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1. Introduction

This study is concerned with residential elec-
tricity cdemand. This demand has tws features
which require modification of commonly used com-
modity demand models. First, electricity consump-
tion is a2 derived derand., with ccosumption pat-
terns determined by the portfolio and opera%tiac
character.stics of azpliances helé by the house-
held, as w=2ll as by zurrent housenold activities.
Consumers will respond to changes in energy
prices by changing the intensity of use cof appli-
ances they hold, and in the longer run by chang-
ing their appliance portfnlio.

Second, most rezidential consumers face rnon-
linear "declining block" rate schedules in which
average and marginal cost per kilowatt~hcur (XwH)
decline as mcnthly censumption rises. The res-
ponse cf a classical economic consumer to such a
price s<tructure cannct nermally be expressed in
terms of a surmary pric

e 3
price, but depends on the ent
- .

ire rate structure.

Non-linear eleczricity rate schedules also
introduce several econometric compliczations.
Most empirical stuvdies cof electricity dexzan
have drawn con craoss-section Or time-series dats
at the national, state, or utility lewel. These
cata confound the 2ffeccs of aggrecation and con-
sumer response to the rate strusture. Second,

at either the househcld cr accrecate levels, a
model wrich regresses average consumgtion on aver-
he

1 e w cant of consumpticon
introduces a simultansity precklem, since a con-
sumptlior lesvel that 1= higher than that exgplained
oy the econometric medel will cause the average
or marginal cozt to pe lower. The result will be
a spurious negative correlation of =cnsumption
and price, yielding an overestimate of the price
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elasticity of

2. Modelling Household Electricitv Consircrion

The electricity demand model most cormonly
used in the literaturs explains consumcticn as a
direct function of rates, inzcme, clinate, and
socioceconomic facrers, without taking into account
the intermediating effect of appliance holdirngs.
These can Lbe iaterpreted as "recuce2 Zorm" medels
ir. which ogtirization of the aprliance portfolio

4. Tarle 1 summarizes s

is implicitly assune elec-
ted "reduced form" price and inccome elasticities
frem recent surveyvs (Taylor, 197S, 197%5a, and

Zlectric Teility Pate Design 3tudy, 1377) and

more recent studies. ‘tote that electricity de-
mand appears to change siowly in resgenss to price
Sr income changes, with low short-run elastici-~
ties, but substantial long-run elasticities. The
regcorted stidies hav ¢ eilther averags price,
or marginal nrice de t tail bleck rate

r an intra-Typical-~
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P =3
a rrice wvariabl e mciels are
unable o cap= imgact of
rate structure ~ar, they <o
not spexmit a se ts ¢f the
level c¢f the ra of cdecline
oI narginal prrice.
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Halvorsen (197€) fits a demand svstem in
which the rate structure is approxirated by a
two-paramster family, log (electricity bill) =
a + b log KwH . In this fcrmulaticn, the cverall
level of rates and the rate of decline of marginal
Frice could be analvzed as separate colicy instru-
ments. However, this family of perazetric rate
structures is Guite resztrigtive, reguiring mar-
jinal prize ¢z be a constant prenorticn of aver-
age pr:ce, and Halvorsen's econcmetric methed
fails to take into account inter-state variations
in the parameters 2 and 2 .

A modification of the Halvorsen model
corrects some of its difficulties has beexn
by McFadden and Puig (1975). This deraad
consists of an eguation sgecifying tha rate struc-
ture for each state as a three-parameter functicn
of TEB's of 250,3CC and 752 XwE per month, and an
equation specifying the annual average of monthly
consumpticn for each stata as function of exo-
genous factors and the price schedule. The para-
meterized rate schedule was used te provide esti-
mates of the average crice and m

argiral price cf

electricity at the average derand level for the
state. Derani was assumed to have a log-linear
fcrm, and was estimats2 Ly two-stage least
sqguares, with the non-~price right-hand-cide vari-
ables and the TEB's used as instrurments. The co-

£ficients of price and in .
are generally compzrable t

earlier studies.
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summarize, or parameterize, the rate schedule
faced by each household: margirnal price at an in-
termediate consumption level (defined to egual
marginal price between TEB's at 500 and 750 KWH
per month), rate of decline of marginal price
(defined to egual marginal price between TEB's at
750 ané 1000 KWH per month, divided by marginal
price between TEB's at 500 and 750 KWH per month},
and average price (defined as the measured aver-
age monthly consurption of the household, with
cost obtained by linear interpolation between
adjacent TEB's).

Consider first the equation for electricity
consumption conditioned on appliance holdings.
The fitted equation is given in Table 2. The co-
efficients of the three price variables and in-
come are interpretable as demand elasticities,
as a result of the logarithmic specification. If
cross-sectional price and income differentials
have been fairly stable over time, these elasti-
cities can be interpreted as measures of long-run
response.

The equation in Table 2 is estimated by an
instrumental variables method tc aveoid simulta-
neity caused by correlaticn of measured average
price and the unobserved resilual. A gpredicted
consumption level is obtained bv regressing log
average monthly consumpticn con all TEE's (which
are uncorrelated with the erycr term since they
are measured at fixed consurction levels), and
all right-hand-side variables in Table 2 excegt
average price. This predictei consumprion level
is used to interpolate the TEZB's to obtain a rre-
dicted average price, wnich iz used as an instru-
ment for measured average price. Under normal
regularity conditions, this method yields consisg-
tent estimators of the demand parameters. The

statistical model can be written
(a) yr = xTa + z 8
i i Y

(b) * T,
x; = f(yl,wl)

Yy Y]+ E,

1o

where 1 is an index of cbservations, x; is the
: * :
exact price (unobserved), y. is the exact guan-
tity demanded in the absence of the effect of
uncbserved exogenous variables, zi is a vecter
of observed exogenous variables, wi is a vector
of observed TEB's, and y, is observed demand.
Equation (a) gives the demand function, with para-
meters & and £ to be estimated. Eguatiocn (b)
¢ives the kaown, non-linear relationship between
guantity and price. The estimation technigue
first regrecses observed outzut on the TEB's and
exogenous variables,

. w.Y +z.0 +n,

(c) Y= WY 216 n, o

vieiding fitted values ?i.for observed demard.
Then, ;i is computed from the eguation

ii = f(Qi,wi) . Finally, the normal egquations

A

N . v
|4xiyi] 1X %, L
1 1 1
T ' \y
L2;Y; lzjx, l=
i 1 1

are solved for the rarameter esti 2s. Tc estab-
lish the consistency of this rrocedure under

normal regularity conditions, it is sufficient to
show

0 = plim %Esiii
= plim %{eif(;i’vi)
1
= plim %{ei plim f(?i,wi)
1
+ plim %{ei[f(§i,wi) - plim £(7,w)] .
1

The first limit in the last equation is zerxo,
under normal regularity conditions, by Kolmogorov's
strong law of large numbers (Rao,1973, 2c.iii).
The second limit is zero since the term in brack-
ets has probability limit zero (Rao, 1973, 2c.x).

Dummy variables indicating appliance holdings
are treated as predetermined, and independent of
the stochastic term in the average consumption
eguation, in this procedure. This assumption is
valid provided the unobserved variables entering
the determination of agpliance portfolio are
independent of the unobserved variables entering
the determination of average ccnsumption condi-
tioned on appliance portfolioc — an assumdtion
that demand has a recursive, or causal chain,
structure. If the assumption is incorrect, esti-
rates will be biased. The bias could be elinmi-
nated, asymptotically, by using instrumental
variables for the appliance portiolic dummies;
the estimated probakilities of alternative port-
folios, calculated for each household, are
promising instruments.

» The log linear model specificaticn yields
residuals which appear to ke homothetic, and
permits easy interpretation of parameters, How-
ever, the specification implies that tne effects
of appliances are multiplicative. A more natural
specification of additive agpliance effects yieids
a non-linear model whose estimation was bevond
the scope of this investigatien.

There is some evidence (Andewrson (1972},
Baughman-Jaskow, (1974)) that the price elasticity
of electricity cocnsumption varies with appliance
portfolio. One would expect the iantroduction of
electric space heat into the appliance portfolio,
resulting in a substantial segment of consumpticn
that is visible to the consumer ané easily con-
trolled, would raise the price elasticity. Air
conditioning would ke expected to have a similar

£fect.

To test these hypotheses, the coefficient
of marginal price in the eguation above was dis-
aggregated by type of appliance portfclic held.
The results are given in Table 3. The price
elasticities are summarized in Tatle 4, and sup-
port the hypothesis that the presence of electric
space heat raises price elasticity. However,
electric water heat or air conditioning app2ar to
have no significant effect orn elasticities.

4. Arpliance Saturaticas

Cne cf the primary mechanims fcr leng-run res-
pecnse to a change in energy prices is a change in
the portfclio of aprliance holdings. The totaily
rational economic consumer will evaluate each
possible portfolio in terms of the utility of th
services it can previds and the disutility cf th
goods foregone to pay the initial and operating
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cost of the portfolio. If there is no uncertainty
and markets for berrowing are perfectly competi-
tive, a portfolio will be assessed in terms of its
*)jife~-cycle” cost: i.e., in terms of the present
value of initial and operating costs. With un-
certainty about future prices and appliance op-
erating efficiencies, and imperfect intertemporal
markets, each consumer will have an evaluation of
1life-cycle costs dependent cn his expectations
and on his discount rate. Further, in the ab-
sence of complete rationality, the consumer is
likely to respond to simpler market indicators
than a fully articulated life-cycle cost.

The presence of unobserved variations across
individuals in the evaluation of the benefits from
alternative appliance portfolios. as well as dif-
fering evaluations of life-cycle costs, will lead
utility maximizers to divide themselves among
alternatives in shares which are sensitive to
observed price differentials and other socio-
economic and demographic factors. One statistical
model consistent with such behavior is the multi-
nomial logit choice model treated by McFadden
(1973). We adcpt this approach. Saturation ecua-
tions are estimated for the presence of air con-
ditioning and for water and space heating fual
types. Choice of cooking and clothes-drying
fuel type have not been modeled.

Eccnometric analysis of appliance choice be-
havior presents ;everal problems. First, the
components of *1ife-cycle” appliance cost are
generally not all observable. Survey data, and
the WCMS survey specifically, do not provide suf-
ficient information teo cetermine vintage, initial
price, or operating efficiency of individual
appliances. To the extent chat initial costs and
operating efficiencies £or esach appliance port-
folio are uniform over the sample, the omissicn
of initial costs and the introduction of a simple
price per KwH measure will not bias the coeffi-
cient cf price respcnse, as the remaining cost
effects will be absorbed in the price coefficient
and in the alternmative-specific shift coeffici-
ents. This case is not unreasonable for cross-
section analysis, but is probably implausible for
time-series analysis.

A seccnd difficulty is that contemporary
relative energy prices may be a poor indicator
of the operating cost expectations of the house-
hold. This is a particularly acute problem for
appliance decisions made at an earlier date. A
thorcugh analysis of the process of expectation
would require the information that is actually
available to ccnsumers at the decision point
(e.g., historical relative prices up to that
point). This data collecticn task has not been
attempted for the WCMS data set; we report below
the results of using historical relative price
data for households in a single utilicty service
area.

A third, and more fundamental, difficulty in
analyzing appliance portfclio choice lies in the
question of the interaction of supply and demand.
Except for remodeling, choice of space and water
heating type is fixed at the date of constructicn;
many newer dwellings also incorporate air condi-
tioning in the construction. Since most cwell=~
ings are constructed to stock rather than to
order, it would appear that appliance cortfolic
decisions are largely made by contractors, andé
that initial prices of nouses will adjust to

clear existing housing stock. Then, consumer
preferences would be detectable primarily in rela-
tive profit margins (economic rents) on different
housing types rather than in appliance portfolio
shares. However, contractors will shift the mix
of new housing construction toward types with the
highest profit margin. The flow of new housing
into the market will then tend to restore equality
between profit rates for different housing types
by adjusting supply to meet the shares demanded
at current "life-cycle" appliance protfolio costs
in new construction. If new housing narkets are
sufficiently responsive to energy price changes
and sufficiently large relative to the old hous-
ing stock, the overall housing market will be
brought into equilibrium, and the analysis of
appliance portfolio shares as a function of
life-cycle costs (in new construction) will pro-
vide information on consumer preferences, inde-
pendently of contractor's tastes. We shall make
this assumption, noting, however, chat the period
1970-75 is one of the periods where it is least
likely to be true.

Several studies have examined the price
sensitivity of appliance saturations. In a cross-
section of Standard Metropolitan Statistical Areas
for 1960, Wilson (1971) found price elasticities
ranging from =2.0 to -5.5 for electric water and
space heating appliance shares. anderson (1973)
used state cross-section data for 1963 to esti~-
mate the price elasticity of the saturation rate
for all-electric homes to be -4.53, and the income
elasticity to be 3.72. Baughman and Jaskow (1974)
carried out a fuel-choice analysis by appliance
type using the 1969 state cross-section data,
obtaining elasticities with respect to average
electricity price of -2.08 fer electric heating
marginal share and -1.77 for water heating mar-
ginal share.

McFadden (1976) usaed the Miracle II Survey
of 12,000 households conducted in 1975 by San
Diego Gas and Electric to £it a binary logit model
of the saturation of ali-gas (i.e., gas water and
space heat) household. The results are given in
Table 5. The relative price measure used in this
model is defined as
(combined gas and electric bill
for all-cas hous2hold)

(combined gas and electxic bill
for average non-all-gas house-
hold)

The bills are computed using 1975 sample average
consumption levels for each fuel type portfolio,
and the rate schedules prevailing in +he vear of
construction of the residence. The denominator
is a share-weighted average of bills coastructed
in the manner above for houserolds with electric
water heat only, electric space heat only, and
electric water and space heat. The elasticity
of the share of all~cas households with respect
to price is 1.87 at a relative cost of 0.9, and
with respect to family income is -0.01 at an
income of $14,000 per vyear.

The analysis of the WCHS data in this study
consicered eight altermative aprliance porziolios,
distinguished by the presence Cr aksence of
electric water heating, electric’ stace heating,

(relative cost)

i
and air conditioning. To simpliiy cthe estizmation
task, the household's air ccndéiticning use was
estimated independently ¢f the shares of electric
space and water heatirg.’ The air ccniitierning



use model has a binary logit form. The results
of the estimation are given in Table 6. The elas-
ticity of the share of air conditioned hores with
respect to marginal price is -0.166, and with res-
pect to family income is 0.481 at the sample mean
income of $12,350.

The water and space heating fuel type model
is assumed to have the multinomial logit form

Pws - VWS/(VOO + V01 + Vlo + vll) , where W =1
S =1 if

if electric water heat, 0 otherwise;
electric space heat, 0 otherwise; Pws = share
of households with appliance pertfclio (W,S);

and log vws = aws + Bws {income) + sz (multiple

fanily + éw (relative average cost) + st (if

S
S = 1)+ (heating degree-days) .

%50 = Boo = Yoo
relative average cost measure is a ratio of state-
wide average cost of electricity to state-wide
average cost of gas, for residential customers, in
the state in which the subject resides, for 197S5.

The results of the estimaticn are given in
Table 7. The elasticities with respect to fuel
costs and income are given in Table 8.

Table 8 shows that the impact of increased
income is primarily to increase the share of all-
electric homes ar the expense of homes with
electric water heat and ncon-electric space heat.
Since all-electric hcmes are of recent vintage, -
while electric water heat only is typical of the
oldest housing stock which has been retrofitted
with hot water, this result depends critically on
the validity of the assumrrticn of equilibriun in
the housing market. The impact of increased
electricity price is primarily to discourage use
of electric water heat and all-electric homes.

The share of electric-space-heat-cnly rises with
electricity price ~— however, this category is
small and the elasticity is not reliably esti-
mated.

The normalization
= 600 = AOO = 0 is imposed. The

7. Summary

This study concludes, from the analysis of a
national survey of individual households, that
average consumption of electricity, conditioned on
the availability of air conditioning and on water
and space heating fuel type, has an elasticity
with respect to faimly income cf 0.22, and an
elasticity with respect to marginal cost (where
marginal costs at different points in the rate
schedule are proporticnal) of approximately -0.25
for households without electric space heat and
-0.52 for households with electric space heat.
When average cost of electricity rises in propor-
tion to marginal cost, these elasticities increase
to approximately -0.33 and -0.60, respectively.

The saturation of air conditioning has an
elasticity of ~-0.17 with respect to marginal price
and of 0.48 with respect to inceme. The elasti-
cities for water and space heating, summarized
in Table 8, show in particular a strong negative
price elasticity of eiectric water heat..

These elasticities can be combined to give
elasticities of the overall average consumpticn
of electricity, taking into account induced ad-
justments in agpliance portfolios. The overall
elasticity of consumpticn with respect to an
explanatory variable gz is Givanby the formula

z ég - % % P JKWS z aPA + 2 apWS
- S — o
Kaz A<o w,s:o’”“[x P, oz P 92
¢ Z awas
’

Kaws 92

where % % )
K= P P,__K

A=0 w,s=0 P WS AWS

KAws equals average consumption of users of type

AWS , where A = 1 indicates air conditioning,
W =1 indicates electric water heat, and S = 1
indicates electric space heat; PA equals satura-

tion of air conditioning (i.e., P, = proportion

1

with an air conditicning, P0 = proportion with-

out); X equals averace consumption; and the three
terms in brackets are the elasticities with respect
to z of air conditioning saturations, water and
space heating fuel type saturations, and average
consumption, respectively. In evaluating the

above formula, each elasticity is computed at the
relevant means of variables for each type of
appliance portfolio.

Table 9 gives the overall elasticities of
average consumption with respect to electricity
rates, the price of gas, and income. Generally,
the elasticities obtained from this study are
within, but at the lower end, of the range of
long-run elasticities from aggregate stiudies
summarized in Table 1. 1In particular, a low in-
come elasticity results, primarily from the
tendency to substitute other fuels for electricity
in water heating as income rises.

Footnotes

1. This paper is based on research carried out
by Cambridge Systematics, Inc., for Teknekron,
Inc., urder a contract from the Federal Energy
Administration. The razsults aad conclusions
of this paper are sclely the responsibility of
the authors and have nct been reviewad or
endorsed by Teknekren, Inc., or the Federal
Energy Administration, The authors were
assisted in this research -y Davié Brownstore
and Robin Kaelber.

2. The source is the Federal Fower Commission,
Typical Electric Bills, 1%78. Typical Electric
Bills are population-weighted averages over
the rate schedules applying to various seg-
ments of utility's customers. This will terd
to bias downward thebills attributed to sub-
urban and rural custcmers who normally face
the highest rates. Only bills for general
service were collected: this will bias upward
the rates attributed to all-electric or
electric water-heater homes on preferential
rate schedules.

3. A preliminary analysis of the WCMS data sug-
gested that conditioned cn c¢ooling degree-days,
the use of air conditioning was statistizally
independent of water axd scace heating fuel
choice. Subsequent analysis nas cast cdoubt



on this conclusion. Hence, a better procedure
would be to analyze the three appliance decisicns
jointly. '
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