See Anderson (5).
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Anderson utilizes the same equational specification for gas demand finding a
much greater long-run own elasticity (-2.75) and cross elasticities not signifi=
cantly different from zero. The higher own elasticity may reflect Tocational ef-
fects biasing the estimate away from zero; for states where gas is less easily
available, the gas is more costly on an average price basis due to larger trans-
mission costs and pipeline costs spread over smaller quantities.

4) THE BALESTRA (1967) MODEL

Balestra (7) formulates a wide variety of static and dynamic models. His

short-run static equations include gas demand as a function of price and income:

G = fr(PesY¥y)s 4c)
gas demand as a function of appliance stock St and utilization rates AS:
- o yB.- n
Gy AP YIS, 4d)

gas demand as a function of price (Pt) and total fﬁe] demand (Ft):
. 6y = Fp(PesFy) : de)

" where total fuel demand Fi can be a function of income Y, and population N.. The

.
dynamic formulations utilize these same specifications but also introduce a partial
adjustment specification which makes current gas demand a function of lagged de-
mand in the Koyck-Ner]ove form. Balestra develops a number of formulations in-
volving Tagged and first differenced values for own-price (PO), substitute prices
(PS), income (Y), population (N), percentage of state population that is urban

(U), and weather tonditions. While Balestra estimates a wide variety of specifi-
cations, one of his basic estimating equations is

Biy = o T oqPIyy ¥ ogPSyy taghp g gt BNy *oag¥y g

ti 0
toaghlyy ¥ aglUyy * aghy 4 4 47)
where t is the time period and i indexes states.

The elasticity estimates vary considerably by state and for the groups of
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states pooled by homogeneity in terms of weather, gas availability, and time per-
iod. Gas demand is found to be extremely inelastic in the short-run, -.03, and
fairly inelastic in the long-run, -.68. These estimates differ considerably from
the high own-price gas elasticities found by Anderson. The extremely low short-
run elasticity is, however similar to Anderson's assumed zero elasticities for
Tocked in demand.

5) CARGILL AND MEYER (1971), (CM) MODEL

The Cafgil] and Meyer (20) model focuses upon total demand for the residen-
tial, commercial and industrial sectors; however the analysis is one of the few
that focuses upon time of day demand. As a result it is included in this review.
They do load modelling using data for monthly observations on the 24 hour Tload
curve in one hour intervals for two SMSA's (one industrial Midwest city and one
West coast city) over January 1965 through December 1968. The CM demand function

estimates system load per capita in hour i

Pe 2

95 = Byy ¥ Bpy Pyt ByyY * By ¥ BgyM * Bgit + U 5)
where
%g— is the price of electricity relative to the price of gas (average
revenue per kwh/average price per therm)
Y is real per capita personal income
M is employment of production workers in manufacturing

t is time (1,2...48) in months

Bji are estimated for each time period i
The equation is estimated for each of 24 hours; the variables explain about 90% of
the variation in monthlyrhourly demand. The income effect is of Tittle consequence.
The price elasticities vary from -.06 to -.58. In both cities the demand is less

elastic in the afternoon and late morning and more elastic in the evening and early

morning before dawn, suggesting more discretionary uses at that time. The fact that
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system load includes residential, commercial and industrial demand makes it diff-
icult to interpret the elasticities results with respect to any one of the using

groups. Thus the modelling results are not immediately relevant to the purposes

of respecifying residential demand models. However, the insights gained from

mode11ing hourly demand are useful.

6) FISHER AND KAYSEN (1962), (FK) MODEL

The FK (36) modelling effort is one of the earliest; however, it contains one
of‘the better treatments of the differences between the short-run and long-run.
It is surprising that the insights found in this effort did not show themselves
more fully in later work. Not until the AMM work ( 1 ) and the analyses by Tay-
lor, Blattenberger, Verleger/DRI (29) did the explicit separate treatment of the
long-run and short-run resurface in the literature.

In the short-run, FK accept the appliance stock as fixed and focus upon the
determinants of the applicance utilization rate. They define total short-run de-
mand (Dt) as

n
R AT 6a)

where wit is the average stock of appliance i measured in kwhs consumed during a

"normal" hour of use in year t, and Kit is the intensity of use of the ith

appli-
ance in year t for n appTiance types. FK assume short-run fuel switching is neg-
ligible (as opposed to AMM) and make the intensity of use Kit a function of user
price and income:

it = APy Yy 6b)
Hence

and substituting C; = A, pol v81
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(=
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C(PL/P)™ (Y,/Y) Wy 6d)
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B, Ci = C for all i. Taking logs one obtains the FK basic equa-

I - Al ] 1 ]
Dt—A +oaPt+8Yt+|rJt+Ut 6e)
n
-8
T W,
3 it.

where primes denote logarithms, A = CP "® Y ~° and W, =

If proper estimates of the weighted appliance stock (W,) were available, 6e) could

¢)
be estimated. FK felt the data was not good enough; hence they assumed that wt
grew exponentially in each state over the sample period. As a result, when taking
is constant and subsumed into A'. This

first difference in 6e), 2n W, - an W

t t-1
assumption seems to be too severe for all states; FK's analysis of the explanatory
power of the equation (RZ) related to state's growth rate indicates that for the
fastest growing states, the assumption of simple exponential growth in wt is least
supportable.

Estimating 6e) with assumed exponential growth in the appliance stocks for all
states over 1946-1957 using average revenue as the price specification yields price
elasticities that vary from -.03 to -.99 and income elasticities that vary from
.06 to .88 (when they have the correct sign.) In order to explain the differences
in these estimates, FK claim that greater urbanization is associated with greater
income and price elasticities, reflecting the stock of appliances in urban areas
and the more numerous substitutes available. When FK pool states by homogenous
regions based upon urbanized or rural characteristics, all elasticity estimates

become significant and ep = -.16 to -.25 while ey = .07 to .33.

While some of FK interpretations as to the reasons why elasticities differ
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across urban and rural, old and young states can be debated and seem contradic-
1

tory , on the whole their elasticity estimates for pooled data yield short-run
elasticities estimates that corroborate such efforts as AMM; to wit ep 4
and e = .25.

Yy

For long-run demand, FK focus explicitly upon changes in the stock of con-
sumer appliances. FK first examine Tinear and logarithmic forms of the partial
adjustment model. However, they scrap the partial adjustment model because it
ideally models variables that exhibit the possibility of continuous variability
in the stock to desired levels (e.g. investment in all consumer durables). In this
case, the estimate of the partial adjustment parameter (0 < A < 1) makes sense.
With appliance purchases by new households, the household either buys the new ap-
pliance or not; room for continuous variablity is lacking. In the face of these
difficulties (FK utilized a "disease model" relating wit/wit_] - i.e. "spread-of

the disease") to the independent variab1es2 as follows:

] P E E ] ] ] ]
Wig' = Wigag = Ay +ongg(Yg" = Y g') #ongp¥e " # mysBye’ + nigBiy
1 1 ] 1 ] E 1 -
FnggHy' = He ") +ongglFe’ = Feq') +onggMy’ +nggPy’ 7)

' E,
*nigvit Fmio¥e Tt Uit
where primes denote natural logs,

W,. ' -W

it gl =N (wit/w.t_1) = the log of the change in appliance stocks

i
of type i for years t and t-1
YE = seventeen-year moving-average of real personal income per

capita (Friedman's permanent income)

]See pp; 29-60, where FK claim more urbanized statgs_tgnd to have higher el-
asticities while younger states also have greater elasticities.

2For full definition and data sources see FK (36), pp. 85-90.



-27-

Yt = current personal income per capita

Eit = electric appliance price

Git = gas substitute appliance price

Hy = number of customers per capita (i.e. customers/population)
Ft =  population

Mt = moving average of marriages in t and t-1

PE = user cost of electricity (average revenue)

Yit appliance efficiency, kwh consumption of appliance per hour of
average use

and Vt =  three year moving average of gas prices.
FK find that net changes in appliances depend primarily on changes in long-run in-
come, population, the number of wired households per capita, and number of mar-
riages. Except for electric ranges and water heaters, the cost of electricity and
the price of the appliance have little effect upon stock demand. For washers and
refrigerators, economic variables are unimportant.

The apparent lack of importance of economic variables contradicts much of the
interfuel substitution Titerature. However, the contradiction is spuriocus. FK
find economic variables unimportant for washers and refrigerators where there is
Tittle interfuel substitution; for these devices, current and permanent income,
population and number of wired households have the greatest explanatory power.

For ranges and water heaters greater possibilities for interfuel substitution ex-
ist and FK find the economic variables have greater explanatory power. If space

heating were analyzed I am sure FK would have found even better explanatory power
in the economic (own and cross operating prices and appliance costs) variables.

7) GRIFFIN (1974) MODEL

Griffin (37) develops a 25 equation, block recursive model of electricity sup-

ply and demand. For his residential demand specification he hypothesizes per cap-
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ita consumption to be a function of capital stock per capita, income and fuel

prices. He estimates

-

D
B.(v=) .+
j=0 TN -1y

DR L4
N %0 “1N

™M 3

PR

it ™=

0

where

DR is the total residential electricity demand

N is population
K] is the stock of residential appliances (proxied by central air
conditioners)

YD is real disposable income

PR is the average residential electricity price

P is the GNP deflator.
Griffin also estimates per capita appliance stock as a Tagged function of real
disposable per capita income. However due to data problems, he again models cap-
ital stock as central air conditioners alone.

Griffin finds that the short-run own-price electricity is -.06 and the Tong-

run elasticity is -.52. The respective income elasticities are .06 and .88. The
stock elasticity is .22 which is very small; it probably reflects the fact that

only central air conditioners are included in estimates of the appliance stock.

8) HALVORSEWN (1973) MODEL

Few of the analyses summarized in Table 2 deal explicitly with the simultan-
eity difficulties inherent in modelling electricity demand. Halvorsen (38-42) at-
tempts to do so by specifying both supply and demand curves as follows:

Demand: Q = Q(Pm, Y, Z, U) 9a)
Supply: Pm = P(Q, C, v) 9b)
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where Q, the quantity demanded, is a function of marginal electricity prices (Pm),
income (Y), and Z is a vector of other exogenous determinants. The supply/price
equation makes marginal electricity prices a function of quantity supplied and
costs of supply (C). v and u are disturbance terms. The factors that Halvorsen
includes in Z are price of gas, price of electric appliances, percentage of pop-
ulation living in rural areas, number of heating degree days, average size of
households, average July temperature, percentage of housing units in multi-unit
structures. Halvorsen estimates the structural equations 9a) and 9b) and reduced
form equations with various lag structures. He finds that the static model works
as well as the dynamic model, and utilizes the static formulation for most of the
analysis. However his tests upon the static versus dynamic character of the model
are based upon 1961-1970 data when the independent variables were smoothly trending.
Similar experiments based upon 1978-1975 experience would more conclusively deter-
mine the relative performance of the static and dynamic models' predictive power.
Halvorsen's structural demand equations are credible; however, the supply/
price equation is relatively ad hoc and poorly specified. As a result, elasticities
estimated from the demand equation appear to be believable; however, total system
elasticities based upon 9a) and 9b) are suspect given difficulties in the estimated
supply/price relationship. Demand elasticities from the structural demand equation
indicate statistically significant long-run own-price elasticities of. -.049 to -.088
and income elasticities of .47 to .54. These estimates differ for regionally pooled
data. In various regions, household size, July temperature and time become sign-
nificant. The use of marginal and average electricity prices yield very similar
elasticity estimates. Halvorsen uses nominal prices, which is a problem.

9) -HOUTHAKKER (1951) MODEL

Houthakker's analysis (54) focuses upon a cross-section of 42 provincial towns

in the United Kingdom for 1937 and 1938 using the equations
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X=aM+ b/P + cq +dh + ¢ 10a)
and InX=alnM+8InP++yIng+ 8Inh+ ¢ 10b)
where

X is average annual electricity consumption per customer on a 2 part
tariff

M is average money income

P is marginal price of 2 part tariff

q is marginal price of gas on domestic tariffs

h is customer holdings of heavy domestic equipment

Gas and electricity prices are lagged 2 years to avoid simultaneity problems.

This specification is similar in spirit to AMM and FK in that appliance stocks
are held constant and short-run demand is predicted on the basis of prices and in-
come. The estimated short-run elasticities are: ey =1.17, e =-.89,¢e_ = .21,
and e, = .18, which are high when compared with other studies. The higher price
elasticities may reflect the fact that prices are lagged two years; hence the elas-

ticities are closer to long-run estimates.

10) HOUTHAKKER, VERLEGER, SHEEHAN (1974), (HVS) MODEL

The HVS model (56) differs from the previous models in that it does not ex-
plore a wide array of independent variables. It utilizes only electricity price
and income in a flow adjustment formulation. Thus, HVS define desired equilibrium

consumption Qit* to be

it =Py Vi | 11a)
while the adjustment mechanism is
. _ 0
Qe/Qg-1 = (Q3g*/Qy) 11b)

Hence, HVS obtain

In Qg = Olna + oyInP., + eslnY., + (1-0)1nQi’t_1

HVS utilize a pooled time-series of cross-sections for states from 1961-1971. They
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utilize anlerror components'technique which allows for a state component in the
error term. The use of thé state error component corrects for differences across
states that are not included in the price and income effects. HVS use three dif-
ferent price specifications: the differences between typical electric bills (TEB)
for 500 and 100 kwh, 250 and 100 kwh and 500 and 250 kwh. The e]astibities re-
sulting from these price specificationé are listed in Table 2. For the first two
prices, low short-run elasticities and long-run elasticities of about -1.2 to -1.6
result. For the third price specification, similar short-run elasticities are es-
- timated; however the long-run price elasticity estimaté is much Tower. The 500
and 250 kwh difference is the most relevant of the three price variables; hence,

the 1ower 1ong run elasticity est1mate of -.45 must be taken seriously.

In a thorough examination of the HVS mode1 Charles River Associates (25)
found similarly small long-run price elasticities for equations utilizing the 500~
250 kwh TEB. However, for the price variable expressed as the difference between
TEBs for 1000 and 500 . kwh, the long-run price elasticity is estimated to be -1.085
and the long-run ey = .63. These estimates are much closer to the static equilib-
rium model estimates of Halvorsen and Anderson. In spite of its simplicity, the
forecasting and backcasting performance of the HVS model is shown in the CRA work

to be quite good, when actual va]ues of the lagged endogenous variable are used.

11) MOUNT, CHAPMAN AND TYRRELL (1973), (MCT) MODEL

MCT (68) model the residential, commercial and 1ndustria1'sectors individually.
They utilize a flow adjustment model with a lagged endogenous variable. Further-
more,.in addition to the usual constant elasticity model specification, MCT specify
a variable elasticity modei. The constant elasticity model (CEM) is:

BT BN
1t- ] t '

= A Q see VNit 12a)

Qlt

where i is the state

t is the year
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Q is the quantity of electricity demanded
Vn is the level of the nth causal factor
In the partial adjustment formulation, the short-run elasticity (eSR) of Q
with respect to Vj is B and the long-run elasticity (eLR) is si/(l—x). The two

variable elasticity models are

Q;y = AQiti] v]its‘ ... VNfﬁeY]/Vlit L eYN/VNit 12b)
and ] o .
0, - 20 Pit Q1t§1 V11t81 510 VNitBN+ WOit /it
oW it 12¢)

where all the variables are defined above and D is a demographic/geographic shift
- Yi/v) and e R =(Bi - yi/Vi)/(1-A). For 12c),

egp = [s; - (yi/vi) + (ai/D)] and e |p = eSR/(l-A). These variable specifications

variable. For 12b) egp = (61
permit elasticities to vary with region (i.e. demographic/geographic values for D)
and with Tevels of the independent variables (e.g., if income elasticities vary
with y = th, then yk/Vk # 0). MCT utilize OLS and instrumental variables (IV)
techniques in estimation. Their price specification is average price. Their in-
dependent variables are real personal income per capita, gas price measured as av-
erage revenue, price of appliances of machinery, mean January temperature and pop-
ulation. They estimate the equation in log-linear form.

The long-run estimates for both OLS and IV techniques are quite similar; the
short-run estimates differ considerably. Since R = eSR/(1-x), the reason is that
the estimate of the partial adjustment factor is Tower in the IV case while the
short-run elasticity estimates are higher. The elasticity estimates in Table 2
are OLS results. The 1ong—runbown price elasticity is -1.2. This estimate holds

for the constant and variable elasticity models, for the OLS and IV estimates.
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The long-run gas cross-elasticity is .2, while the income elasticity is .21. The
raspective own-price, gas cross-price and income short-run elasticities are (-.14

to -.36), .02 and (.02 to .10). Thus the estimated short-run OLS elasticities are ex-
tremely small. The IV estimates are more believable because they are statistically
consisfent. As stated above, the long-run IV estimates are similar to those in

Table 2. The short-run IV estimates are about twice as large; hence, they are

still inelastic. Overall, in the Tong-run electricity demand is price elastic

and increasingly so as prices rise. Demand is income inelastic and increasingly

so as income rises. Demand is unitarily elastic with respect to population.

12) MOUNT AND CHAPMAN (1974), (MC) MODEL -

Utilizing a similar modelling approach, MC (68A) examine alternative price
specifications for residential electricity demand. The resulting elasticity es-
timates are quite similar to those found in MCT except for the income elasticity
estimates which are somewhat larger.

13) TAYLOR, BLATTENBERGER, VERLEGER/ DRI (1977), (TVB) MODEL

TBY (29)'ana1yze residential energy demand at three levels: demand for gas,
0il and electricity by state; demand for appliance services through appliance stock
utilization rates; and demand for appliances. TBV deal with the differences be-
tween short-run and‘long-run consumer behavior similarly to Fisher and Kaysen: they
distinguish between short-run demand as a choice of the capital stock utilization
rate and long-run-demand as a choice of the size and characteristics of the appli-
ance stoék. As with the Atton, Mitche]] énd Mcw}li-aﬁai§sis,”fév deal explicitly
with the consumer theory of demand functions in the face of declining block tar-
iff schedules. They utilize as a result both a marginal price and inframarginal
fixed charge invfully articu]ating the budget effects of electricity rates.

For means of compérison TBV introduce the flow adjustment model utilized to

explain energy demand simi1dr to that of Houthakker and Taylor (55):
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. *

q; = olqy - q;) 13a)
with

*

qt = g + g Xy + ApTy + a3zt 13b)
and therefore

&t = agd - 0, + agOxX, + 0,0y + 50z, 13c)

where q is the amount of electricity (or natural gas of fuel o0il) consumed, x is
income, = is price (for electricity, consisting of a marginal and a fixed compon-
ent) and z is a vector of other exogenous factors.
‘The appliance stock utilization models are of the form

q = u(x, 7, 2z)$S 13d)
where the utilization rate of applicance stock S is a function u of x, =, and z
as defined above. Whereas the flow adjustment model in 13a) - 13c) do not explic-
itly deal with the characteristics and size of the appliance stock, the model in
13d) assumes that the appliance stock is given in the short-run. The utilization
rate is a function of current variables. Utilization rates for subgroups of ap-
pliances can also be examined:

q= u](x, T, z)S] FRTL (x, m, z)Sm
Equation 13d) can also be expressed and estimated as

q/s = U(X, Ts Z) ]33)

Equation 13d) requires aggregation of appliance stocks. Fisher and Kaysen

utilized "normal use" as weights. TBY do the same so that
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*
and U, denotes the "normal" utilization rate of the ith app]iance.]
To complement the stock utilization models, a model of capital stock accumu-
lation is required. TBV define equilibrium appliance stocks S* to be

*
S =BO+B]X+627r+B3(Y‘+5)P+B4Z 13f)

where x, = and z are defined above and r is the market rate of interest, § is the
depreciation rate of the appliance stock and P denotes the per watt price of ad-
ditions to the appliance stock. Hence, (r + 8)P is a user cost of capital services
per watt. Combining 13f) with an assumption about replacement investment and the
partial adjustment formulation that new investment = ¢(S* -S), TBV obtain]
Y = 0By + 48X + 9B, + ¢Ba(r + )P + 48,z + (8 - ¢)S 139)

where y is gross investment in appliances.

Equations 13d) and 13g) are the explicit short-run/long-run dichotomization
of the simultaneous consumer decisions that are subsumed into the usual partial

adustment or flow adjustment mode]s.2

The partial adjustment and flow adjustment
models yield similar elasticity estimates in the log-linear specification; the
first row of TBV elasticity estimates in Table 2 are those from the flow adjustment
model utilizing in addition to x and =, the price of natural gas, heating degree
days, and cooling days in z. The resulting own-price elasticities are -.82 and
-.08 in the long-run and short-run. The elasticities with respect to the fixed
electricitycharge are -.17 and -.02 in the long-run and short-run. The income el-
asticities are .10 and 1.08 in short-run and long-run.

The second and third rows of elasticity estimates in the TBV analysis results

vefer to the capital stock equations 13e) [or 13d)]and 13f). x, = and z are defined

1See Taylor, Blattenberger, Verleger/DRI (29)for details.

2 . .
_To Qe precise, the flow adjustment and partial adjustment models differ
slightly in their specification. They are compared fully by TBV(29) chapter 5.
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as above.

The short-run own-price elasticities vary from -.06 to -.54 depending upon
the specification of 13e). Since not all the equations were estimated in a dy-
namic form, it is difficult to ascribe long-run elasticities for each of these
short-run estimates. A reasonable bound is -.12 to -1.0. The cross-price elas-
ticity estimate is nearly zero; hence there seems to be 1ittle interfuel substitu-
tion in the short-run, a fact assumed by Fisher and Kaysen and found by Anderson.
The capital stock equation 13f) is estimated for refrigerators, freezers, room air
conditioners, water heaters, stoves, automatic washers, conventional washers, dry-
ers, central heating and central air conditioners. The own-price (marginal price)
elasticity estimates vary from -.02 to -.22. The cross-price elasticity estimates
vary from .02 to .10. Income elasticity and user capital charge elasticity esti-
mates vary widely for the different appliances analyzed.

Long-run elasticities of energy use can be estimated by assessing the total
effect of changes in the independent variables upon appliance stocks and utiliza-
tion rates:

*
zooalafs) 2,y Biz
q YA (q/s) ;1 8z S?

9q
9z

where q is energy sales and the other variables are defined above (I use z as a
generic independent variable here, including marginal price or income). It is
interesting to compare these total elasticity estimates with the long-run consump-
tion elasticities that are generated by the usual partial adjustment specifications.
Depending upon the specification for 13e),TBV find long-run sales elasticities of
income to be 1.00 - 1.30 and own-price (marginal) elasticities to be -.46 to -.90.
The mean estimates are ey = 1.20 and e_ = -.60. Such estimates accord with sev-

p
eral long-run elasticity estimates (Anderson, HVS, MCT) from the single equation
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partial adjustment models; however they are based upon explicit analysis of short-

run and long-run behavior.

14) WILLIS (1977) MODEL

Wills (87) utilizes a short-run demand model similar to the Taylor, Blatten-
berger, Verleger/DRI (TBV) capacity uti]izéiion model 13d) and the Fisher and Kay-
sén (FK) model. Wills also utilizes both marginal prices and fixed charges for the
declining block rate tariff schedules as done by TBV and Acton, Mitchell and Mo-
will. Wills tried a number of specifications; the specification for which he re-
ports results is, |

q =05+ or.-IPM + aZY + aq PSFD + oy HEAT + ap WATER

+ ag STOVE + oy COLOR TV + ag FROST 14)

where all variables are in logs and

q = kwh consumed/month/household

PM = marginal electricity price

Y = incoﬁe

PSFD = percentage of customers 1iving in single family dwelling

HEAT = a dummy variable, equal to one if consumption is in an all-elec-
tric rate and zero otherwise

WATER = a dummy variable, equal to one if consumption is on a rate dis-
counted for owners of electric water heaters and zero otherwise

- STOVE = per sing]e'family dwelling ownership of electric stoves
COLOR TV = per singié famfly dwelling ownership of color televisions

FROST = per single family dwelling ownership of frost-free refrigerators
The coefficient for the fixed consumer charge was never significantly different
from zero; as a resu]t; Wills subtracts the fixed charge from income and uses the

the resulting net income as Y in the equation 14). The variables included in the
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regression are clearly extremely disaggregated and refined; they result from con-
sumption data for 39 Massachusetts electric utility districts and 57 residential
rate structures. The short—fun elasticity estimates conform with those of TBV and
FK: the short-run own-price elasticity is -.08 while the short-run income elas-
ticity estimate is .32.

A number of questions still remain for the Wills work. When HEAT and WATER
are excluded, the explanatory power of theiregression falls considerably and the
coefficient estimates of PM and Y reverse signs. When saturation rates are used
for space heating and watér heating, the own-price elasticity is -1.33 which is
unacceptably large. Further effort is required in assessing the usefulness of
these dummies and saturation rates in capturing the presence of the appliance
stock because they provide a simple substitute for the weighted appliance stock
estimates used by TBV and FK. Those estimates utilize weights based upon "normal"
usage; the problem is that normal usage will change with the independent variables.

The utilization of saturation rates would avoid this difficulty.

15) WILSON (1971) MODEL
' The Wilson model (85-86) focuses upon residential electricity demand and de-
mand for six categories of household appliances. In the electricity model, 77
cities in 1966 provide the cross-section; 83 SMSA's in 1967 are used for the ap-

p]iance'demand. The electricity demand is reported here]; it is given by

Q= b] + b2P + bSG + b4Y + bSR + b6C + ¢ 15)
where
Q is the average e1ectr1city'consumption»pgr household
P = price of electricity (TEB for 500 kwh/Mo.)
1

The appliance modelTing corroborates other efforts. The own price e]astjcity
is significantly negative and less than -1 for all but home freezers. The price
of natural gas is important in the equations for ranges, water heaters, and dryers.
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= average gas price (cents per therm)
= median family income

= average number of rooms per household

(] = ~< o
1

= number of degree days
The estimated elasticities are'ep = -1.33, e = .31 and ey = -.46. A1l are sig-
nificantly different from zero. The own-price elasticity is quite large at -1.33
even for a long-run elasticity. The income elasticity is the wrong sign; it makes
one wonder about the other estimates.
16) SUMMARY

In the early discussion of this section, three consumer decisions were iden-

tified for energy demand:
¢ The consumer decides whether to buy a fuel-burning consumer durable, ca-

pable of providing a particular consumer service (e.g. cooking, heating,
lighting, air conditioning etc.)

® The consumer decides on the characteristics of the equipment he desires,

including efficiency, technical characteristics and fuel type to be
burned.

§ Once the equipment is acquired, the consumer decides on the frequency and

intensity of use.
These three decisions span short-run and long behavior.

A number of modelling techniques have been utilized to deal with one or all
of these decisions. Three techniques predominate in the analysis reviewed above.
They are:

e Static long-run equilibrium formulations

e Dynamic partial adjustment of flow adjustment formulations

e Explicit multi-equation analyses of appliance stock utilization and

changes in the appliance stock.

The models reviewed that are static, long-run equilibrium formulations include
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those of Anderson (5,6), Halvorsen and Wilson. The dynamic partial or flow ad-
justment formulations are found in the ana]yses’of Anderson (6); Balestra; Houth-
akker, Verleger, Sheehan; Mount, Chapman and Tyrrell; and Taylor, Blattenberger,
Verleger/DRI. Analyses that focus explicitly upon short;run demand (given fixed
app]fance stocks) and/or Tong-run demand (through appliance stock changes) in-
clude those of Acton, Mitchell and Mowill; Fisher and Kaysen; Griffin; Houthakker;
wuw11ls: Taylor, Blattenberger, Verleger/DRI; and Cargill and Meyer.

The theoretical specification and the empirical implementation of the fif-
teen models have been discussed briefly above. Some comparative and critical
comments were provided; however, greater critical review is required along the
1{nes of the eight criteria of evaluation introduced in Section B. The follow-
ing discussion critically summarizes and reviews the modelling efforts utilizing
the eight model assessment criteria.

i) Proper identification of major market participants and the level of dis-
aggregation required.

A11 of the models reviewed analyze electricity (gas and oil where appropriate)
demand at fhe residential level except for Balestra who aggregates commercial and
residential demand and Cargill and Meyer who aggregate the commercial, residen-
tial and industrial sectors. Such aggregation is 1nappropriate if one is inter-
ested in the residential sector specifically, given the data that is currently
available. Usually total energy demand is analyzed on an annual or monthly basis.
Either basis is appropriate; however the more temporally disaggregated the data,

_ the better. Those analyses which deal with utilization of or changes in the ap-
liance stock disaggregate residential stocks into a number of fuel-use categories
including combinations of refrigerators, freezers, room air conditioners, water

heaters, stoves, automatic washers, conventional washers, dryers, space heating
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and central air conditioning. .

A1l of'the models disaggrégated overall consumer utility/demand to energy
demand alone; i.e. for fuels and fuel-burning appliances. Hence they assume -
separability. ~ This assumption seems to be tenable.

ii) Proper fdéntification and incorporation into variables in the model éf
policy issues and technological considerations for the major participants.

The major uses of the models discussed above include analytic understanding
and policy assessment. The possible policy variables subject to analysis are
long-run and short-run in nature. The short-run policy tools must deal with en-
ergy conservation and factors affecting appliance stock utilization (e.g. ther-
mostat controls and other appliance use standards). In the long-run, variables
shpu]d deal with new technologies, technological characteristics, efficiency
standards and taxes and their effects upon changes in the stock pf fuel-burning
equipment.

The models discussed above include to varying degrees such variables as own
and substitute prices (i.e. fuel operating costs), income, population, weather/
climate variables, appliance stock variables and demographic variables. Which
variables ére incorporated into the models is detailed in Table 2. The popula-
tion, weather/climate and demographic variables clearly are not easily used policy
tools. More shall be said about these variables later. The own and.substitute
prices are clearly important policy tools that can be affected through such
things as BTU taxes. Al1 the models utilize own price; those analyses which do
not include substitute prices suffer considerably. They are Balestra, Griffin,
and Houthakker, Verleger, Sheehan. Fisher and Kaysen do not include gas price
in short-run demand but they base its absence upon assumed zero cross-elasticity.
The work of other analysts'indicate such an assumption may be wrong. The remaining

studies include gas as a substitute price; however, other substitutes include oil
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and coal. On1y Anderson (1973) includes these substitute prices. Furthermore
although all studies include own-price, oh]y Acton, Mitchell and Mowill; Taylor,
Blattenberger, Verleger/DRI; and Wills explicitly deal with the declining block rate
tariff structure through a marginal price.and a fixed chérge. The remainihg anal-
yses use average price, or TEB. This treatment of marginal and fixed charges
will permit analysis of proposed electricity rate restructuring proposals such
as rate leveling and rate structure inversion. Finally, none of the studies

deal with the need for articulating gas prices through both a margfna] rate and
fixed charge. This absence introduces potential misspecification and biases the
long-run gas price cross elasticity to zero.] It also Timits policy analysis of
rate restructuring for gas prices.

The presence of an income variable provides a limited policy tool. However
greater analysis of appliance stock characteristics (efficiency, uncertainty of
new technologies) and appliance capital costs are required in both the long-run
and short-run. In the long-run, technological characteristics of old and new
technologies and the cost of capital services must be taken into account. Fisher
and Kaysen (FK), Mount, Chapman and Tyrrell (MCT) and Taylor, Blattenberger, Ver-
leger/DRI (TVB) do include appliance prices; however, there exists interfuel com-
parison of technological characteristics which is crucial for long-run appliance
stock demand by fuel-use category. In the short-run, the capacity utilization
models of TBV and-AMM utilize "normal" uée to .aggregate appliance stocks; changes
in such normal use can be utilized in an ad hoc fashion to assess attractive con-
servation policies. Howevef, explicit treatment of appliance stock efficiency is
also needed to properly handle short-run demand and short-run policy possibilities.

Finally, some policy proposals such as peak load pricing options require

]See Taylor, Blattenberger, Verleger/DRI (29).
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seasonal and daily demand modelling. Few models have achieved that Tevel of re-

finement. Acton, Mitchell and Mowill utilize monthly data and could be used to
investigate changes in load duration curves on a seasonal basis. The model of
Cargill and Meyer assesses hourly electricity demand and could be utilized to
analyze the effects of hourly peak load pricing.-

iii) Proper degree of geographical dﬁséggregation

For the purposes of most policy analysis and simulation experiments, disag-
gregation to state level is sufficient. Most of the models in Table 2 afe disag-
gregated to that level. More detailed and refined analytic results and policy

assessments are possible if the geographical units are utility areas, meter read-

book areas, cities and SMSA's (such as the works of Acton, Mitchell and Mowill,
and Wills). '

iv) Utilization of the appfopriate behavioral models and underlying behav-
ioral assumptibns

As stated in the beginning of this summary, three sets of models have been
utilized to deal with the short and long-run consumer decisions involved in en-
ergy demand. They include static equilibium models, dynamic partial (flow) ad-
justment models and multi-equation separate treatment of the Tong-run and short-
run. The static and dynamic models treat energy demand in aggregate without ex-
amining the relationship of such demand to the underlying fuel-burning app]iance
stock. The modets implicitly assume some Tong-run equilibrium relationship of
fuel demand to appliance stock, where both the fuel demand (stock utilization)
and the stock are related to combinations of PO’ PS’ Y, N, W, A, D and t in Fig-
ure 2. This is clearly a difficulty when potential policy actions and economic
factors will affect appliance stock utilization rates.

Within this group of model types, the static equilibrium models (Anderson,

Halvorsen and Wilson) are not designed to track short-run time series variation.
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Anderson experiments with both dynamic and static formulations and finds that due
to the relatively steady-state trending of the important variables in the 1960's,
either the static or dynamic versions of demand models provided essentially the
same parameter estimates and simulation performance. However this will not be

the case for periods when such smooth trending in the economic time series is
lacking, such as the 1970's. To take account of short-run disequilibrium effects,
the dynamic models utilize lagged consumption. These models include Anderson
(1973); Balestra; HVS; MCT; and TBV. By including the inertial effects of past
consumption upon current consumption, these partial (or flow) adjustment models
are definite improvements upon the static equilibrium formulation. Since energy
demand is characterized by three consumer decisions (see overview of this section)
that combine short-run and long-run behavior, the partial adjustment formulation
permits explicit differentiation of the long-run and short-run responses.

In spite of the improved theoretical specification in the dynamic adjustment
models, more explicit differentiation between and delineation of the determinants
ofl long-run and short-run demand is required. The dynamic adjustment models
still ignore the relationship of capital stock to fuel demand; they impose a con-
stant relationship between the short-run and Tong-run elasticities for all exog-
enous variables (eLR = eSR/I-A); they still do not permit explicit identification
of long-run and short-run policy variables. The appropriate approach is explicit,
separate mu1ti-equation treatment of the long-run and short-run as found in AMM,
FK, TBV, and Wills. Although each of these particular analyses has its own dif-
ficulties in terms of data and variable specification and/or exclusion, the group
does represent the properly dichotomized behavioral specifications. The TBV an-
alysis compares the long-run and short-run elasticities that result from a par-
tial adjustment model and from a combined capacity utilization/capital stock model;

the elasticities are not widely divergent. However, the combined multi-equation
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analysis .is much more refined in terms of data used and much more sound in terms
of explicit behavioral representation and inclusion of policy variables.

v) Proper integration of the demand analysis into an overall energy and/or
macroeconomic model

This criterionis appropriate for demand analyses that are part of a general
equilibrium model. Most of the models reviewed here (except for Griffin) are
not a part of larger models; hence, issues of proper integration and/or problems
arising form improper integration are not relevant. In terms of using any of
the models, all would require a set of assumptions about the exogenous variables
in which the models are set. The more refined and complicated the model, the
greater are the exogenous data requirements. |

vi) Utilization of the proper data and statistical econometric techniques

This criterionproves to be a thorny one, particularly with respect to appro-
priate data. The apprdpriate statistical/econometric techniques'are usually
2SLS, instrumental variables (IV), GLS, and/or an error components model. How-
ever_in some cases, OLS has been used in generating results not widely different
than those .from a:cbnsistent technique (e.g., Mount, Chapman and Tyrre11 long-run
e1asticities). Parameter estimation in the presence of serial correlation and a
lagged endogenous variable is dangerous. If consistent techniques (Iv, 2SLS)
are not used, thée parameter estimates can be worthless. Furthermore, eVen if
consistent techniques are utilized the parameter estimates, particularly of the
1agged:endogenous variable, are extremely sensitive to assumed stochastic spec-
ification, sample period définition and variable definition.

It was not possible in this effort or in the original model-building efforts
to subject these models to rigorous testing including forecastihg, backcasting,
estimation for sub-catégofies‘of.data to test parameter estimate robustfiess, and

examination of alternative variable specifications. TBY did some such analysis
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by assessing the effects of different price specifications (marginal and fixed
charge versus average revenue). They found 1ittle difference among them. How-
ever, Charles River Associates (CRA) subjected the Anderson, Halvorsen, HVS, and
MCT models toykigorous model assessment along these lines. Their conclusions are
disquieting. In the first place, CRA found 1ittle parameter robustness. Slight
changes in the estimation period and definition of variables leads to widely dif-
fering parameter and elasticity estimates. For example, HVS generates price etas-
ticity estimates which double as they move from one typical electric bill (TEB)
to another. Likewise when CRA estimates the Anderson model for different regions
to correct for regional differences (such as the presence of cheap electricity

in the Pacific Northwest and TVA regions) the prig¢e elasticities fall from -1.3
to -.5. Secondly, CRA feels the long-run price elasticity is overstated in these
four models for the following reasons: a) the problem of identification and spec-

ification of the rate structure bias the own price coefficient away form zero];

b) aggregation of end use and cross-sectional (1ocation/régiona1) variation

overétate elasticities; c) gas‘and electricity price elasticity estimates are not
consistent; d) a price elasticity greater than [—].bl cannot be plausibly explained
in behavioral terms in light of realistic changes in the stock of consumer dur-
ables; and e) industry people claim that IeLR | < 1.

These criticisms are aimed particularly at the static and dynamic adjustment
formulations. The greater data refinement and disaggregation by end-use and bet-
ter behavioral specifications inherent in the multi-equation capacity utilization/

capital stock formulations of AMM, FK, and TBV avoid some of the difficulties.

]It is therefore interesting that when TBY estimate the 1oqg7run_pricg elas-
ticity utilizing the theoretically correct two-part tariff specification with
the usual partial adjustment model, they obtain an estimate of -.82 (see Table 2).
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However one must still be careful to correct for cross-sectional variations (based
upon climate, gas availability, regional availability of electricity in TVA and
the Pacific Northwest) that will overstate elasticity estimates. Likewise one
must attempt to avoid misspecification by dealing with the marginal and fixed
charges inherent in the declining block rate tariff structures for gas and elec-
tricity.

vii) Provision of good documentation for the use of the energy demand
modelling

viii) Provision for relatively easy accessibility and extensibility of the
modelling effort

A11 15 models score well under these two criteria. The data sources util-
ized by the analyses are usually well documented; alternative variable specifi-
cations and parameter estimates are presented.

Throughout the preceding discussions, the need 1s_apparent to utilize the
appropriate behavioral specifications, data, variables, and econometric/stat-
istical techniques in order to properly analyze and quantify consumer response
and behavior. Table 3 summarizes the resulting measures of consumer response
for 14 models. For electricity demand, own-price long-run elasticity estimates
vary from -.52 to -1.33. The largest estimates are those of Halvorsen, Wilson,
Anderson (1973) and MCT. When TBV utilize a better price specification, the
elasticity bias away from zero is eliminated somewhat and ep = -.82. The AMM
and TBY analyses of capacity utilization jndicate lTower long-run elasticities,
-.12 to abdut -1.0. The short-run elasticities are generally much lower whether
measured by a partial adjustment model (HVS) or by explicit capacity utilization/
capital stock models (AMM and TBV). The cross-elasticity estimates indicate rel-
atively uniform severe inelasticity, except for the estimates of AMM in the short-

run. This is disquieting because AMM seems to have the best data and the theor-
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etical specification of short-run demand. Such a large estimate of short-run
cross-price response seems implausible but merits further investigation. The in-
come elasticity estimates vary from the improbable short-run estimates of 1.17
of Houthakker to the even more improbable long-run estimate of -.46 of Wilson.
The partial adjustment estimate of TBV seems most believable.

The consumer responses to own and substitute prices summarized in Table 3
need to be complemented by response estimates to weather, fuel (gas) availability,
capital stock prices and characteristics and policy variables. Such response

estimates must result from the further analysis proposed in Section E.
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D) INTERFUEL SUBSTITUTION DEMAND MODELS

Using the criteria of Section B in order to evaluate their ability to prop-
erly analyze both the nature of demand (in the short-run and long-run) and the
competitiveness of new technologies, the individual fuel demand models introduced
in Section C were found to exhibit varying degrees of sophistication with respect
to behavioral specification, refinement of data and variable definition, utili-
zation of econometric/statistical techniques and the inclusion of policy options
and technological characteristics. One problem with all of these models, however,
is that the possibilities for and effects of interfuel substitution are not ex-
licitly examined. The models contain a number of cross-elasticities. However,
to fully examine the long-run determinants of energy demand for all fuels, to
explére the potential for market penetration of new fuel-burning technologies
against each traditional fuel-burning technology and to adequately assess the
desirability of each fuel in comparison with its potential substitutes, a model
of interfuel substitution is required. The major premise of such interfuel sub-
stitution models is that the desirability (i.e. demand for) of any given fuel
cannot be understood or predicted without explicitly predicting and understanding
its desirability relative to all possible competitive fuels.

Five interfuel substitution models are examined here. They are:

e The Baughman/Joskow (BJ) Model

e The Federal Energy Administration Project Independence Evaluation
System (FEA/PIES) Model

e The Oak Ridge/Hirst et al. (OR/H) Model

® The Anderson Model

e The Erickson, Spann and Ciliano (ESC) Model
Thg_B/J and FEA/PIES models are more general equilibrium in their purview, modgl]inq
demand by all using sectors in addition to supply and market clearing. Only ‘the

demand modules of these models will be discussed in any detail here. The remaining
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three models analyze demand alone.

The discussion here will proceed by introducing the models (or demand modules
thereof). As in Section C, the critical summary will then summarize the evalu-
ation of these models by the criteria introduced in Section B.

1) THE BAUGHMAN/JOSKOW (B/J) MODEL

The B/J Demand analysis is a module in the B/J Regional Electricity Model
which also includes a Supply module and a Financial/Regulatory module. While
all fuel types (coal, oil, gas and electricity) are'examined, the principal focus
of this model is the electric utility industry.

The energy demand module of the B/J Model consists of two major sectors:
the residential/commercial sector and the industrial sector. I shall introduce
them in some detail because the structures of several other interfuel substitution
models are similar. The basic structures of these two sectors are presented in
Figures 1A and 1B. Figures 2A and 2B present the equational specification of
the sectors.

The energy demand behavior assumed in both sectors is step-wise rather than
simultaneous; the behavioral specification begins with aggregate energy demand
and then disaggregates it into state demand (for industrial) and particular fuel
demands (for commercial/residential and industrial). The model of consumer be-
havior for the commercial/residential sector is summarized by B/J in [Baughman
Joskow (13) p. 306]: "The consumer decision-making process is composed of two
steps. First the consumer decides on a level of energy-using services that he
desires based on the price of energy, the prices of other goods and services and
household income. This decision defines the expected level of energy that will
be consumed. The consumer then seeks to find a combination of fuels that will
provide these services most cheaply."

The decision model for the industrial sector is saparated into three decisions
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FIGURE TA : BAUGHMAN/JOSKOW DEMAND MODULE
RESIDENTIAL AND COMMERCIAL SECTOR

ESTIMATION OF TOTAL ENERGY
DEMAND PER CAPITA BY STATE

W

DISAGGREGATION OF TOTAL

ENERGY DEMAND INTO DEMAND
FOR PARTICULAR FUELS
(GAS, OIL OR ELECTRICITY)




FIGURE 1B : BAUGHMAN/JOSKOW DEMAND MODULE
INDUSTRIAL SECTOR

AGGREGATE DEMAND FOR
ENERGY IN THE
UNITED STATES

LOCATIONAL DECISIONS ON THE
PART OF INDUSTRY

DISAGGREGATION OF TOTAL
ENERGY DEMAND INTO
DEMAND FOR PARTICULAR
FUELS (GAS, OIL,
ELECTRICITY, COAL)
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FIGURE 2A: RESIDENTIAL AND COMMERCIAL SECTOR, EQUATIONAL

SPECIFICATION
ENERGY . PERSONAL INCOME | '
LOG (somration= A+ 8" (—popULATION ! +C" (MINIMUM TEMPERATURE)
. POPULATION, . .. . _ENERGY (1) _
+ 0+ (FOECATION) + £+ (AVERAGE PRICE) + F* LOG (5oisas i)
RANGE = 1968 — 1972 R? = 0927 F(5/239) = 622
COEF  VALUE  T-STAT
A 291 5.21
8 2.89e—5 1.77
c -0.0012 —2.00
D 9.73e—6 234
E ~4.88e4 -3.83
F 0.839 . 26.4
1 \J 4
i GAS i GAS PRICE
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+F* (MINIMUM TEM?ERATUREHH LOG (grecrRiey =)
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LOG (ereeTRicTy | ~8*C" LOG (ErEGTRIGITY PRICE
. +E* (MAXIMUM TEMPERATURE)
| +G" (MINIMUM TEMPERATURE) +H* LOG (g germiorry 1=}
: RANGE = 1968 — 1972 R2 = 0.954 F(7/482) = 1462
COEF  VALUE T-STAT
A 0.07 0.56
8 0.208 1.65
c -0.137 329
D -0.0015 -1.04
E -0.0022 ~1.58
F 00022  -174
G —0.0063 319
H 0.897 66.0
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FIGURE 2B: INDUSTRIAL SECTOR, EQUATIONAL SPECIFICATION

LOG (ENERGY)}= A+B* LOG (AVERAGE PRICE}+C* LOG (VALUE ADDED)+D* LOG (PRICE ﬁF CAPITAL SERVICES)

. RANGE = 1950 — 1972 R2 = 0.961 FI3/19) = 182 DW. = 1.86
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[Baughman and Zerhoot (11), p. 8]: "First..., given a price of energy, one would
expect individual decision makers to choose a mix of energy and non-energy inputs
that would minimize the cost of production. The energy requirements would, con-
sequently, depend on the cost of energy relative to the costs of other factor
inputs and the total output of goods and services. A second, but related, level
of decision making is the choice of location geographically within the United
States. ...The third and final related decision is the choice of energy form
(coal, 0il, natural gas, or electricity) to be used."

A11 equations in Figures 2A and 2B approximate this decision making through
a partial -adjustment formulation in order to differentiate between the short-run
and long-run. For the residential/commercial sector, total state energy consump-
tion per capita is made a function of weighted energy price (weighted by consump-
tion and end-use efficiency), income per capita, minimum temperature, and popula-
tion density. Fuel split equations are then used to break out total energy con-
sumption into shares represented by gas, oil and electricity. The binary share
equations are functions of the two relevant fuel prices, maximum temperature, and
minumum temperature. Pooled time-series cross-sectional data is utilized for 49
states over 1963-1972. However, the actual estimates reflect a 1968-1972 sample
period; this sample period generates the most believable results in terms of im-
plied short-term and long-term elasticities. One reason for this is that there
is not enough variation in the price series over 1963-1967. An error components
model is used to deal with the pooled data. Instrumental variables are used to
avoid inconsistency in the presence of serial correlation and lagged endogenous
variables.

For the industrial sector, lagged specifications in the total energy demand
equation performed poorly; as a result, the lagged specification was dropped.

In that equation, total national energy consumption is specified to be a function
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of an average energy price, value added in maunfacturing and the price of capital
services. National data for 1950-1972 are used. A second set of locational
equations estimate the share of the total energy consumed in each state. Con-
ditional logit split equations are used, making a state's share of the national
total a function of realtive energy costs in each state and relative state pop-
ulations. A third set of fuel split equations disaggregates state fuel demand
into components of coal, gas, oil, and electric¢ity. Conditional logit is used,
making the binary fuel share ratios functions of relative prices in a partial
adjustment formulation. Pooled cross-section time-series (1963-1972) data is
used. For the same reasons as the residential/commercial sector, the final es-
timates reflect the 1968-1972 period. An error components model is used to cor-
rect for the data pooling; 2SLS is used, given the use of a lagged endogenous
variable in the presence of serial correlation.

Figure 2C indicates the inputs and outputs of the Demand module. Based upon
exogenous estimates of income, population, climate conditions, relative energy
prices and the prices of other factors, the Demand module estimates total energy
demand and its components for the residential/commercial and industrial sectors.
Furthermore the total electricity demand forecasts are utilized by the Load Pre-
diction Model of the Supply module.

The documentation for the B/J demand module is extremely good and is found
in the following six sources:

¢ M.L. Baughman and P.L. Joskow, "Interfuel Substitution in the Consumption

of Energy in the United States: Part I, the Residential and Commercial
Sectors," MIT-EL 74-002 (1974).

e M.L. Baughman and P.L. Joskow, "A Regionalized Electricity Model,"
Energy Lab. Report MIT-EL 75-005, December, 1974.

e M.L. Baughman and F.S. Zerhoot, "Interfuel Substitution in the Consumption
of Energy in the United States: Part II: Industrial Sector," MIT-EL
75-007, April 25, 1975.
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FIGURE 2C: DEMAND MODULE INPUTS AND OUTPUTS

EXOGENOUS AND/OR PREDETERMINED INPUTS, BY STATE:

PERSONAL INCOME
- POPULATION
« MINIMUM AND MAXIMUM TEMPERATURE
- ENERGY PRICES (GAS, OIL, ELECTRICITY, COAL)
- LAGGED ENERGY CONSUMPTION
- PRICE OF CAPITAL SERVICES (NATIONALLY)
INDUSTRIAL VALUE ADDED (NATIONALLY)

COMMERCIAL/RESIDENTIAL INDUSTRIAL
SECTOR SECTOR
OUTPUTS, BY STATE OUTPUTS, BY STATE
TOTAL ENERGY DEMAND TOTAL ENERGY DEMAND (ALSO
SHARES OF TOTAL ENERGY NATIONALLY)
DEMAND REPRESENTED BY SHARES OF TOTAL ENERGY
GAS, OIL, AND ELECTRICITY DEMAND REPRESENTED BY
GAS, OIL, AND ELECTRICIY
AND COAL

QUTPUTS RELEVANT. OF OTHER B/J MODULES,

BY STATE

TOTAL ELECTRICITY DEMAND FOR LOAD
PREDICTION MODEL
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e M.L. Baughman and P.L. Joskow, "The Effects of Fuel Prices on Residential
Appliance Choice in the United States," Land Economics, February, 1975.

e P.L. Joskow and M.L. Baughman, "The Future of the U.S. Nuclear Energy
Industry," The Bell Journal of Economics (Spring 1976).

e M.L. Baughman and P.L. Joskow, "Energy Consumption and Fuel Choice by
Residential and Commercial Consumers in the United States," Energy
Systems and Policy, Volume 1, #4; (1976).

The Bell Journal article (1976) contains the equational specifications that are

most current and that have been discussed above. Baughman and Joskow (1974,
1975, and 1976) contain the residential and commercial modelling; Baughman and
Zerhoot (1975) discusses the industrial sector modelling.

2) FEDERAL ENERGY ADMINISTRATION PROJECT INDEPENDENCE EVALUATION SYSTEM
(FEA/PIES) MODEL

The FEA/PIES model was first developed by FEA to evaluate the effects of
alternative projected energy conditions in the U.S. over the period 1973-1985.
The model is a general equilibrium model which examines the effects of macro-
economic conditions and energy price and policy assumptions upon energy supply
and demand. The supplies and demands are equilibrated through a linear pro-
gramming integrating model, which is a major contribution of the FEA/PIES effort.
Furthermore, given equilbrium price and quantity solutions for twelve supplying
regions and nine demand regions, the ex post effects of these solutions upon the
macro-economy is assessed.

The Demand module of the FEA/PIES model has changed over the past several
years. In the 1974 version1, the model first estimated energy demands at the
national Jevel as a function of macroeconomic and technological factors. The
national demands were then disaggregated to the census region level. Energy de-

mand was estimated for the residential/commercial, industrial and transportation

]Critically reviewed by J. Hausman (46)
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sectors in a three step process: first, total demand was estimated as a function

of weighted price (using energy shares as weights) and other economic/demographic

variab]es.]

Secondly, total electricity demand was estimated based upon the same
variables plus mean degree days. Finally, traditional conditional logit share
equations were utilized to predict the shares of the total fossil fuel demand

(= total energy demand - electricity demand).

In the 1976 version, the Demand module has been disaggregated to separate
the commercial and residential sectors. The form of the current FEA/PIES Demand
module is given in Figure 3. In the Figure,energy demand in each census region
is shown to be approximated by the two step process B/J utilized in their resi-
dential/commercial demand analysis: first total energy demand is estimated; sec-
ondly, specific fuel demands are estimated. For each user sector total demand
is estimated as a function fuel prices and sector activity in a partial adjustment
formulation (i.e. with a lagged endogenous variable) in order to differentiate
between the long-run and short-run. For example, for the residential sector,

Inq;, = ag + g1n PR, + yInYs + a0 gy, 4 16a)
where it is the total energy quantity index of demand for region i in year t
PR1.t is the weighted energy price index (using fuel shares as weights)
Yit is the per capita income
Once total energy demand is estimated, the ratio of specific fuel demand to the

total is estimated as a function of the relative price of the specific fuel (rel-

ative to the weighted average total energy price index) and the lagged value of

the ratio of the specific fuel demand to the total (f.e. a lagged endogenous var-
jable, again for the purpose of differentiating between the long-run and short-

run). Thus, for example, for electricity in the residential sector

]See J. Hausman (46) for greater detail.
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(Ge. Pe. ge.
Tn (——l£> =a.+8_ 1In ( it ) + 2 1n (__lE:l) 16b)
94 el e PRyt e 9¢-1

where ge is the residential demand for electricity
Pe is the residential electricity price
e 1is the fuel specific subscript, here for electricity
q; and PRi are defined above

i and t are region and time subscripts
The individual fuels analyzed for the using sectors are indicated in Table 4.

Finally, the total price and quantity indices in each region are log-linear
value-weighted averages of regional prices or quantities; that is,

a5 = 2 Vg ay

In PRi = i Vi In Pki - 16¢)
where i = Pri qki/§ Pii %1
and Pki is the price of the kth fuel in region i

Ay is the consumption of the kth fuel in region i
qi.and PRi are defined above (the time subscript has been dropped)
Equation 16a) is estimated utilizing pooled time-series/cross-sectional
data (1960-1972) for the census regions). The price and activity variable co-
efficients are invariant with respect to time and region; however, regional spe-
cific intercepts are used. Likewise a regional specific first-order auto-correl-
ation trénsformation was used. Equation 16b) was estimated separately for each

of the nine census regions in similar fashion.

The.documentation. for the FEA/PIES model is found in:

e FEA, National Energy Qutlook, 1976, FEA-N-TS/713, February 1976.

e FEA, Project Independeﬁce.Blueprint, November 1974.
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e Hausman, J., "Project Independence Report: An Appraisal of U.S. Energy
Needs up to 1985," Bell Journal of Economics, Autumn 1975.

3) THE OAK RIDGE/HIRST et al. (OR/H) MODEL

The modelling efforts pursued by the group under Eric Hirst at Oak Ridge
National Laboratory have been Timited in focus to the residential demand for
energy.] However while 1imiting their purview to residential demand alone and
by combining econometric,economic and engineering modelling tools, the Oak Ridge
group has developed a methodology rich in technological and policy detail. While
the model is complicated and perhaps confusing upon first reading, it merits
close scrutiny and understanding.

The OR/H model focuses upon four fuels (i = electricity, gas, oil and other)
for three housing types (m = single family, multi-family and mobile home) for
eight fuel end uses (k = space heating, water heating, refrigeration, food freezing,
cooking, air conditioning, 1lighting and other). Use of fuel i is then determined
in year t by housing type m for end use k as

QK™ = Wi} - ckm . prlke L gk Lyl 17a)
where HT is the stock of occupied housing units;
C is the market share of households with a particular type of fuel-burning
equipment;
TI is the thermal integrity of housing units (for space heating and air
conditioning only);
EU is the average energy use for the type of equipment (i.e. efficiency);

and

]Other efforts are being conducted directed at both industrial and commercial
demand.
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U 1is a usage factor.

The Oak Ridge group utilize a combination of demographic models (to explain
and forecast housing stocks and flows), economic models (fuel demand and fuel
share analyses) and technology models (to examine the relationship between cap-
ital cost and efficiency) to quantify the five components of equation 17a). The
housing model predicts the number of households by the age of household head each
year based upon population (for 7 age groups), per capita income and retirement

1

rates for each housing type.” The model gives estimates of HT?; hence it esti-

mates stocks and changes in the stock.

The fraction of households of type m that use fuel for end use k (Cikm) is
calculated by

_pkypikm m ikm . km
Cikm i (1-R )Ct-l HTt-l + CNt NUt 17)
t HT
t
where Rk is the equipment retirement rate for use k;

Clem is the share of new equipment (NU) installed in t that uses

fuel i for end use k for housing type m; and
Nutm is the number of new units installed dufing t that provide end-use
k in housing type m.

CN, the market share of new units, is calculated from an equation of the form

ikm

CN . 3 .. . . .
t _ Aikm ijk J Jjkm Jkm
In ————— =A + 1 (B + XY « EUN « TIYT)

1 - CN%km j=1 t t t

3 ik jkmy . ik
+ 1 (C . PEQt )+D " . Yt 17¢)
J=1

Tkor greater detail see E. Hirst et al., "An Improved Engineering -- Economic

Model of Residential Energy Use," (49).
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where X% is fuel price for fuel j in year t;
EUN%km is new equipment energy use (efficiency) for equipment using fuel

J in end use k in housing type m;

rrdkm

t is average thermal integrity for housing type m using fuel j in

end use k;
PEQ%km is new equipment purchase price for equipment burning fuel j in
end use k; and

Yt is per capita income.

A, B, C, and D are coeffecients estimated by utilizing parameter and elas-
ticity estimates from equations of the form:

Inq = o+ Iy,In P, + 8,In PCI + g, In HDD + g5In COOL 17d)

1n(]sf 5) = o * Dy 10 Py ¥ 3y Tn PEQ + 6 PCI
1 J
+ 8, HDD + 54 CDD ‘ 17¢)
where 9y is the quantity consumed of fuel k/household.
Sk is the share of the equipment stock using fuel k for each end
use i.
P. are the own and cross-prices of fuels.

PEQj are the equipment capital costs for alternative fuel-burning
equipment.

PCI is per capita income.

HDD is heating degree days.

cooL is mean July temperature.

CDD is cooling degree days.

Equation 17d) is similar to the single fuel equations found in Section C

while 17e) is similar to the logit share equation found in the discussions of

interfuel substitution in Sections D1 and D2 above. The OR/H logit equations,
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however, at least include capital costs. However, for space heating, only an
0il equipment capital service price is used.1 Additional economic/demographic
variables were tested in equations 17e). Dynamic (lagged endogenous variable)
and non-dynamic specifications were tested.

Based upon the parameter/elasticity estimates from equations 17d) and 17e)
the OR/H utilizes an "Elasticity Estimator" to quantify A, B, C and D in 17c).
The Elasticity Estimator is merely a set of semi-rigorous and/or ad hoc rela-
tionships developed to use the consumption elasticities (from 17d) and stock
share elasticities (from 17e) to quantify the new equipment share (A), price (B),
capital cost (C) and income (D) elasticities in 17c). While some of these re-
lationships are arbitrary, this approach does provide a strong 1link in 17c) be-
tween the technological changes in EUN, TI and/or PEQ, econcomic changes in fuel
prices and the fuel shares of new equipment purchases.

The EU terms (average annual equipment energy use) in 17a) are calculated as

ikm .ikm ,,.km ikm ~ikm ,,.m k
ik o ENg ONGT WU BUpy Ceq HTey (- RD) 17f)
t .
ikm ,-m
Ct HTt

where the terms of 17f) are all defined above. Likewise the thermal integrity

TI terms, which are applicable only to space heating and air conditioning equations,
are derived as in 17f). However TI can change through new housing units and ret-
rofitting, both of which the model deals with deterministically.

Finally U, the usage term is given by

Tsee Lin, Hirst and Cohn (60) for discussion of the logit estimates (equation
17e). Estimation of equation 17d) is discussed in Cohn, Hirst and Jackson, "Econ-
ometric Analyses of Household Fuel Demands" (28). The logit equations in 17e)
zmp§6ve upon the B/J equations because they are more generalized. See (43) and

45).
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i iK L eike goi o coikm o ooikm
In U~ = E™ + F "In (Xt - EUT - TI, Y+ sk 1, Y,
ik ik
+ H1 In Ut~1 , ]79)

where all variables are defined above and E, F, G and H are determined by the

Elasticity Estimator in a manner similar to that discussed above for equation

17¢). 17g) makes the intensity of household use (capital stock utilization) a

function of incomes and operating costs of the equipment. Again, as found through-

out the model, energy use depends upon both economic and techno]ogica] factors.

-The documentation for the OR/H model and technology assessment is contained

in:the

following:

Eric Hirst, et al., “An Improved Engineering-Economic Model of Residential
Energy Use," O0ak Ridge National Laboratory ORNL/CON-8 (April 1977).

W.S. Chern, "Energy Demand and Interfuel Substitution in the Combined
Residential and Commercial Sector," Qak Ridge National Laboratory, ORNL/JIM-
5557 (September, 1976).

Cohn, Steve, Eric Hirst and Jerry Jackson, "Econometric Analyses of House-
hold Fuel Demands," Oak Ridge National Laboratory, ORNL/CON-7 (March, 1977).

W. Lin, E. Hirst and S. Cohn, "Fuel Choices in the Household Sector,” Oak
Ridge National Laboratory," ORNL/CON-3 (October, 1976).

J.. Moyers, "The Room Air Conditioner as an Energy Consumer," Oak Ridge
National Laboratory, ORNL-NSF-EP-59 (1973).

R. Hoskins and E. Hirst, "Energy and Cost Analysis of Residential Water
Heaters," Oak Ridge National Laboratory, ORNL-CON-10 (June 1977).

R. Hoskins and E. Hirst, "Energy and Cost Analysis of Residential Refrig-
erators,” QOak Ridge National Laboratory, ORNL/CON-6 (January 1977).

4) ANDERSON MODEL

As discussed in Section C, Anderson has specified and estimated a number of

single fuel demand models. In addition, he has dealt with appliance stocks dif-

ferently than the usual conditional Togit treatment. Anderson (6) focuses upon

the shares of new installations (new installments + conversions + replacements)

'using a functional form approximating share S5 by fi where
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foz 18a)
;qj(')
j
where
zfi =] 18b)
-i
bi ¢ 4
and a;(+) = a;Py vy ¥ I, 18¢)

Pi is the price of energy i, vi is the appliance price of fuel equipment, y is
household income, and Zi is a term including effects of all household-character-
istic variables. Approximating S (share of new installations using fuel i) by

fi  Uss where U is an error term, Anderson generates m - 1 equations of the form

3 _ q;(+) Yi _ fi.P_bi p _bm/V.C1 v “Cn i ydi'dm
S qml-i n . m i m
Z. U.
1 1
7w 18d)

m m

where there exists m possible fuels to be used. Anderson uses log-linear forms
of 18d) and Zellners' seemingly unrelated equations estimating technique. An-
derson uses state cross-sectional data on home-heating for 1970 and 1960/1970 and

ultimately estimates equations of the form

wn

i_ _0 1 2
Tn E;" aim + a; 1nP1 + a 1an + aim YPH + a1.m Tn HS
+aS SHU + a¥ NuHu + a°_ WTEMP + u 18¢)
im im im im
i=1, ..., m-1

where Si» S, are the shares of home heating installations using fuels i and m

Pi’ Pm are the fuel prices
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YPH is annual income for household

HS is household size (persons/household)

SHU is the fraction of total housing that is single detached

housing units

NuHu is the fraction of total housing that is non-urban

WTEMP  is mean December temperature
Similar equations with different independent variables are estimated for water
heating installations, cooking installations, washing and drying installations,
air conditioning, food freezing, dishwashing and television installations. The
resulting elasticity estimates are discussed in the summary to this section.

In equation 18d) Anderson appropriately dichotomizes the short-run and long-
run energy demand decisions by focusing upon the determinants of consumer demand
for changes in the stock of residential appliances. Equation 18d) is well-spec-
ified to analyze the determinants of that demand; it includes fuel operating
costs, income effects, demographic effects and the technical characteristics of
the appliances (summarized by appliance prices). Unfortunately, the estimated
equation does not include the appliance prices.

The single source for the model is

e K. Anderson, "Residential Energy Use: An Econometric Analysis," Rand
Corporation, R-1297-NSF (October 1973).

5) ERICKSON, SPANN AND CILIANO (ESC) MODEL

The ESC model is interested in both usage and substitution in energy demand
in the combined residential and commercial sector. Rather than using the trad-
itional log shares logit formulation however, ESC model fuel shares in new con-
struction as

s;p = at bxt 19a)

where Sit is the share of new construction using fuel i in time t, and Xy is the
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vector of exogenous variables. In order to model actual demand, ESC model average

usage per consuming unit as

_ 1 1
u;, =a + b z, 19b)

where Zy are exogenous. Since

S = 3.

it = %1 T Sit T Tt 19¢)
where Sit is the market share of fuel i in time t, and

]it is the loss rate of market share for i and t.

Then residential and commercial demand Dit in time t for fuel i is given by

= * *
Dit Sit Nt Usy 19d)
where Nt is the total number of households. Substituting, one has
- 1 1
Dit = (Sit-1 ta+ bxy - Tit) (a" +b Zt)Nt 19e)

For the home heating share equations, ESC estimate equation 19a) for gas

and oil as follows:

In s

gas a0 + a]Pg/P0 + aZPg/Pe + a3AC + a,u + agy

+ a6D1 + a7D2 + a8D3 + a9D4 + a]OSZ

In Soi] b0 + bIPo/Pg + b2 PO/Pe + bSAC + b4u + b5Y

+ b6T1 + b7D1 + b8D2 + b9D3 + b]OD4 + b]]SZ
where Soil = The ratio of o0il burners installed in new dwelling units to
total new construction
sgas = Natural gas heating customers added via new construction divided
by total new construction
P = The average real price of fuel oil in dollars per barrel to the
residential market sector
p =  The average real price of natural gas in dollars per cubic foot

to the residential market sector
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U =  An index of urbanization
Y = Real income per capita
S1 =  The percent of new construction that is one or two-family

dwelling units
S2 =  The percent of new construction that is four-family dwelling

units or less

T =  Winter temperature
AC = The number of private one-family homes sold with air conditioning.
D1 to D4 = A set of dummy variables with D1=1 for Louisiana; D2=1 for Ok-

Tahoma; D3=1 for Texas; and D4=1 for New Mexico.

Pe = The average real price of residential electricity

6) SUMMARY AND OVERVIEW

It will be recalled from Section C that there are three consumer decisions
that span the short-run and Tong-run (see p. 12). The single fuel models were
found to deal with these differences in one of three ways: 1) not at all; 2) im-
plicitly, through a partial adjustment formulation; or 3) explicitly, through multi-
equation capital stock/capital utilization analyses. The interfuel substitution
models likewise deal with the differences in several ways. B/J and FEA/PIES
utilize the partial adjustment/lagged endogenous variable formulation to differ-
entiate between the short-run and long-run. The OR/H model specifies annual fuel
demand in equation 17a) by explicitly analyzing the size of the housing stock,
the fuel shares of the stock and changes in the stock of several appliance types,
the thermal integrity of the housing stock, the efficiency of new and old appli-
ances and capital utilization. The equation incorporates past decisions built
into the appliance stock in addition to the consumer decisions (fuel éhares)

built into the additions to the appliance stock (i.e., long-run decisions). The
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OR/H model deals with short-run intensity of use decision explicitly through EU.
Thus OR/H deals explicitly with all three of the consumer decisions. However,
the model bases the parameters of analysis upon traditional static and dynamic
partial adjustment fuel share formulations 17e) and energy demand 17d) equations.
These traditional results are utilized for estimates of explicit short-run and
Tong-run elasticities; however, the estimation is ad hoc. Both Anderson and ESC
model shares in changes in the appliance stock, thereby dealing with decisions

1 and 2 explicitly.

A number of the corresponding Tong-run and short-run elasticity estimates
for these studies will be presented below in the summary comments. The comments
will follow the eight criteria of evaluation found in Section B.

i) Proper identification of the major market participants and the level of
analytic disaggregation required.

The B/J demand module focuses upon the aggregated commercial/residential
and industrial sectors, while ignoring transportation demand (unlike the FEA/PIES
model). B/J assesses demand for coal, o0il, gas and electricity. Electric utility
demand is analyzed elsewhere in the B/J model. The exclusion of transportation
demand is a potential problem for several reasons. Its exclusion will understate
total demand for alternative fuels. Secondly, its exclusion will Timit the policy
analysis use of the model by making it difficult to assess proposals for rapid
transit and electric autos. FEA/PIES focuses upon residential, commercial, in-
dustrial and transportation sectors separately. Furthermore the fuels examined
are disaggregated to a finer level of detail as indicated in Table 4. OR/H fo-
cuses upon residential demand for four fuels (gas, oil, electricity, other) for

eight fuel uses in three housing types. Anderson analyzes residential demand for

Six fueis] for a number of fuel uses. ESC focus upon residential and commercial

]Gas, 0il, electricity, bottled gas, kerosene, coal.



-73-

TABLE 4 : FUELS MODELED JOINTLY BY SECTOR

RESIDENTIAL SECTOR COMMERCIAL SECTOR INDUSTRIAL SECTOR

Electricity
Natural Gas
Distillate 0il
Kerosene
Liquid Gases

Electricity
Natural Gas
Distillate 0Oil
Residual 011

Electricity
Natural Gas
Distillate 0il
Residual 0i1
Kerosene
Liquid Gases
Coal
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home heating demand.

The lack of disaggregation of the two sectors in the B/J model is not a
serious difficulty given the analytic aims of the authors. B/J appear to have
been most interested in analyzing fuel supply and the financial/regulatory en-
vironment of the electric utility industry. As a result, they looked to close
the demand side of the model with an aggregate energy demand module that provided
little in the way of disaggregated policy analysis. However, greater disaggre-
gation would be necessary if any short-run conservation policies and long-run
demand for new technologies were to be analyzed with the demand module. For ex-
ample appliance efficiency taxes, appliance efficiency standards, heating ther-
mostat controls and the technical characteristics of new technologies are use-
specific for the residential, commercial, and industrial demands. Incorporation
of such technological and policy variables would require use-specific analyses.
Such use-specific analysis would also permit differentiation of use-specific price
elasticities. For example, in Figure 4A, aggregate B/J commercial/residential
short-run price elasticities are presented while Figure 4B presents B/J elasticity
estimates for four specific residential uses. As is seen in the two figures,
disaggregation provides widely different estimates of the relevant elasticities.

The FEA/PIES model provides greater disaggregation by breaking out the
residential and commercial sectors and by further disaggregating the fuels used
by the residential, commercial and industrial sectors (see Table 3). Thus FEA/
PIES provides greater refinement for assessing policy proposals for the residen-
tial and commercial sectors separately. It furthermore permits refined assessment
of more fuel-specific policies, such as BTU taxes on alternative fuels. The OR/H
focuses upon residential demand and provides a high degree of disaggregation by
fuel, fuel use and housing type. Furthermore,it is the only model that deals

explicitly with such engineering/policy considerations as the thermal integrity
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FIGURE 4A : AGGREGATE RESIDENTIAL AND COMMERCIAL SECTOR
SHORT-RUN SHARE ELASTICITIES

Pe Po Pg
Se -0.800 0.284 0.514
S0 0.414 -0.929 0.514
S 0.414 0.284 -0.698

Source: Baughman and Joskow (13)
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FIGURE 4B : DISAGGREGATED SHORT-RUN FUEL SHARE ELASTICITIES FOR
PARTICULAR RESIDENTIAL USES

HOUSE HEATING

Pe Pg P0
Electricity -2.08 2.12 3.30
Gas .23 -1.48 3.30
0i1l .23 2.12 -7.21
WATER HEATING

Pe Pg P0
Electricity -2.08 2.87 2.91
Gas 1.14 -2.28 2.91
0i1 1.14 2.87 -2.74
COOKING FUEL

Pe Pg
Electricity -1.18 1.05
Gas 1.15 -1.03
CLOTHES DRYERS

P P

e g
Electricity - .58 .53
Gas 2.05 -1.99

Source: Baughman and Joskow (9)
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(TI) of the residential structures, the average energy use (EU) for types of
equipment (i.e. efficiency), a usage factor (U) for the equipment (i.e. short-
run demand given capital in place) and capital cost characteristics of alter-

native fuel-burning equipment [see equation 17a) and 17e)]. Thus the OR/H model

provides the richest specifications and disaggregation for policy purposes; ap-
pliance efficiency taxes and standards, heating thermostat controls and the cap-
ital cost and technological characteristics of new technologies could be intro-

duced into the model and the effects upon residential energy demand assessed.

The Anderson demand analysis is disaggregated by eight fuels for residential
demand; however the independent variables available for policy analysis are only
operating costs. Hence as with B/J there is Tittle room for more extensive policy
ana]ysis. The ESC model examines only gas and oil explicitly (electricity share
is a residual) and there exist no real policy variables except operating costs.'

0f the models reviewed, only B/J and FEA/PIES assess industrial demand.

For this sector, greater disaggregation along two-digit SIC's for process and
comfort use wauld be extremely useful. Such diSaggregation would permit the an-
alysis to be technology/process specific and hopefully permit the introduction

of capital stock characteristics, particularly fuel-burning equipment character-
istics. However, the data problems are significant and it is not clear that such
disaggregation is possible at the moment without an onerous data gathering effort.

ii) Proper identification and incorporation into variab]es»in'the model of
policy issues and technological consideration for the major market participants.

As mentioned above, the level of aggregation in the B/J and FEA/PIES demand
modules precludes the efficient incorporation of several use-specific technol-
ogical characterizatfons and policy variables. This is a difficulty for properly
assessing the three consumer-decisions spanning the short-run and the long-run

and for assessing new technologies.' However, in»spite of the aggregation, other
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policy variables could have been incorporated including, for example, average
appliance efficiency, average fuel efficiency and capital costs of alternative
fuel-burning equipment. The only policy variable available to the analyst in
the B/J, FEA/PIES, and ESC demand modules is the operating cost of alternative
fuels -- an extremely limited policy variable. No technological characteristics
of alternative fuels and their relevant equipment are included. The availability
of a single price-based policy variable ignores the use-specific policy options
mentioned :above: appliance efficiency taxes and standards, thermostat controls,
speed limits. Furthermore, while B/J and FEA/PIES utilize a partial adjustment
formulation in order to differentiate between the short-run and long-run, this
formulation still ignores the important differences between short-run and Tong-
run policy options: in the short-run, (fixed stock of capital and fuel-burning
equipment) conservation and capital utilization policies are relevant while in
the long-run, (variable stock of capital and fuel-burning equipment) policies
aimed at new technologies and improved appliance efficiency are important.

The OR/H model does the best job of providing a framework for dealing with
the technological and cost characteristics of old and new technologies and spe-
cific policy proposals within a well specified dichotomization of the short-run
and long-run behavioral differences.

As a specific example of policy analysis, B/J utilize the model to assess
several electric utility policy proposals in Joskow and Baughman (58). The policy
possibilities include higher air pollution resfrictions, peak load pricing, de-
creased nuclear plant lead times, a nuclear moratorium, higher costs of capital,
and higher costs of uranium ore and enrichment. A1l of the policy proposals have
important and far-reaching effects. However, the simulation of several proposals,
particularly peak load pricing policies, requires a level of detailed sophisti-

cation lacking in the average electricity price generated in the Regulatory-Fi-



_Blattenberger, Verleger/DRI (reviewed in Section B).
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nancial module of the B/J model and exogenously applied to the demand module.

One examﬁie of a more detailed analysis is the multi-tariff work done by Tay]or,-

iii) Proper degree of geographical disaggregation.

A1l five models reviewed utilize either cross-sectional or a pooled time-
series of cross-sections where the cross-sections are by states. Such state de-
tail in the data provides the ability to test and simulate regional homogeneity.
Hence the models possess the data and techniques to be quite regionally disaggre-
gated. Furthermore, the B/J and FEA/PIES models do simulate on a regional pesis.
(for Census regions). Such regional disaggregation is appropriate for moét policy
analysis.

iv) Utilization of the appropriate behavioral models and underlying be-
havioral assumptions. |

As mentioned in the preceding paragraphs, there exists important behavioral
and policy differences for short-run and long-run energy demands which require
more refined behavioral specifications,,technologica] characterizations and policy
variables than fuel prices alone. The important differences betweee the short-
runHeeeréhe long-run ergue for explieit multi-equation analysis of the sepaféte“
phenomena. The B/J and FEA/PIES demand modules deal with the difference by
utilizing a standard single equation partial adjustment formulation. Such a
partial adjustment formulation is an acceptable first-cut technique; however,
it has difficulties. In addition to the lack of specificity of fhe differences

between the long-run and short-run (mentioned under ¢riteria ii) the partial ad-

. justment formulation's use of a lagged endogenous variable presents econometric

difficulties. In the presence of a serial correlation, potential parameter
estimate inconsistencies arise. Furthermore, the lagged adjustment parameter

estimate is extremely sensitive to sample period and stochastic specification.
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Since we are part1cu1ar1y 1nterested in the dwfferenee between short-run and Tong-

run consumer. react1ons and since the parameter estimated for the 1agged endogenous
variable is crucial in estimating the difference between short-run and long-run
responses, these estimated differences will also be quite sensitive to the sample

and the assumed stochastic specification.

A second prob]em involves the behavioral aséumptions underlying the'B/J and
FEA/PIES demand modu]es; Total national demand (for the B/J industrial sector)
or state energy demand (for the B/J and FEA/PIES commercial and residential sec-
tors) are estimated, and these totals are disaggregated into 1ocation and par-
ticular fuels assuming cost-minimizing behavior on the part of the relevant par-
ticipant. Such sequentia1 “trickle-down" decision maKing implies that consnmersv
decide on the total energy demand independent of their location and their_capita]
stock and fuel-burning equipment. Once these consumers decide on total energy
needs; they decide on location (for industry in B/J) and type ¢f fuel to be
utilized (for industrial, commercial and residential in FEA/PIES and residential/
commerc1a1 1n B/J). _

Such assumed decision- mak1ng may generate believable results at the aggre-
gate residential/commercial sector level. However, at the disaggregated use-
specific level such trickle-down decision making can lead to contradictions. The
reason is that consumers will cost minimize in choosing alternative locations and/

or fuels in the long-run when changes in the stock of capital and fuel-burning

equipment are possible. In the short-run, relocation and interfuel substitution
are nearly impossible. The contradictions can arise in B/J when the share equa-
tions are applied to total energy demand and the.predicted fuel shares imply ap-
liance stock changes that are Targer than possible.

The direction of causation in these models seems to be reversed. Rather

than model]1ng the aggregate and breaking out the components, it seems that
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explicit micro modelling of the short-run and -long-run demands for alternative
fuels and equipment should be performed and then aggregated to the totals. _

The OR/H, Anderson and ESC models improve upon this tfeatment. They do not
utilize a partial adjustment formulation to differentiate the long-run and short-
run. 'Rather, all three models deal with the fuel shares in the changes in the
applﬁance stock, where consumer decisions are actually exerted. The OR/H an-
alyzes demand at the micro level (for fuel, fuel use and residential structure)
and aggregates rather than assuming a "trickle down" decision process. It also
provides the best example of explicit multi-equation analysis of short-run and
long-run issues including: short-run demand for fuels given appliance stocks;
and long-run demand for q]d and new technologies in the additions to the app]ianée
stock, based upon operating costs, capital costs and appliance effiencies.

The utilization of conditional logit (by B/J, FEA/PIES and OR/H) or other
share analysis techniques (Anderson, ESC) presents varying problems. The con-
ditional Togit formulation utilized by B/J in the fuel split equations for both
sectors is inappropriate for the following reasons: the imposition of constant
cross-elasticities [see Baughman and Joskow ((9), (12), (13)), Domentith::andMc-
Fadden (32), Hartman (43), Hartman and Hollyer (45)]; implied misspecification
[see Hartman (43) and Hartman and Hollyer (45)]; excluded variables; and the res-
trictive underlying model of individual cheices [see Hartman (43) and Hartman and
Hollyer (45)]. The 1974 FEA/PIES model imposed constant crossFe1asticft{és [see
Hausman (46)] and suffered from the same problems 1isted above. The 1976 FEA/
PIES model avoids some of these difficulties but forces cross-elasticities to be
zero (see equation 16b) while also suffering from excluded variables (cross-
prices and capital cdsts to name a few -see Hartman and Hollyer (45)) and the

restrictive model of indivfdual choice [see Hartman and Hollyer (45)).

To indicate the effects of some of.the difficulties Figure 5 compares elas-
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FIGURE 5 : COMPARISON WITH ALTERNATIVE ANALYSES : PRICE ELASTICITIES
OF FUEL SHARES, RESIDENTIAL SPACE HEATING

UNCONSTRAINED CROSS ELASTICITIES

Log-Log Semi-Log
a) Lin, Hirst and Cohn a) Lin, Hirst and Cohn
Pe Pg Po Pe Pg Po
Space Heating
Electricity -2.63 0.44 1.37 -3.19 0.38 1.09
Gas 0.39 -1.57 0.03 0.57 -1.33 0.03
0il 0.03 3.51 -1.09 -0.18 2.95 -1.01

CONSTRAINED CROSS ELASTICITIES

b) Anderson c) Baughman & Joskow

Pe Pg Po Pe Pg ‘Po

Space Heating

Electricity -2.04 2.21 0.55 -2.08 2.12 3.30

Gas 0.17 -1.80 0.55 0.23 -1.48 3.30

0i1l 0.17 2.21 -1.58 0.23 2.12  -7.21
Sources -

a) Lin, Hirst and Cohn (60)
b) Anderson (4)
c) B/d (9)



ticity estimates of B/J with those of Anderson (4) and OR/H [Lin, Hirst and Cohn
(60)]. The conditional logit-formulation of B/J and Anderson methodology impose
éonstant cross-elasticities. The Lin, Hirst and Cohn analyses utilize a more
general logit formulation which avoids the misspecification [Hartman (43)] and
permits the estimation of differential cross-elasticities,as are documented in
Figure 5.

Furthermore, the fuel split equations for B/J and FEA/PIES (34 and 35), as
stated above, include only fuel costs; hence they ignore capital costs, non-
price characteristics of alternative fueis, personal characteristics of the fuel-
choosing population and new technologies. ESC and Anderson ignore capital costs
but include personal and demographic factors. Figure 6 indicates fuel share
elasticities with capital costs included. Some elasticity estimates are the
wrong sign; some of these incorrect signs result from coefficients not signifi-
cantly different from zero. The point to be made is the inclusion of excluded
variables does change price elasticity estimates considerably (compare Figure 5
with Figure 6).

For comparability of the analyses, the elasticities in Figures 4-6 have been
based upon a logit specification without a partial adjustment formulation; that
is Togit share equations are applied to the stock of dppliances. If a partial
adjustment formulation were built into all of them, the results should differ ‘in
the same fashion as indicated in Figures 4-6. Howevenr, the underlying model of
consumer choice is most valid when applied to changes in the stock of appliances.
Figure 7 presents for comparison, fuel share elasticities for changes in the
housing/appliance stock. As Figure 7 indicates, the elasticity estimates again
differ considerably from those in Figures 4-6. OR/H, Anderson and ESC do an-
alyze changes in the equipment stock.

In the face of such alternate estimates one must seek a model that best ap-
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Pe
Po
Pg
CAPe
CAPo
CAPg
Av
PCI
TEMP

Source:

-84-

WITH CAPITAL COSTS INCLUDED

Share Share
Electricity _0i1
-3.86 -1.47

2.34 -0.521
0.278 1.69
-10.4 4.45
10.3 -34.4
-1.82 31.4
0.865E-01 -1.66
0.954 -0.261
-0.558E-01 0.578

Hartman and Hollyer (45)

: RESIDENTIAL HOME HEATING FUEL SHARE ELASTICITIES

Share
Gas

1.31
0.136
-1.13
-2.01
21.7
-20.5
1.08
0.867E-01
-0.375
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FIGURE 7 : SHARE ELASTICITIES FOR CHANGES IN THE HOUSING STOCK,
HOME HEATING

Pe Pg Po PCI
Se -1.567  1.286 .245 -1.203(0)*
Sg 730 - .61 - .837(0)* . .568(0)*
So 2.491 4,037  -10.829 -1.654(0)*

*Elasticity value if parameters not significantly different from zero
are set to zero.

Source: Hartman and Hollyer (45)
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proximates consumer choice without imposing misspecification or severe restrictions
upon the behavioral estimates.

While the preceding discussion was directed primarily at residential and
commercial demand modelling, there exist some difficulties in the two models that
address industrial demand modelling (B/J and FEA/PIES). Since the FEA/PIES model
treats industrial demand the same as commercial and residential demand, the same
problems exist as discussed above. Furthermore, both B/J and FEA/PIES ignore
more detailed production analysis. Admittedly, at the time the B/J and FEA/PIES
(34) analyses were performed, some of the more sophisticated production/cost
duality approaches had not been popularized [Econometrical International (33)1].
However, there existed enough of a literature to more credibly approach the
problem. The prices of all other factors of production are ignored in Baughman
and Zerhoot (11) and in FEA/PIES. Capital service prices are at least added in
Joskow and Baughman (58). However, there remain serious inadequacies in the in-
dustrial demand modelling. The B/J and FEA/PIES models have not adequately dealt
with the details of industrial production technology, even at an aggregate level,
nor its formal relationship to derived demand.

Furthermore, while FEA/PIES does differentiate between long-run and short-
run demand through a partial adjustment formulation, the national industrial en-
ergy demand analysis of B/J does not. Baughman and Zerhoot (11) claim that at-
tempts to build in lagged responses were unsuccessful. It is claimed an Almon
lag specification was not attempted because it would only worsen multi-collin-
earity compared to unconstrained lag estimation. That is, unfortunately, not
true; the use of the Almon lag should lessen multi-collinearity problems. Fur-
thermore, the Koyck lag specification implies an adjustment time of two years:
that is too short to be believable. As a result, Baughman and Zerhoot (11) and

Joskow and Baughman (58) do not use a lag specification, implying price response
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is immediate (i.e. within a year) for aggregate energy demand. That is not a
particularly useful or believable assumption to impose.

v) Proper integration of the demand module into an overall energy and/or
macroeconomic model.

A1l five models require the specification of exogenous variables in order
to do policy simulation. However, only the B/J and FEA/PIES are general equil-
ibrium in the sense that they deal with supply and demand and market clearing
for all sources and uses of the fuels analyzed. The FEA/PIES model utilizes a
linear programming integrating model which recursively converges to a market
equilibrium solution for all supplies and demands. This provision is a major
innovation and an extremely desirable feature of the model. Its desirability
can be assessed by comparing this procedure with the B/J model. The B/J de-
mand module is not solved simultaneously with the full model. Thus, while en-
dogenous to fuel supply sectors, alternative fuel prices are exogenous to the
demand module. As a result, non-marginal shifts in demand for alternative fuels
are not permitted to "play back" upon supply. In essence, supply is assumed in-
finitely elastic at the exogenous price.

The failure to deal with such simultaneities for non-marginal demand shifts
could generate serious errors in the analysis of the impacts of particular policies.
For example, policies aimed at large regional (say New England) shifts of demand
to coal must take account of the bottlenecks caused by the transportation (rail-
road) infrastructure. Non-marginal demand shifts to coal could push demand be-
yond the short-run transportation bottleneck, thereby making the short-run supply
price infinite. Likewise, non-marginal shifts in gas demand in New England have
historically led to imported LNG from Algeria at a supply price well above domestic
gas. The assumption of infinitely elastic supply at a constant price ignores

these realities and distorts projected fuel demands as a result.
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vi) Utilization of proper data and statistical/econometric techniques

The econometric techniques utilized by the five interfuel substitution models
are more or less state of the art. Two stage least squares (2SLS) is utilized in
the presence of serial correlation and a Tagged endogenous variable; however, the
models do not document the instruments used. However, it must be stated that the
simulation results are, in gemeral, extremely sensitive to model specification,
variable definition and sample period of estimation. Figures 8A-8D demonstrates
simulation differences between the B/J and FEA (34) model for fuel price scenarios
outlined in Figure 8A. Figures 8C and 8D indicate several wide divergences and
the reasons.

vii) Provision of good documentation for the use of energy demand modelling.

A1l five models score well under this criteria.

viii) Provision for relatively easy accessibility and extensibility of the
modelling effort.

A11 five models are accessible. However B/J ,FEA/PIES and OR/H are quite
large: hence while accessible, the extensibility depends upon how complicated

the desired changes are.
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FIGURE 8A: REAL PRICES (1974 DOLLARS) USED FOR B/J AND

FEA INDUSTRIAL SIMULATIONS

CASE I - F.E.A. $11 per barrel

0i1 Price Natural Gas Coal Price Electricity
Price Price

($/Bb1) (¢MCF) ($/ton) (¢/Kwhr)
1975 6.70 64.2 10.44 2.39
1980 10.34 64.2 10.44 2.46
1985 10.86 64.2 10.44 2.27
CASE - F.E.A. $7 per barrel
1975 5.50 64.2 10.44 2.39
1980 7.00 64.2 10.44 2.46
1985 7.00 64.2 10.44 2.27
CASE III - No 0.P.E.C. (2% per year real increase)
1975 4.16 62.4 7.80 1.96
1980 4.59 68.9 8.62 1.99
1985 5.07 76.1 9.52 1.87

0il1 is average price at the wellhead
Gas is average price at the wellhead
Coal is average price at the minemouth

Electricity is average price per kilowatt-hour consumed
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U.S. SIMULATION RESULTS (B/J AND FEA MODELS)

QUADRILLIONS OF BTU's INDUSTRIAL SECTOR

TOTAL GAS OIL ELECTRICITY COAL
1972 Actual (FEA Model) 23.0 10.6 5.7 2.5 4.3
Actual (B/J Model) 19.7 11.8 2.1 2.2 3.5
1975 CASE 1 (B/J Model) 18.6 11.8 2.0 2.5 2.3
CASE II (B/J Model) 18.7 11.7 2.1 2.5 2.3
CASE III (B/J Model) 19.1 11.6 2.3 2.5 2.6
1980 CASE I (FEA Model) 26.0 10.1 6.6 3.3 5.9
CASE I (B/J Model) 20.0 13.0 1.4 3.4 2.3
CASE IT (FEA Model) 27.4 9.8 7.8 3 6.0
CASE IT (B/J Model) 20.3 12.7 2.0 3.3 2.3
CASE III (B/J Model) 20.4 11.4 2.9 3.4 2.7
1985 CASE I (FEA Model) 28.7 10.5 7.4 4.1 6.7
CASE I (B/J Model) 22.3 14.1 1.1 4.4 2.7
CASE II (FEA Model) 30.6 9.7 9.3 4.6 6.9
CASE II (B/J Model) 22.6 13.7 2.0 4.2 2.6
CASE III (B/J Model) 22.2 11.3 3.4 4.5 3.1

CASE I = $11/Bb1. CASE II = $7/Bb1. CASE III = No O.P.E.C.
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FIGURE 8C : MAJOR DIVERGENCES BETWEEN B/J AND F.E.A. SIMULATIONS

1. B/J projected gas consumption increases by about 20%
from 1972 to 1985 for the price scenarios used, but
the F.E.A. gas consumption projections decrease for the
same price scenarios.

2. B/J projected 0il consumption decreases by 1985 to about
50% of 1972 for $11 per barrel oil and remains essentially
constant for $7 per barrel oil, but the F.E.A. projects a
30% increase for $11 per barrel and a 60% increase for $7
per barrel oil. (The major reason for this is the B/J
exclusion of feedstocks.)

3. B/J projected coal consumption decreased by about 25% by 1985
for the price scenarios used, while the F.E.A. projects a 50-60%
increase in coal consumption by 1985. In addition, as the oil
consumption increases, while B/J model demonstrates the opposite
trend in behavior.

4. Where, by 1985, the F.E.A. model results in 25% and 33% increases
in total industrial energy consumption for the $11 and $7 per barrel
cases, respectively, the B/J model results in 13% and 15% increases.
(Again, part of the difference us due to feedstocks.)
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FIGURE 8D : REASONS FOR GAS AND COAL DIVERGENCIES

1. The F.E.A. model has an own-price elasticity for natural gas
of -1.5 vs. an estimated value of -0.8 in B/J model.

2. The F.E.A. model has an own-price elasticity for coal of
-0.59 vs. an estimated value of -1.1 in the B/J model.

3. The F.E.A. model exhibits a negative cross-elasticity between
coal consumption and oil prices.

Source for Figures 8A - 8D : Baughman and Zerhoot (11)
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E) SUMMARY AND STATEMENT OF FURTHER RESEARCH

It will be recalled that the intent of this model review has been to assess
the ability of each of the models firstly to specify and analyze the behavioral
characteristics of long-run and short-run demand and secondly to provide a frame-
work for examining the competitiveness of new technologies, particularly solar
photovoltaics. The behavioral components of short-run and long-run demand were
found to include three decisions:

o The consumer decision of whether to buy a fuel-burning consumer durable,
capable of providing a particular consumer service (e.g. cooking, heating,
lighting, air conditioning, etc.).

e The consumer decision about the characteristics fo the equipment purchased,
technical characteristics and whether the equipment embodies a new tech-
nology.

e Given consumer equipment the consumer decision about the frequency and
intensity of use.

A1l of the models treated these components of demand and new technologies with
varying degrees of success. However even the best of the models require some
improvement.

This Section first summarizes the model review. Based upon the summary and
the actual review, the most important deficiencies in the current generation of
energy demand models are identified. Sections E1 and E2 propose a model of res-
idential energy demand that attempts to incorporate the strengths and avoid or
improve upon the weaknesses in the models. Finally Section E3 presents an over-
view of ongoing efforts to accomplish the proposed model reformulation.

SUMMARY
Sections C and D reviewed but a portion of the energy demand models that

have appeared over the past ten years. The discussion in those sections has
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principally focused upon econometric or econometric/process/engineering models.
The modelling efforts were divided into two groups: 1) models dealing with
overall energy demand and interfuel substitution and 2) models dealing with the
demand for a single fuel. The models reviewed in each category are repeated in
Figure 9. The lists are by no means exhaustive; they hopefully span model space,
forming a useful basis for suggestions for further research.

The B/J and FEA/PIES models represent generally the state of the art in
overall energy demand modelling. By state of the art, I mean that they have,
for the most part, utilized current theoretical and empirical techniques to model
the demand for all energy forms on the part of the residential, commercial and
industrial sectors, stressing interfuel substitution and explicitly approximating
the differences between the long-run and short-run with a partial adjustment
formulation. However while being state of the art these models exhibit a number
of weaknesses. The strengths and weaknesses have been discussed in Section D.

An apparent reason for the methodological shortcomings in the FEA and B/J
models is that in attempting to deal with the overall energy system, they have
sacrificed important details. The models Tack, for example, the richness of
policy variables the extent of technological specificity and the multi-equation
behavioral specification found in the interfuel substitution model of OR/H.
However the OR/H modelling efforts deal only with the residential sector. Fur-
thermore, the OR/H effort still relies on traditional logit analyses of consumer
choice; as a result, while providing the best tool for residential energy de-
mand analysis available, greater effort on modelling consumer choice and new
technologies is required.

The B/J and FEA/PIES models also have less detail than many of the single
fuel demand models, for example the Anderson (3) and Halvorsen (41) models. How-

ever, these works deal only with equilibrium electricity demand, ignoring inter-
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FIGURE 9: MODELS REVIEWED IN SECTIONS C AND D

INTERFUEL SUBSTITUTION MODELS

Baughman/Joskow (BJ)

Federal Energy Administration
Project Independence Evaluation
System (FEA/PIES)

Oak Ridge/Hirst, et al. (OR/H)

Anderson

Erickson, Spann and Ciliano
(ESC)

SINGLE FUEL MODELS

Acton, Mitchell and Mowill
(1976), (AMM)

Anderson (1972), (1973)
Balestra (1967)

Cargill and Meyer (1971), (CM)
Fisher and Kaysen (1962), (FK)
Griffin (1974)

Halvorsen (1973)

Houthakker (1951)

Houthakker, Verleger, Sheehan
(1974), (HVS)

Mount, Chapman and Tyrrell
(1973), (MCT)

Mount and Chapman (1974), (MC)

Taylor, Blattenberger, Verleger/
DRI (1977), (TBV)

Willis (1977)
Wilson (1971)
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fuel substitution and the differences between the long-run and short-run. The
partial adjustment residential models of Mount, Chapman and Tyrrell [MCT, (68)]
and Houthakker, Verleger, Sheehan [HVS, (56)] also focus upon electricity demand

alone.]

While these single fuel models provide more detail than the B/J and FEA/
PIES models for electricity demand, they ignore gas and oil demands. These sin-
gle fuel models provide greater disaggregation than B/J and FEA/PIES by analyzing
the residential sector alone. Furthermore, Mount, Chapman and TyEre]] [MCcT, (68)]
also explicitly disaggregate and analyze the commercial sector demand for elec-
tricity along similar analytic lines applied to the residential sector. The MCT
(68) industrial model and particularly the Anderson industrial model show greater
analyticrsophistication than B/J and FEA/PIES; however, these efforts again con-
centrate only upon electricity demand. The Taylor, Blattenberger, Verleger/DRI
(TBV); Acton, Mitchell and Mowill (AMM); and Fisher and Kaysen (FK) analyses of
the residential demand for electricity introduce the short-run constraints em-
bodied in the stock of residential energy-consuming equipment. TBV and AMM
utilize a theoretically more sound multi-part tariff formulation rather than the
usual typical electric bill or average electricity price.

While the B/J and FEA/PIES efforts reflect state of the art in overall energy
models and in spite of the fact that single fuel demand analyses provide greater
analytic refinement, extended efforts are still required to properly differentiate
and delineate the short-run and long-run characteristics of demand and to properly
evaluate the potential of new technologies. The entire generation of energy de-
mand models that B/J, FEA/PIES and other efforts reflect have reached a stage of
forced obsolescence. New work done on choice modelling (generalized logit [Hartman

(43)] and covariance probit [Hausman and Wise (47)], production/cost duality [Econo-

1Many of these models are compared in greater detail in Charles River
Associates (25).
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metric International (33)], and the exp]icit'differences between short-run and
long-run energy demand [DRI (29); AMM (1)] provides extremely cogent arguments
for compietely respécifying the FEA and B/J demand modules and most other an-

alyses of energy demand.

The extended modelling suggested in the following two sub-sections will
attempt to provide the following improvements (repeated here from the Intro-
duction):

e Explicit dichotomization of the behavioral characteristics and policy

variables for short-run and long-run demand.

In the short-run, the characteristics and use of the energy-burning capi-
tal stock are fixed. Behavioral specifications and policy variables must take
‘into account that demand responses can only take the form of conservation and
altered capital utilization. In the long-run, the size and characteri;tics of
the capital stock are variable; thus in the long-run, thg characteristics of
new technologies and interfuel substitution (through changes in the capital mix)
become relevant. Likewise, appliance efficiency taxés ahd standards, and appli-
ance capita] costs become relevant policy variables in addition to the standard
operating costs of the fuels.

e Utilization of appropriate models and data for consumer choice.

Conditional logit has been utilized extensively for the analysis of inter-
fuel subst%tution in a partial adjustment framewbrk. However, conditional logit
as used in the literature suffers from a number of difficulties including: the
imposition of constant cross-elasticities [see Baughman and Joskow (9), (12),
(13) ., Domencich and McFadden (32), Hartman (43); Hartman and Hollyer (45)];
implied misspecification [Hartman and Hollyer (45) and Hartman (43)]; excluded
variables; and the restriﬁtive underlying model of individual choice [Hartman

(43) and Hartman and Hollyer (45)]. Such modelling of consumer choice should
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utilize generalized logit formulations [Hartman (43)] or covariance probit form-
ulations [Hausman and Wise (47)]. Furthermore the choice methodologies should be
applied to changes in the appliance stock rather than the actual stock [see Hart-
man and Hollyer (45)].

e Appropriate treatment of new technologies.

While generalized logit and covariance probit avoid some of the difficulties
inherent in conditional logit, the treatment of new technologies is not trivial
for either new alternative and careful formulation is required.

The modelling research proposed here is currently being pursued under con-
tract to the Department of Energy.

1) OVERVIEW OF THE PROPOSED MODEL REFORMULATION

Figure 10 provides an overview of the proposed model. In 10A, short-run
demand (di) is exp]ibit]y modeled for the fuels (i) = electricity (e), gas (g),
0il (o) and coal (c). Short-run demand for fuel i (di) is made a function of
own-price and cross-prices of fuels (Pj); the efficiencies of the stock of fuel-
burning equipment (EFF-}; the size of the fixed stocks of the fuel-burning equip-

J
ment (K.); income (y); climatic variables (TEMP, including heating and cooling

J

degree days); demographic factors (DEM, including a regional dummy and percentage
of families in single family homes); and other exogenous variables (Xil)' For
data reasons, the short-run is assumed to be a year; hence, the fuel-burning
equipment stocks (Kj) and their characteristics (EFFj) are considered fixed.
This 1is not a particularly severe assumption for the more important uses of fuels.
The short-run formulation will be discussed more fully below, as well as the
specific fuel uses to be analyzed.

This proposed treatment of short-run demand for individual fuels is, in gen-

eral, similar to that of FK, AMM, TBV and Wills in that appliance stocks are taken

as given and demand is a capacity utilization 1s$ue. These single fuel models
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FIGURE 10: OVERVIEW OF RESIDENTIAL DEMAND MODEL

A) SHORT-RUN DEMAND:

d; = Fy(Pys EFFy, Ky y, TEMP, DEM, Xip )5 1, J=e, 9,0, ¢

B) LONG-RUN DEMAND:

. Si = Gi (Pi’ EFFi, CAPi, XiZ) i=e, g, 0,C
© AKjp = K Sy (must predict AK)
T e A T

Share equations utilizing Logit or Probit

C) TREATMENT OF NEW TECHNOLOGIES--DETERMINATION OF CAPi, EFFii

» Exogenously; then into share equations

- Endogenously
a) Specify discount rate and efficiency/capital cost

tradeoff, yielding EFFi and CAPi

b) Capital efficiency supply and demand model:

D: CAPi D_i (EFFi, EFFj, P., Pss ¥, X3)

i 7]
S: CAP

3 Si (EFFi)
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are the best of the reviewed group in meeting model evaluation criteria ii) and
iv): proper identification and incorporation into variables in the model of policy
issues and technological considerations for the major market participants; and
utilization of the appropriate behavioral models and underlying behavioral as-
sumptions. The demand formulation here is intended to incorporate the insights:
'ano variébTes of those analyses and extended the effort to include characterization
of the effeciency of the appliance stock (EFFj). Much effort has been expended
for six fuel uses, as discussed in Section E2.

Figure 10B indicates the form of the long-run analysis. In the long-run,
the stock and characteristics of the residential fuel-burning equipment will be
variablé. The first Tong-run equation states that the shares (Si) and penetration
of traditional and new fuels and technologies in the market for new residential
" appliances will deoend upon the fuel opekating (P;) and capita1'(CAPi) costs of the
Vaiternative equipment for each fuel (i), the technical characteristics of that
equipment (EFFi) and other technical-and socioeconomic factorsicharacterizing
thé teconoiogy and/or the persons making the choice. The share equation relates
to changes in the fuel-burning appliance stock (AK); hence consumer durable ex-
penditures.for various appliances must be modeled also. Once the shares of changes
in the appliance stock for fuel i and the retirement rate (ai) are known, the stock

of fuel-burning equipment for each fuel will be given for the following year by

K = Kit(]-si) + AKit (third equation in 10B). The form of the share equa-"

i t+i
tions, the levels of disaggregation of fuel uses and appliance stocks and the.
methodological details are discussed more fully below.

Figures 10A and 10B indicate the explicit separate analytic treatment of the
short-run and the 1oog-run. The discussions of Sections C and D emphaéized the

need for such separate'treétment. The models that dealt best with demand behavior
and variables of those analyses and extend the effort to include characterization

of the size and the efficiency of the appliance stock (EFFj). Much effort has

been expended'fok'six fuel uses, as discussed in Section E2.
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(e.g. FK, AMM, TBV, OR/H) utilize such a multi-equation approach. Furthermore

it should be noticed that the treatment in Figure 10 permits richer analysis of
technological characteristics in terms of capital costs and equipment efficiencies.
Furthermore the long-run demand analysis will be designed to deal explicitly with
new technologies as indicted in Figure 10C. Two techniques are available for
treating new technologies: 1) exogenous specification of the characteristics of
the new technologies facing consumers including capital cost (CAPi) and efficiency

(EFFi) and inclusion into share equations, and 2) endogenous determination of CAPi

7énd EFFi. Two techniqués are available for the endogenous determination of CAPi and
EFFiz firstly, analysis of the efficiency/capital cost tradeoff and specification

of a discount rate; and secondly a more formal supply and demand model for capital
stock effﬁciency. These alternative treatments of new technologies are examined more
__fully below.

2) MOREﬂﬁgTAiLEDWéPECIFICATION OF PROSPOSED MODELiREFORMULATION

The residential energy demand model formulation in Figure 10 was described
at a general Tevel. More specificity is required. Figure 11A indicates the
specific fuel categories and fuel uses that are being examined in the model. The
tentative fuel categories include the usual gas, oil and electricity in addition
to coal. Coal has been included for policy assessment reasons due to its poten-
tial exploitation in the future. The tentative fuel uses (i.e. appliance type)
include space and-water heating, cooking, air conditioning, clothes drying, re-
frigeration/freezing and other uses. Interfuel substitution is possible in space
heating, water heating, cooking, clothes drying, and central air conditioning.
The remaining categories are essentially electrical.

Figure 11B repeats the short-run demand specification found in Figure 10A.
Figure 11B suggests a potential theoretical specification and coincident potential

torms of indirect utility to be tested. The potential forms for indirect utility are
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FIGURE TTA: ANALYTIC DISAGGREGATIONS

TENTATIVE FUEL CATEGORIES

GAS
OIL
ELECTRICITY
COAL
OTHER/NONE

TENTATIVE FUEL USES

SPACE HEATING
WATER HEATING
COOKING
AIR CONDITIONING

CLOTHES DRYING
REFRIGERATION/FREEZING
OTHER
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FIGURE 11B: SHORT-RUN DEMAND (EQUIPMENT STOCKS FIXED)

o
[}

3 Fi(Pj’ EFFj, Kj’ y’,TEMPf DEM, Xi])

i, j=e,0,9,cC

POTENTIAL THEORETICAL SPECIFICATION:

INDIRECT UTILITY FORMULATION FALLING OUT OF CONSUMPTION/EXPENDITURE
DUALITY; DERIVATION OF MARSHALLIAN DEMAND.

POTENTIAL FORMS OF INDIRECT UTILITY TO BE TESTED:

« GENERALIZED QUADRATIC MEAN OF ORDER p:

Vi) n " ( noon " p/2 y P/2)1/P
) = I oW, + (T ® B.. W .
L I B B I B
« GENERALIZED LINEAR:
W) n N 1/2 1/2
V(W,) = = = B,. W, W,
! i=0 j=0 W 1 J
C.E.S
0.) n ' ( n p)1/P
V(W. = I a:W,+(z B..
i s 1 j=g 111
- COBB-DOUGLAS:
(W) b n wBi
VW.,) =b1m W,
1 i=0 1
» TRANSLOG:
n n n
v(wi) = I By InW, +1/2z Iy 1] Tn W, Tn wj

i=1 i=1 j=1

Where wi are the terms found in Fi above.
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stated general]y in Figure 11B and the explicif imposition of such éonstraint§

as quasi-convexity and non-increasing monotonicity in prices are not explored here.

At present it is not clear that the indirect utility approach will be utilized or

more straight-forward short-run specifications such as those found in TBV, AMM, and FK.

The short-run demand will be estimated for the fuel types found in Table 11A.
Consumption data is not disaggregated finely enough to permit demand modelling
for both fuel type and end use. Short-run demand is made a function of fuel
ﬁrices (Pj), applignce stocks (Kj), app]ianée efficiences (EFFj) and the remaining
socioeconomic and demographic variables (y, TEMP, DEM, and Xil) defined in Figure
10A. The appliance stocks and their average efficiencies can be disaggregated to
the six fuel uses found in Figure 11A. The essence of short-run demand assumes
the constancy of Kj and EFFj. As a result it is possible that di should be a
function_of only Pi’-Ki and EFFi rather than Pj, Kj and EFFj, j=e, 0,0, C. ¢
However even in the short-run there may be some interfuel substitution. Therefore
we intend to assess own- and cross-elasticities of di with respect to Pj, j=e,
0, g, C given EFFj and Kj‘ Again this formulation expands upon the efforts of
FK, AMM, TBV and Wills.

Short;run demand has been fairly well specified and analyzed by some of the
single fuel energy models discussed in Section C. However, the analysis of the
Tong-run is inadequate in all the single fuel and interfuel substitution models
reviewed. In the long-run, the penetration of new technologies is important.
Adequate treatment of demand for new technologies and traditional technologies
in changes in the appliance stock is required.

Table 11C indicates the long-run approach in more detail. The share equa-
tion for changes in fhe appliance stock is given in the Figure for fuel i = oil
(o) and it is a function of alternative fuel prices, capital costs, equipment

efficiencies and other techno1ogfca1, personal and socioeconomic factors. The
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FIGURE 11C: LONG-RUN DEMAND ANALYSIS
(CHANGES IN THE FUEL-BURNING EQUIPMENT STOCK)

SHARE EQUATIONS: (Let i = 0)

So = GO(Pe, Po’ Pg’ Pc’ EFFe, EFFO, EFFg, EFFC, CAPe, CAPO, CAPg, CAPC,

plus other technological, personal and socioeconomic factors)

POTENTIAL SHARE EQUATION SPECIFICATION

Conditional Logit
Generalized Logit

Probit

INCLUSION OF NEW TECHNOLOGIES

New bundles of characteristics in separate share equations

Maintenance of traditional fuel disaggregation
(Gas, 0il, Electricity, and Other) and endogenous treatment
of new technologies within each traditional fuel category
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exact form of Go will depend upon whether conditional logit, generalized logit
or probit analysis is utilized. Each of the three techniques has its own stengths
and weaknesses.

The use of share equations was found in the OR/H, B/J, FEA/PIES and Anderson
interfuel substitution models and in the FK appliance demand analysis. These
models however utilized regression forms of conditional logit or variations of
it. They did not examine the use of probability models utilizing generalized
logit or covariance probit.

The .1ong-run modelling effort here will assess alternative specifications
including regression forms of conditional logit and Tlikelihood forms of condi-
tional logit, generalized logit and covariance probit.

Examples of all these techniques exist in the literature. Probability models
and models of individual choice have become extremely popular in the recent past,
particularly in the analysis of choices among alternative energy sources. The
models of individual choice have focused upon micro decisions of individuals among
discrete alternatives (see 43 and 47). More generally, probability models have
been applied to aggregate data and are assumed to reflect the aggregation of in-
jvidual decisions among discrete alternatives (3,4,5,9,10,12,13,43,45,49,58).

While notions of individual choice form the basis for the more aggregated prob-

"ability models, alternative techniques are utilized in estimation -- maximum Tike-

1ihood estimates are obtained for the individual choice models, while regression
techniques are utilized for the aggregated data (where replication is assumed).
Probability models of individual choice consist of two components: a form-
ulation of random utility and the stochastic specification of that utility (see
43,47). Usually separable direct random utility is assumed. With Weibull error

terms, logit analysis results. With normal error terms, probit analysis results.

For the probability models of individual choice, logit and probit analyses are
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utilized most frequenﬁ]y._ In the case of binary choice,_the probit and 1dgit
formu]atfons yield essentially the same results in most applications to date].
In the multi-choice extension, logit analysis has been used most frequently be-
~ cause of the ease of computation. The use of probit analysis for n choices
(n > 2) is computationally difficult because in order to obtain Tikelihood es-
timates, evaluation of n - 1 mutivariate normal distributions is required. While
several authors (47) claim that current computer software makes the analysis of
up to five alternatives possible, probit analysis still requires substantially
- more computational effort than logit qnalysis.
In Tight of such.cdmputationa1 burdens, it might seem curious that probit
would be used at all. One reason, of course, is the much discussed logit assump-

2

tion of the "independence of irrelevant alternatives."” This assumption need not

be a drawback. For example, in the case of evaluating a new alternative when that

newvélternative is sufficiently different in attribute space from all existing
alternatives, the underlying assumptions of 1o§it analysis seem reasonable and
the ease with which the new alternative is built into the model is desirable.
However, when a new alternative is very similar to an existing alternative, the
implied consequences of the logit model are unacceptab]e.3 Furthermore, the use
of Togit formulation in conjunction with the usual treatment of random utility
as separable generates misspecification problems (see 43). |

Some of the.difficulties that arise in using logit analysis (which are in-

variably linked to the "independence of irrelevant alternatives") are due to the

1The reason is that most uses of probit have assumed the independence of
alternative choices. See Hausman and Wise (47).

2As Hausman and Wise point out, it wauld be more descriptive to label this
properly the "independence of relevant alternatives." (47,pp. 3).

s

3The red bus/blue bus prqb]ém. See (47).
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specific utility formulation utilized in the analysis of discrete choice, in ad-
dition to the assumption about the form of the distribution of the error terms.
A more general specification of utility will avoid the difficulties of the more

restrictive formulation and also permit statistical tests of the validity of that

same restricfive specificat%éhr(sée-43). By avoiding fhe é;%ficu]tiésWEEHf;éﬁEEdwm

in the traditional application of logit analysis, the more génera1 Togit formu-

lation may permit continued use of logit in many simulation contexts, thereby
avoiding the more onerous computational burdens of using the more theoretical

elegant probit analysis.

wm¢_ﬁ%ﬂédTghé-rﬁn‘éﬁgi&§§gﬁfﬁdic$%ed in Figure 11C will attempt to identify the besth
treatment of the characteristics of Tong-run demand from these alternative techniques.
However conditional logit, generalized logit and covariance probit all have diffi-

culties in dealing with new energy technologies. Thus the introduction of new tech-

nologies must be perfgrmed as a separate topic.

As stated in Figure 11C, new technologies can be introduced in two ways:
by including the new technologies as a new bundle of characteristics in separate
share equations (whether conditional logit, generalized logit or covariance probit
is used) or by maintenance of traditional fuel disaggregations and the endogenous
treatment of new technologies within each traditional fuel category. The latter
method will be discussed below with Figure 11D. The treatment of new technologies
as bundles of characteristics in separate share equations is the usual approach
utilized with conditional logit (see Domencich and McFadden,(32). This approach
suffers from the "independence of irrelevant alternatives" [see Hartman (43),
Hausman and Wise (47)]. The inclusion of new technologies into a generalized
Togit or covariance probit formulation requires the arbitrary estimation of par-
ticular parameters without actual data [see Hartman (43, 47)]. As a result all
three techniques face difficultiés in handling new technologies.

In order to avoid the problems of assessing new technologies through separate
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share equations, Figure 11D indicates the treatment of new technologies within
traditional fuel categories. It should be thought of as heuristic; the formal
details of the approach are to be worked out in the more detailed analysis pro-
posed. The figure represents the technological trade-off for alternative tech-
nologies of first cost (appliance cost or cost of capital services) and operating
cost. The technologies A through F are assumed to dominate all others. For ex-
position sake, assume point A indicates the capital cost/operating cost tradeoff
for a traditional gas furnace with typical duct-work and room register systems.
Point B represents the increased capital cost and decreased operating cost (lower
energy use) that characterize a gas heat pump. The points between A and B reflect
traditional gas heat with varying degrees of duct-work, insulation and increased
burner efficiency which raise capital costs but Tower operating costs through in-
creased efficiency. Likewise points C, D, E and F are meant to reflect the cap-
ital cost/operating cost characteristics of gas heat in combination with some
variation of solar heat. Notice that this formulation permits the inclusion of

a large (infinite) number of "new technologies" where the new technology can con-
sist of combinations of solar and traditional fuel back-up device and where the
combinations can vary from 0 to 100%.

The trade-off reflects the fact that increased capital cost will purchase
increased equipment efficiency, hence lowered annual operating costs. Given this
technological trade-off, specification of a discount rate (or pay-off period to
the management scientists) will determine the intertemporal cost trade-off in
point X. Point X assimilates information on all new technologies affecting gas
use and intertemporal consumer preferences to determine the capital costs (CAPg),
and equipment efficiency (EFFg) demanded for gas space heating in this example.
Given the determination of the intertemporal characteristics of the demand for

gas-fixed appliances (i.e. CAPg and EFFg), these capital costs and technological
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ENDOGENOUS TREATMENT OF NEW TECHNOLOGIES

WITHIN TRADITIONAL FUEL CATEGORIES
, EXAMPLE, GAS SPACE HEATING

CAPITAL COST ($)
Points A - F reflect trade-off between operating cost and
capital cost for alternative technologies; for example
A) traditional gas heating
B) gas heating with heat pump

C) gas heat with solar thermal
D) gas heat with solar photovoltaic

Specificat%on of discount rate determines point x
Point x determines CAPg'and EFFg for space heating for

share equations
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characteristics (efficiencies) can be introduced into the share equations (whether
logit of probit) for the traditional fuels to combine with other fuel and personal
characteristics (operating costs, income etc.) to fully assess fuel/technology
penetration and consumer choice.

This approach overcomes some of the difficulties inherent in the usual exog-
enous treatment of new technologies through new share equations. It avoids the
"independence of irrelevant alternatives" (in conditional logit). It avoids the
difficulty of arbitrarily assigning values to particular likelihood estimates in
the choice model [for generalized logit (see 43) and covariance probit (see 47)].
It avoids the problem of requiring a large number of additional share equations
when the number of new technologies is large (in conditional logit, generalized
logit and covariance probit). This is particularly important in the modelling
of residential fuel demand and the penetration of new technologies, as seen in
Figure 11D. The curve in 11D reflects a continuous trade-off of capital and op-
erating costs as varying degrees of insulation and new technologies are assumed.
As discussed above, solar photovoltaics (PV) will be used in combination with
traditional fuel back-up devices in combinations of 0-100% of energy load; hence,
the capital cost/operating cost trade-off characterizihg the PV/gas installa-
tion will include an infinite yarietyrof potential erms of the new technology.
The trade-off curve in 11D and the use of the intertemporal utility maximization
permits analysis of a richly specified array of new technologies. The inclusion
of these technologies into separate share equations would be impossible.

However the treatment in 11D still has its own difficulties. Firstly the
trade-off between current and future costs takes place only within each tradi-
tional fuel category. Clearly, this is inappropriate. A consumer optimizing
operating cost savings over time would examine the savings from new technologies

in all fuel categories. Secondly, this technique dichotomizes consumer behavior
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into intertemporal utility maximization (Figure 11D) and current utility maxi-
mization (inclusion of CAPg and EFFg) into current period share equations based
upon current utility maximization.

In order to incorporate intertemporal interfuel comparison, the analysis of
new technologies requires modelling demand for a given technology (as measured
by its efficiency) while also assessing cross-elasticities for other fuels/tech-
nologies (through their efficiencies). Figure 11E summarizes such a supply and
demand model. The supply of efficiency is merely the mirror image of the tech-
nological trade-off curve found in Figure 11D. It incorporates the dominant
technologies' ability to provide increasing efficiency at increasing capital
costs. The demand curve reflects the capital cost consumers are willing to pay
for equipment of fuel type i, given EFFi, EFFj (j # 1), the alternative fuel
operating costs Pi and Pj (j # 1), income and other exogenous variables.

3) QOVERVIEW OF ONGOING RESEARCH EFFORTST

In order to accomplish the residential energy demand model reformulation
outlined inSections. E2 and E3, research is currently being pursued in three major
areas: data acquisition,extension and refinement; short-run energy demand model-
1ling; and long-run energy demand modelling. The results of this research will
be a documented data base for future residential energy demand analysis and a
series of discussion papers summarizing the specifications and empirical results
developed for components of the reformulated model. I briefly summarize the ef-
forts in these three areas.

® DATA ACQUISITION, EXTEMSION AND REFINEMENT

To facilitate estimation and hypothesis testing for theoretical analysis in

short-run and long-run energy demand, a data base has been accumulated. The data

]Research being conducted for Department of Energy by the MIT Energy Lab.
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FIGURE 11E: CAPITAL EFFICIENCY SUPPLY AND DEMAND MODEL

Capital
Cost (%)
CAPi

Equipment Efficiency (EFFi) = (1/Energy Use)

Demand: CAPi Di(EFFi’ EFFj, P.

-]’ PJ‘S y, X3)

SUPPLY: CAPi Si(EFFi)
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base incorporates the best data available for energy prices, appliance stocks,
appliance shipments (by end-use in Figure 11A), energy demand and socioeconomic/
demographic variables for a time-series (1959-1977) of state cross-sections. The
principal sources have been (10) and (30). This data has been supplemented with
some primary data gathering for some data series (for example 0il consumption

and gas availability) and an extensive primary data gathering effort attempting
to characterize fuel-burning appliance efficiency, quality and capital cost for
appliances characterized by fuel and fuel use (see Figure 11A). This data is
being developed for the same pooled time-series/cross-section. It will play

an important role in both the short-run and long-run demand analyses.

® SHORT-RUN DEMAND ANALYSIS

The short-run demand research has proceeded by specifying demand equations
of the form in FigurellB. The essence of the short-run demand is fixity of ap-
pliance stock and appliance characteristics; hence the research has specified '
demand formulations that have fixed the appliance stock and its efficiency for
each of the fuels and fuel uses in Figure 11A. The variables that vary in the
short-run are fuel prices, income, climatic variables etc.

Given the data available, the short-run demand equations are specified for
the four fuels in Figure 11A. As a result appliances must be aggregated across
fuel uses. In the models reviewed, FK, AMM, TBV and Wills dealt with appliance
aggregation in different ways. The short-run analysis will examine alternative
methods of aggregating appliance by fuel. Other issues that will be addressed
include: potential simultaneity biases/inconsistencies given the presence of
fuel supply curves; the effects of downward sloping multi-part tariffs for gas
and electricity; and regional homogeneity in demand.

® LONG-RUN DEMAND ANALYSIS

The long-run demand research is focusing upon both the formal specification
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of consumer utility and the-stochastic specification in choice models applied to
the fuels in Figure 11A for each of the fuel uses in that Figure. Examination
of the theoretical and stochastic appropriateness of alternative utility specifi-
cations using logit and probit are being conducted. Where possible , hypothesis
testing is being conducted to reject particular utility formulations.

The comparative assessment of logit and probit includes their ability to

handle the new technologies.



BIBLIOGRAPHY

1) J. P. Acton, B. M. Mitchell, and R. S. Mowill [1975], "Residential Demand
for Electricity in Los Angeles: An Econometric Study of Disaggregated
Data," Preliminary draft, The Rand Corporation (R-1899-NSF) December.

2) Kent P. Anderson [1971], "Toward Econometric Estimation of Industrial Energy
Demand: An Experimental Application of the Primary Metals Industry,"
The Rand Corporation, R-719-NSF, PB 236-243, December.

3) Kent P. Anderson [1973], "A Methodology for Projecting the Electrical Energy
Demand in California: A User's Guide to the Model," The Rand Corporation,
R-1107-NSF/CRSA, March.

4) Kent P. Anderson [1974], "The Price Elasticity of Residential Energy Use,"
The Rand Corporation, AD 786 604, February.

5) Kent P. Anderson [1972], "Residential Demand for Electricity: Econometric
Estimates for California and the U.S.," The Rand Corporation, R-905-
NSF, January.

6) Kent P. Anderson [1973], "Residential Energy Use: An Econometric Analysis,"
The Rand Corporation, R-1296-NSF, October.

7) Pietro Balestra [1967], The Demand for Natural Gas in the U.S. Amsterdam:
North Holland Publishing Co.

8) Pietro Balestra and Marc Nerlove [1966], "Pooling Cross-Section and Time-
Series Data in the Estimation of a Dynamic Model: The Demand for
Natural Gas," Econometrica 34:585-612, July.

9) M. L. Baughman and P. L. Joskow [1974], "Interfuel Substitution in the
Consumption of Energy in the United States: Part I, the Residential
and Commercial Sectors," MIT-EL 74-002.

10) M. L. Baughman and P.L. Joskow [1974], "A Regionalized Electricity Model,"
Energy Lab. Report MIT-EL 75-005, December.

11) M. L. Baughman and F. S. Zerhoot [1975], "Interfuel Substitution in the
Consumption of Energy in the United States: Part II; Industrial
Sector," MIT-EL 75-007, April 25.

12) M. L. Baughman and P. L. Joskow [1975], "The Effects of Fuel Prices on
Residential Appliance Choice in the United States,” Land Economics,
February. :

13) M. L. Baughman and P. L. Joskow [1976], "Energy Consumption and Fuel
Choice by Residential and Commercial Consumers in the United States,"
Energy Systems and Policy, Volume 1, #4.

14) J. Bergson [ ], "Maximum likelihood and minimum X2 estimates of the
logistic function," Journal of the American Statistical Association,
50, pp. 130-161.

-116-



15) M. B. Berman and Morlie H. Braubard [1973], "A Model of Res1dent1a1 Energy
Consumption," The Rand Corporation, P-5063, July.

16) M. B. Berman and J. J. Hammer [1973], “"The Impact of E]ectr1c1ty Price In-
creases on Income Group: A Case Study of Los Ange]es, Rand Corporation,
R-1102-NSF/CSA, March. ‘

17) M. B. Berman, M. J. Hammer and D. P. Tihansky [1973], "The Impact of Elec-
tricity Price Increases on Income Groups: Western U.S. and Ca11f0rn1a,
The Rand Corporation, R1050-NSF/CSA, March.

18) Brookhaven National Laboratory [1974], Energy Model Data Base, User Manual,
Rep. No. BNL 19200. Associated Universities Inc., Upton, NY.

19) B. K. Burright and John H. Ennis [1975], Econometric Models of the Demand
for Motor Fuel, Rand Report R-1561-NSF/FEA, April.

20) Thomas F. Cargill and Robert A. Meyer [1971], "Estimating the Demand for
Electricity by Time of Day," Applied Economics 3:233-46, October.

21) E. J. Cezalet [1975], SRI-Gulf Energy Model: Overview of Methodology,
Menlo Park: Stanford Research Institute.

22) Duane Chapman and Timothy Mount, "Electricity Demand and the Financial
Problems of Electric Utilities," Unpublished, undated paper. (Also
agenda for 2nd FEH Electricity Conference - September 19, 1974.)

23) Duane Chapman and Timothy Tyrrell [1972], "Alternative Assumptions About
Life Style, Population and Income Growth: Implications for Power
Generation and Environmental Quality," Cornell University, Agri-
cultural Economics Staff Paper, 72-2, January.

24) Duane Chapman, Timothy Tyrrell and Timothy Mount [1972], "Electricity De-
mand Growth and the Energy Crisis," Science 178:703-8, November 17.

25) Charles River Associates, Inc. [1976], Long-Range Forecasting Properties
of State-of-the-Art Models of Demand for Electric Energy, Electric
Power Research Institute Report #EA-221, December.

26) W. S. Chern [1976], "Energy Demand and Interfuel Substitution in the Com-
bined Residential and Commercial Sector," Energy Division, Oak
Ridge National Laboratory, Oak Ridge, TN, June.

27) E. A. Cherniarsky [1974], Brookhaven Energy System Optimization Model,
Brookhaven National Laboratory, BNL19569.

28) S. Cohn, E. Hirst and J. Jackson [1977], Econometric Analyses of Household
Fuel Demand, Oak Ridge National Laboratory, ORNL-CON/7, February.

29) Data Resources, Inc. [1977], The Residential Demand for Energy, Electric
Power Research Institute Report #EA-235, January.

-117-



30)

31)

32)

33)

33a)

34)

35)

36)

37)

38)

39)

40)

41)

42)

Data Resources, Inc. [1977], The Residential Demand for Energy: Estimates
of Residential Stocks of Energy Using Capital, Electric Power Research
Institute Report #EA-235, January.

J. G. Delene [1974], A Regional Comparison of Energy Resource Use and
Cost to Consumers of Alternative Residential Heating Systems, Oak
Ridge National Laboratory, #w-7405-ENG-26, November.

T. Domencich and D. McFadden [1976], Urban Travel Demand, A Behavioural
Analysis, North Holland/American Elsevier.

Econometrica International [1976], Development of Methods for Forecasting
the National Industrial Demand for Energy, Electric Power Research
Institute Report # EA-242, July.

Edward Erickson, Robert M. Spann and Robert Ciliano [1973], "Substitution
and Usage in Energy Demand: An Econometric Estimation of Long-run
and short-run Effects," In Energy Modeling Resources for the Future,
Milton Searl (Ed.), March.

Federal Energy Administration [1974], Project Independence Report, Washington
D.C.: Government Printing Office.

Federal Energy Administration [1976], 1976 National Energy Outlook, Federal
Energy Administration, Washington, D.C.

Franklin M. Fisher and Carl Kaysen [1962], A Study in Econometrics: The
Demand for Electricity in the U.S. Amsterdam: North Holland Pub-

James M. Griffin [1974], "The Effects of Higher Prices on Electricity
Consumption," Bell Journal of Economics and Management, Autumn.

Robert F. Halvorsen [1973], "Long-Run Residential Demand for Electricity,"
University of Washington, Institute for Economic Research. Discussion
Paper No. 73-6.

Robert F. Halvorsen [1973], "Short-Run Determinants of Residential Elec-
tricity Demand," University of Washington Institute for Economic
Research. Discussion Paper No. 73-10.

Robert F. Halvorsen [1973], "Demand for Electric Power in the U.S."
University of Washington, Institute for Economic Research. Discussion
Paper No. 73-13.

Robert F. Halvorsen [1972], "Residential Demand for Electricity," Ph.D.
dissertation, Harvard University, December.

Robert F. Halvorsen [1972], "Residential Electricity: Demand and Supply,"

Harvard University, Environmental Systems Program. Discussion Paper
No. 71-7, February.

-118-



43)

44)

45)

46)

47)

48)

49)

50)

51)

52)

53)

54)

55)

56)

57)

58)

R. S. Hartman [1977], "A Generalized Logit Formulation of Discrete Consumer
Choice," mimeo.
R. S. Hartman [1977], "An Oligopolistic Pricing Model of the U.S. Copper

Industry," unpublished Ph.D. dissertation, MIT, February.

R. S. Hartman and M. R. Hollyer [1977], "An Examination of the Use of
Probability Modeling for the Analysis of Interfuel Substitution in
Residential Fuel Demand," mimeo.

[«

. Hausman [1975], "Project Independence Report: An Appraisal of U.S.
Energy Needs up to 1985," The Bell Journal, pp. 517-551, Autumn.

J. Hausman and D. Wise, "A Conditional Probit Model for Qualitative Choice:
Discrete Heterogeneous Preferences," forthcoming in Econometrica.

R. A. Herendeen [1973], The Energy Costs of Goods and Services, Oak Ridge
National Laboratory, ORNL-NSF-ED-58.

Eric Hirst, J. Cope, S. Cohn, W. Lin and R. Hoskins [1977], An Improved
Engineering-Economic Model of Residential Energy Use, Oak Ridge
National Laboratory, ORNL/CON-B, April.

K. Hoffman and D. Wood [1976], "Energy System Modelling and Forecasting,"
Annual Review of Energy, Vol. 1.

R. Hoskins and E. Hirst [1977], Energy and Cost Analysis of Residential
Water Heaters, Oak Ridge National Laboratory, ORNL/CON-10, June.

R. Hoskins and E. Hirst [1977], Energy and Cost Analysis of Residential
Refrigerators, Oak Ridge National Laboratory, ORNL/CON-6, January.

Hendrik S. Houthakker [1951], "Electricity Tariffs in Theory and Practice,"”
The Economic Journal 61:1-25, March.

Hendrik S. Houthakker [1951], "Some Calculations on Electricity Consump-
tion in Great Britain," Journal of the Royal Statistical Society,
Series A, 114, Part III: 351-71.

Hendrik S. Houthakker and Lester D. Taylor [1970], Consumer Demand in the
U.S. Cambridge, MA: Harvard University Press.

Hendrik S. Houthakker, Phillip K. Verleger and Dennis P. Sheehan [1974],
"Dynamic Demand Analyses for Gasoline and Residential Electricity,"
American Journal of Agricultural Economics 56:412-18.

Edward A. Hudson and Dale W. Jorgenson [1974], "U.S. Energy Policy and
Economic Growth, 1975-2000," Bell Journal of Economics and Manage-
ment, Autumn.

P. L. Joskow and M. L. Baughman [1976], "The Future of the U.S. Nuclear
Energy Industry," The Bell Journal of Economics, Spring.

-119-



59) W. W. Leontief [1951], The Structure of the American Economy 1919-1939,
New York: Oxford University Press.

60) W. Lin, E. Hirst and S. Cohn [1976], Fuel Choices in the Household Sector,
Oak Ridge National Laboratory, ORNL/CON-3, October.

61) Paul W. MacAvoy [1969], "Economic Strategy for Developing Nuclear Breeder
Reactors," In Initial Forecasts of Benefits. Cambridge, MA: MIT
Press.

62) P. W. MacAvoy and R. Nol1l [1973], "Relative Prices on Regulated Transactions
of the Natural Gas Pipelines," The Bell Journal of Economics and
Management Science, Vol. 4, No. 1, Spring.

63) P. W. MacAvoy and R. S. Pindyck [1975], The Economics of the Natural Gas
Shortage (1960-1980), North Holland Publishing Co.

64) P. W. MacAvoy and R. S. Pindyck [1975], Price Controls and the Natural
Gas Shortage. Washington, D.C.: Am. Enterpr. Inst. Public Policy
Res.

65) MIT Energy Policy Study Group [1975], The FEA Project Independence Report:
An Analytical Review and Evaluation. Rep. No. MIT-EL 75-017. Sub-
mitted to the Office of Energy Research and Development Policy, NSF,
Washington, D.C.

66) D. McFadden [1974], "Conditional Logit Analysis of Qualitative Choice Be-
havior," 1in Frontiers of Econometrics, P. Zarembka, ed., Academic
Press.

67) B. M. Mitchell [1975], "Selected Econometric Studies of the Demand for
Electricity: Review and Discussion," The Rand Corporation (P-5544),
Santa Monica, CA, November.

68) Timothy Mount, Duane Chapman and Timothy Tyrrell [1973], "Electricity
Demand in the U.S.: An Econometric Analysis," Oak Ridge National
Laboratory, ORNL-NSF-49, June.

68A) T. D. Mount and L. D. Chapman [1974], Electricity Demand Projections and
Utility Capital Requirements, Cornell Agricultural Economics Staff
Paper, #74-24.

69) J. Moyers [1973], The Room Air Conditioner As An Energy Consumer, Oak Ridge
National Laboratory, ORNL-NSF-EP-59.

70) Robert S. Pindyck [1974], "The Regulatory Implications of Three Alternative
Econometric Supply Models of Natural Gas." Bell Journal of Economics
and Management, Autumn.

71) R. Pindyck and D. Rubinfield [1976], Econometric Models and Economic Fore-
casts, New York: McGraw-Hill.

72) W. A. Reardon [1972], An Input/Qutput Analysis of Energy Use Changes from
1947 to 1958 and 1958 to 1963, Battelle Memorial Institute Report sub-
mitted to the Office of Science and Technology, June.

-120-



73)

74)

75)

76)
77)

78)

79)

80)

81)

82)

83)

84)

85)

86)

87)

88)

Richard G. Salter [1973], "A Probabilistic Forecasting Methodology Applied
to Electric Energy Consumption," Rand Corporation, R-993-NSF, June.

M. F. Searl, ed. [1973], Energy Modeling, Washington, D.C.: Resources for
the Future, Inc.

J. Sweeney [1975], Passenger Care Use of Gasoline: An Analysis of Policy
Options, Washington, D.C.: FEA.

J. L. Sweeney, The Demand for Gasoline: A Vintage Capital Model, mimeo.

L. D. Taylor [1976b], "A Review of Load Forecasting Methodologies in the
Electric Utility Industry," 1in Proceedings on Forecasting Methodology
for Time-of-Day and Seasonal Electric Utility Loads, J.W. Boyd, ed.,
EPRI SR-31, Electric Power Research Institute, Palo Alto, CA, March.

L. D. Taylor [1976c], "The Demand for Energy: A Survey of Price and Income
Elasticities," Department of Economics, University of Arizona,
Tuscon, AZ, April.

L. D. Taylor [1975], "The Demand for Electricity: A Survey," Bell Journal
of Economics, Vol. 6, No. 1, Spring.

L. D. Taylor [1976a], "Decreasing-Block Pricing and the Residential Demand
for Electricity," 1in Proceedings of the Workshop on Energy Demand,
W. D. Nordhaus, ed., International Institute for Applied Systems
Analysis, Laxenburg, Austria.

H. Theil [1970], "On the Estimation of the Linear Logit Model," International

Economic Review, Volume 10, #3, pp. 251-259, October.

H. Theil [1970], "On the Estimation of Relationships Involving Qualitative
Variables," American Journal of Sociology, Volume 76, pp. 103-154.

P. K. Verleger and D. P. Sheehan [1974], "The Demand for Distillate Fuel
0il1 and Residual Fuel 0il1: A Cross-Section Time-Series Study," re-
port prepared for the U.S. Council on Environment Quality, Data
Resources, Inc., Lexington, MA, July 15.

P. K. Verleger and F. Iascone [1976], "Estimation of Residential Stocks of
Energy-Using Capital," Draft Report to the Electric Power Research
Institute, Data Resources, Inc., Lexington, MA, March 31.

John W. Wilson [1969], "Residential and Industrial Demand for Electricity:
An Empirical Analysis," Ph.D. dissertation, Cornell University, June.

J. W. Wilson [1971], "Residential Demand for Electricity," The Quarterly
Review of Economics and Business, 11:1, pp. 7-19, Spring.

John Wills [1977], Residential Demand for Electricity in Massachusetts,
MIT Working Paper # MIT-EL 77-016WP, June.

A. Zellner and T. H. Lee [1975], "Joint Estimation of Relationships Involving
Discrete Random Variables," Econometrica, Volume 33, pp. 382-394,
April.

-121-



