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RESIDENTIAL ENERGY CONSUMPTION:
AN! ANALYSIS-OF-VARIANCE STUDY
by

D:A. Poyer

ABSTRACT

In this report, tests of statistical significance of five sets of variables
with houseliold energy consumption: (at the point of end-use) are described:.
Five models, in sequence, were empirically estimated and tested for statistical
significance by using the Residential Energy Consumption: Survey' of the
UlS. Department of Energy, Energy information: Administratior.. Each model
incorporated additionall infermation;, embodied in a set of variables not
previeusly specified in the energy’ demand system:. The variable sets were
generally labeled as economic variables, weather variables, household-structure
variables, end-use variables, and housing-type variabies. The tests of statistical
significance showed each: of the variable sets to be highly significant in
explaining the overall variance in energy consumption. The findings imply that
the contemporaneous interaction of different types of variables, and not just
one exclusive set of variables, determines the level of household energy
consumption..

SUUMMARY

This report presents the resulis of three projects that were consolidated into one because
of methodological issues and resource constraints. The purpose of these projects was to quantify
the relationships between energy consumption andi a number of socie-economic and climatic
variables -- heating and cooling loads, household income, and househeld structure. In the
process of developing, the analytical framework, other explanatory variables, such as housing
type, home age, and energy and non-energy prices, were also incorporated into the emergy
consumption modek

Five models, in sequence, were estimated and tested. for statiskical significance. Each
model incorporated additional explanatory information, embodied in a set of variables not
previously specified in the energy demand system. The variable sets were generically labeled
as follows:

* Economic variables

o Weather variables

¢ Household-stmicture variables




o End-use variables:

¢ Housing-type variables:

The: variables composing each: of these variable sets are listed in Table $.1.. Tests showed eachy
of the variable sets to be highly significant in: explaining the overall’ variance in the energy
demand’ modek

s

t
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% The impacts of individual variables on energy consumption were measured at the
| national level by using the mean values from the 1987 Residential Energy Consumption Survey
(RECS): ini the calculation of numerical derivatives and consumption elasticities. This. study
[ uncovered the following important empirical relationships: between the independent variables:

i and energy consumption:

i

t

|

|

e Each variable set defining the five estimated models — the econoemic,
weather, household-structure, end-use, and housing-type models — was
statistically significant in explaining additional’ variance in the overall
(energy demand) modet: '

» Each individual variable;, with the exception of the heat-pump and number-
ofchildren variables, was. statistically significant at the 0.05 level of
significance. (This means that in replicated samples, the 95% confidence
interval' would not contain the value of zero.).

* Numerically, housing type has the biggest impact on energy “onsumption
(with all otier variables held constant). On the average, living in a single-
family (detached or attached). or small multifamily (fewer than five units)

! home increases energy consumption by 58 to 63 x 10° Btu/yr per household,

i compared with: othier home types (primarily mobile homes and large

mulitifamily homes);

* Heating and cooling loads, as expected, affect energy consumption:
significantly. The typical household, given the average number of heating,
degree days (65°F base), increases.its annual level of energy consumption by
about 37 x 109 Btw;. cooling load, given the average mumber of cooling
degree days (65°F base), increases. the annual level of energy consumption
for the average household by 12 x 10% Btu.

* The age of the home has a large effect on energy consumption. On the
average, household emergy consumption in homes built before 1950 is
27 x 10° Btu/yr higher than. that in homes built after 1974; for homes built
between. 1950 and 1974, consumption is 22’ x 10 Btu/yr higher than that for
more recently built homes.

* This study clearly establishes the importance of household structure in
influencing the level of household energy consumption: On the average,
each addition to the number of household members increases emergy
consumption by 107 Btu/yr for the typical household.




- TABLE 8.1 Varniable Sets and Elements.

Vaniable Set Elements.
Econemic Household! expenditures, electricity: price; nonelectriis energy
‘ price;, consumer price index (excluding enengy))
Wieather Heatimgy degree days. (HDD);, 65"F Base:

Household: Stmcture:

End-Wse

Housing Type

Cooling degree days (CDD)), 65°F base

HDD: crossed! with homes. Built before: 195() |
HDD crossed) with homes built between: 19501 and! 1974
HIDD: crossed with: electric space heating, {
HDD: crossed with heat-pump system: Y
CDD crossed with electric centrall ain-conditioning, |

Number of liwusehold members.

Number of heusehold members crossed with: gender of
household head

Number of household’ members. crossed with: spouse’s.
presence

Number of househiold members. crossed’ with: age status. of
household: head:

Number of household' members whe are children

Electric water heating
Electric cooking

Area of home:

Area of home crossed: with number of rooms.

Area of home crossed with: single-family, detached

Area of home crossed with: single-family, attached
Aren of home crossed with multifamily, fewer than. five
units

¢ The sex and age of the household bead and the presence of the spouse are
also influential in determining household: energy: consumption. Average
annual household energy consumption increases. by approximately 22’ x 10
and 12 x 10% Btu in households with female and elderly household heads,

respectiveiy.

» The presence of the household spouse has a positive effect on energy
consumption. Annual energy consumption increases by 12 x 10 Btu, on the
average, for the typical household when the spouse is present.

The numerical derivatives give an absolute measure of the responsiveness of energy
consumption to a small change in the independent variable. In many circumstances, however,
a measure of the relative responsiveness of energy consumption to a change in the independent
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variable is.appropriate — the energy consumptiom elasticity provides this measure: The fotlowing,
are some important findings concerning, variable elasticity:

o The estimated emergy consumption: elasticity for each: variable is inelastic
(ie., the percent change in emergy consumption: witlh respect to a percent
change in the independent variable is: less. than one):

o The single-family, detached and heating-degree-days variables.are estimatedt
to. have the largest emergy comsumption elasticities: 0139 and 037,
respectively.

e For each percent increase v the number of household members, energy
consumption. is estimated to: increase by 01275% (0:11% for female-teaded
households).

o The estimated: price elasticities for energy demand are all negative and very
smalll The estimated non-energy price elasticity is the largest: -0:086, The
total household erergy-expenditure: elasticity estimate is:0i17..

The findingg: of this study constitute an initial' step toward an understanding of the
relationships among variables affecting energy comsumption within a properly specified
thecretical context.

The value of being able to separate out the partial effects of different factors on energy
consumption is. clear. The formulation and evaluation of energy policy is greatly enhanced by
the ability to show how different factors influence energy consumption: and expenditures.
Conceptually, the ability to. measure the separate influences of variables on energy consumption
allows. the policymaker to better ascertain specific policy effects.




" 1 INTRODUCTION

Ripsearct in the area of residential energy demand! has: beems extensive. A number of
goed research endeavors have been completed over the last 100 years (see: EPRI 1982;
Blattenber *rer et al. 1983; DOE: 1983} Cowing and McFaddem 1984;. Dubin and McFaddemn 1984;
DOE 1984 Morrisey 1984; Dubin 1985; Hamblin et al.. 1986;, Khazzoom 1986; an Baxter 1987)
Howeven - witl the exception of analysis: done by DOE. (1983) — none of this: research was.
cong emedN with the determination of the systematic importance of specific sets: of variables. on
energy’ demand nov was. any’ of it done within the comtext of a welllstructured' theoretical
fmmework usmg what is: pertaps the richest source of residential energy consumption data
available | United States: - the U.S. Department of Energy’s Residential Enmergy
C @msump&fimm: Sm“-vey/.

This study analyzes: the relationships between residential energy consumption and a

‘nmumber of variables. The variables are grouped into five categories:

» Economic variablis ~ income and prices;

o Weather — heating and cooling, degree days;

o Household structure — household members and household head' type;
e End-use - electric cooking and water heating;. and

o Housing type - home area and type of home.

The effects of these variables on energy consumption are statistically analyzed using dhe sums.
of squared' residual statistics. (see Amemiya 1985, pp. 261-262).

The influences of the variables named above on: energy consumption are interrelated.
For thus reason, the analysis is. performed within the context of a well-structured' theoretical
framework; such a framework must permit the clear determination of the influence of particular
variables on emergy congumption.

The theoretical structure used' is standard’ neoclassical consumer behavior theory, with
a complete demand system: of equations derived from a constrained utility-maximization
problem. The utility function is a modified version of the Stone-Geary utility function. [t is
assumed that the demand for emergy and nom-energy goods. is separable; this. allows for the
comstruction of a multistage budgeting model, as shown ini Figure 1

Demand at each stage represents a solutiom to an income-constrained (expenditure-
constrained) utility (subutility) maximization problem: (see Deaton: and Muellbauer 1980,
pp. 122-126; Geary 1950-51; Klein and' Rubin 1947-48; Samuelson 1947-48; Stome 1954). The
demand equations are static and' may be characterized as conditionul long-run demand equations.
This interpretation. can be made because instantaneous adjustment to a new equilibrium whei
prices and' income change is. assumed..
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FIGURE 1 Multistage Budgeting,
Modael

The second-stage utility equation (after income has been allocated' between consumption
and savingg) is as follows:

G _ B I,
w= (- e - 0 @
W

where:
w = consumption subutility functior;
q, = energy consumption (10° Btw/yr);
y, = energy demand scale factor;
y, = nondiscretionary energy demand (10% Bt/ yr);
B, = marginal energy expenditure share;
q, = nonm-energy consumption; and
¥, = nondiscretionary non-energy demand
If additional expenditures on emergy and non-energy are to- add up to total additional

expenditures, the sum of the marginal expenditure shares must equal one:. Therefore, one minus
the marginal energy expenditure share; 1 - 3, is equal to. the marginal non-energy expenditure
share.



1.1 THE ENERGY DEMAND MODEL

Equation 1 is maximized! subject to total expenditures. Fromi the first-order conditions,
the residential enengy demand equation is: derived:

¢

| B,
a, = (1 = Bowyy, + —(m - pyy,)

Pe ' (2)
wihere:
p, = price of energy %/ 10%y;
p. = price index of non-energy goods; and
m = household expenditures. (§/yr)

The energy demand scale factor (as well as the electricity demand scale factor, introduced below)
plays an important role in the analysis: the effects of a number of different variable categovies:
on energy consumption are measured through their influence om this factor.

The energy demand scale factor, v, is specified as am exponential function of its
argurments: ‘

W, = exp(Zap) (3)

where a, is the coefficient associated with the ith argument and x; is the ith argument.

In effect, changes in an argument shift the energy demand cur e either up or down,
depending on whether the change has a positive or negative influence on the scale factor.
Impertant goals i this: analysis are the determination of the magnitude of these changes on
energy consuription and their statistical significance.

As indicated! in Figure 1, once enengy expenditures are determined, they are allocated
between electricity and nonelectric energy. At this level in the budgeting process, electricity
demand is determined (and so is nomelectric demand, the difference between energy and
electricity demand). The energy subutility function again takes the form of the modified Stone-
Geary utility function:



| ey b l"'ﬂé’ A\
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1! We:

i where:

u, = energy subutility ﬁmcti'on;

Qo = eléchfiuity."\uonsumption(fl"()g"Btu*/yri);,

W = electricity demand scale factor;

Y, = nondiscretionary energy demand (10° Btu/yr);,
Y, = nondiscretionary electricity' demand! (19° Btu/yr);
B, = marginal electricity expendimre‘sha;‘e; and

Gney = nNonelectric energy consumption (10° Btu/yr).
Nate:thati nondiscretionary demand for nonelectric energy is defined:as the'differem":}a;a%:Maatween
the nendiscretionary demands for residential energy (also included in Eq, 2) and’ electricity.

1.2 THE ELECTRICITY DEMAND MODEL
The electricity demand’ equation is the solution: of the maximization of the energy

subutility function, Eq. 4, subject to total energy expenditures. Its functional form, as is
expected, is very similar to the energy demand equation:

. B
Qi = - Bél)wéﬂe‘ * B"" (tne - Pnel(ve - Yel)}: (5)
él
where:
Pey = price of electricity ($/10%;
Phey = price of nonelectric energy ($/10°); and
m, = household energy expenditures ($/yr).

Just as the sum-of the marginal expenditure shares on'energy and non-energy had to equal one,
so the sum- of the marginal energy expenditure share on electricity and nonelectric energy must
also-equal one. Consequently, one minus the marginal electricity expenditure share, 1 - 8, is
equai’ to’ the marginai noneieciric energy expeinditiie siare.
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Electricity demand!albo has:associated! with:it a scale-factor, y;; that is-functionally the

same as the energy scale factor. The seti of'anguments associated’ withe\;{éj,,'liovaever,,, is:different.
Mathematicaily; this electricity scalé: factor is. given by the following;

Wy = exp(Zbiz) (6)

where b; is the coefficient associated' with the jth argument and z is the jth argument

The relationship: between the-electricity scale factor and'electricity demand is the same

as that between the energy scale factor and/energy demand: the electricity demand’curve will:

shift up:or down, depending on' whether the factor's. argument increases or decreases the value:

of the scale factor.

1.3 THE ANALYTICAL MODEL

The energy and electricity demand rmodels, Eqs. 2 and 5, form the backbone of the
analytical framework within which the relationship among varmbles and'energy consumption
is investigated. MHowever, these two equations do not complete our system of relationships.
Clearly, . if the price of erergy, p,, and total residential energy expenditures, m,, are considered,
both of these variables must be endogenously determined.

The relationship between the consumption: of electricity and' nonelectric energy is
determined'by the leveliof energy expenditures, m,, and'the pricesof electricity and'nonelectric

energy. In turn, energy expenditures are determined by energy consumption.and the price of

energy, .p,, which is the weighted-average of the prices of electricity and nonelectric energy. The

weights-used in'the calculation:of the price of energy are the consumption fractions of electricity:

and nonelectric energy. Therefore, energy expenditures and the price of energ -are unknowns
and must be determined. within the-equation system.

Currently, there are only. two equations specified in the analytical model: Eqs. 2 and 5

for enengy and electricity consumption; respectively. There are, however, four unknowns:

energy consumption, electricity consumption, energy price, and energy’ expenditures. [n order

to make the system complete or determinant, two additional equations must be specified. They

are the following identities:

= (pélqé.l" * pnelqhei):
@ %
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@
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where::
p, = price of residential energy ($/10% Btu);
poi = price of electricity. (3/10° Btu);
Phelt = price of nonelectric energy ($/10% Btuy;
qy = electricity consumption (108 Btu/yr);
Jhel = nNonelectric energy: consumption (10° Btu/yr); and
q, = residential energy consumption: (0% Bruy/yr);.
and
m, = Pl ®

where m, = residential energy expenditures ($/yr).

Equations 2, 5, 7, and 8 constitute the complete analytical framework within which the
effects of economic, weather, household-structure, enr-vea; and'housing-type variables on energy
consumption are assessed. These equations form:a system of nonlinear equations that are most
easily solved by using nonlinear estimation techniques. (see Amemiya 1985, pp. 245-265).



1
2 METHOD OF ANALYSIS

An: analysis. of residential energy end-use patterns and' expenditures requires the
simultaneous determination: of a.number of different phenomena.. The levelland cost of energy
consumptior: are determined’ both: by, the energy mix (iie., the electricity fraction of total enengy,
use) and' by many, other, exogenous factors (i.e., economics, weathier, house age; housing type,
and household' structure); WUnder these circumstances, where there are a number of dependent
variables and' numerous independent ones, multivariate analysis can be valuable.

For the sake of clear exposition: of the analysis, it must be framed within a theoretical
context. For thisreason, the standard consumer behavior paradigm: —consumers: maximize their
utility: subject tor an expenditure constraint — is embraced:.. One justification for the use of this.
modell is. that it avoids anomalous: expenditure behavior in the face of changes in income and’
prices. The model also allows. for the: consistent integration of other exogenous. variables (in
addition to expenditure and' prices). that affect energy, consumption..

2.1 INCORPORATION OF VARIABLES INTO MODEL

The theoretical: model is described' in- Section 1. As was noted earlier, the model is a.
variant of Stone’s linear expenditure systems model, in'which a scale factor has:been introduced:
through the scale factor, variables other than price and. income are incorporated into the: model.

Variables associated with: the five variable sets described earlier are added sequentiaily .
The statistical significance of the additional variables is determined through the change in the
sums of the squared residuals.

The test statistic used to determine significance is the difference between the constrained
and the unconstrained sums of squared residuals (denoted SSRID):

SSRD = bT(G)[ST(a) - Sq(6)] (9)
where:

St = gum of squared residuals;

T = sample size;

a = (k + q) x 1 vector of parameter estimates connected with the

unconstrained model; and:

@ = k x 1 vector of parameter estimates cornected with the constrained
model
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The sum: of squared residuals’ is. expressed as follows:;
, ‘ P

S'T‘ = I':/“[}ﬁ_ls @lw(wal;wl):‘lwllf]k (ﬂ@)"
where: |
r = 4T x 1 vector of residuals for four equations over T observations;:
$¢ = consistent estimate of the unknown disturbance term’s variance-

covariance matrix;,
® = Krongcker product; and
W' = n x pimatrix of variable instruments..

The number of i‘nsh‘mments,:p\,, is-equal to or greater than the number of explanatory: variables;.
k + q, specified in' th¢ unconstrained model.

In testing the statistical significance of each variable clagsification, sets of variables are
sequentiaily added. tq the model. The newly specified model is defined as the unconstrained
model and the previously calculated model as the constrained model. The SSRD: is then
calculated' by, using the sums of squared residuals: fon the two models.

The SSRD statistic is asymptotically distributed as chi-square with: q (the number of
variables added to th¢ unconstrained model) degrees of freedom. Therefore, the overall test for
statistical significance of the newly specified model can be performed by using the chi-square
table. : ‘ ‘

2.2 DATA USED IN' ANALYSIS

The data used for this analysis are provided by the Energy Information: Administration
(EIA), US. Department of Energy (DOE). The EIA has collected residential energy consumption:
data since 1978. Currently, there are seven EIA residential energy consumption data files. The
first ftwo surveys were precursors to the Residential Energy Consumption Surveys (RECS) used
in this analysis: the first survey, called the National Interim Energy Consumption Survey
(NIECS), covered the period from April 1978 to March 1979 (DOE 1980), and the second survey,
called the Residential Energy Consumption Survey, Household Screener Survey (Streener),
covered the period from April 1979 to March 1980 (DOE 1981).

There are now five RECS data files, which cover the April 1980 to December 1987 period
(DOE 1982, 1983a, 1985, 1987a, and 1989); These five data files were pooled to produce a data

"The value calculated in Eq. 10/is not, technically, the sum of squared residuals. The actual value would
be the simple cross product of the residuals (r'r); and the term in brackets would not be included in-its
calculation. However, because a full-information: procedure is being used to develop the model
astimates, a modified version:of the standard SSRDtest is being used.
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set containing, nearly 27,000 observations.. Only one-third! of these observations were used' to
obtaini the model estimates described eanlier, because the computer time required by the method'
used' to-solve the system, of nonlinear equations: (consisting, of Egs: 2, 5, 7, and: 8): made- the use
ofi all the available observations prohibitive. '

Technical questions.on: sampling design are answered in the appendixes of various ETA
repornts (see DOE 1983b, 1983¢,. 1984a, 1987b, and! 1990)i
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3 RESULTS

The analytical' model represented by Eqe. 2, 5, 7, and' 8 was approximately solved: by
using the 5AS Institute’s three-stage nonlinear pvocedure (SAS Institute 1984, pp. S08-550) The:
procedure was used’ to. obtain: estimated! values. for five models, wiiere variabbles. falling, in: the
five variable-set categories -- econemic, weather, household-structure; end-use, and' housing-type
variables — were added sequentially. The variables. included in each category are listed' in
Table T.

Table 2 lists: the estimated' parameters and’ gives: their definitions. Table 3 gives the
estimated’ parameter values for each: of the five variable sets. ‘

3.1 SIGNIFICANCE OF PARAMETERS

With the excepmm of the number-of-children (ay) and the heat-pump: (). vamablm, each
parameter estimate is: statistically significant at the 0105 level. As shown in Table 4, the value
of the unexplained variance for the entire system declines dramatically with the addition: of eaci
successive set of variables,

In: Table 3, the goodness-of-fit measure declines for both the enengy and electricity
demand equations. in the housing-type model, but the sum of the system’s squared residuals.
declines. Only Egs. 2.and 5 have parameters. that are estimated, while Eqgs. 7 and 8'are identities
that contain: no parameters. The implication of this is that' the addition. of the housing-type
variables to the model irnproves its value for explaining variations inenergy price-and/or energy
expenditures.

Each set of variables added. to the analytical model is st‘atisticaﬂy significant at the 0:0%
levei. Therefore, for the data sample used to conduct this analysis, each. set of variables. -
economic, weather, household-structure, end-use, and housing type — contributes. significantly
to explaining variations. in the model’s dependent variables.

3.2 NUMERICAL ANALYSIS

In this section, the estimates obtained from: the housing-type model are used to caleulate
a number of numerical derivatives and energy-consumption elasticities (the percent change in
energy consumption: as a result of a percent change in a predetermined variabie). The
derivatives and elasticity estimates are calculated using the 1987 mean values of the exogenous
variables (COE 1989).

The elasticities are used to. estimate the contribution of various factors to changes in
energy consumption: between the 1984-85 and 1987 RECS survey periods. In Table 5, energy:
consumption and some important explanatory variables are shown for 1984-85 and 1987,

The variables listed in Table 5 are assumed to condition energy consumption in a
fashion somewhat similar to the way changes in income do: by causing shifts in the energy
demand curve. Along with the effects of these conditioning factors, energy consumption ig also
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TABLE 1 Elements of Variable Sets:

Vaniable Set ‘ Elements:

Egonomic ‘ Houselold! expenditures,, electricity price; nonelectric energy:
price; consumer price index: (excluding energy):

Weathen Heating digree days. (HDD);, 65°F base:
Cooling, degree days, (CDD)), 65°F base:
HIDD: crossed: with homes. builti before 1850
HIDID: crossed: with: lomes. built between 1950 and: 1974
HDD: crossed! with: electric space heating
HIDID' crossed’ with: heat-pump- system:
CDID crossed! with: electric centraliaiv conditioning,

Household' Structure: Number of household! members
Number of househeld’ members. croused’ with: gender of
household: head:
Number of houselold' members crossed: with: spouse’s
presence
Number of household' members crossed with age status, of.
household: head:
Number of Bousehold members who are children

End-1Jse Electric water heating,
Electric cooking

Housing Type: Area of home
Area of home crossed with number of rooms
Area of home crossed with single-family, detached'
Area of home crossed with single-family, attached
Area of home crossed’ with: muitifamily, tewer than. five
units.

affected by changes in economic variables - prices.and income. In Table 6, changes in economic
variables between periods are' shown.

Between these two periods (1984-85 and 1987), total residential energy consumption
declined by about 1.64%. Changes also occurred in key variables that affect energy consumption.

What is of interest is the relative importance of these variable changes with respect to- energy
consumption.  Estimates of these relative effects can be' determined by using the aumerical
derivatives for the equation system comprising Egs. 2, 5,7, and 8.

In Table 7, the estimated' numerical derivatives -- the partiall change in energy
consumyption with, respect to a small change in some explanatory variable — of a number of scale

variables are showr: The variables in: the table are of botl the continuous. and' the nominal

types. With the exception of home area, the effects exerted by these vamables on total energy
consumptien are consistent with initial expectations.
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TABLE 2 Parameters: and Their Definitions

IVlbdé!' Parameter

Definition:

Energy’ Demand'
B
(/
.
ay
ay,

a,

g,
Ay
A
A
g
ﬂ-m

Electricity Demand'
B
Yol

by
by,

by

2

Marginal residential energy’ share: of total expenditurey
Nondiscretionary: residential' energy diemand’

- Heating disgree days. (63'F Base);

Heating degree dayy crossed with homes. built before 195()
Heating: degrew days. crossed’ with Bomey, Built Between: 195()
and' 1974

Cooling degree days (65"'F base)

Number of Houseliold' members

Number of houseliold membery. crossed: with: female-headed!
Household:

Number of Household members. crossed: with, a housebold: in
which the spouse is. present

Number of houselold members crossed! with: a householid
where the head is 65 years old' or older

Number of household: members who-are less than 18 years. old!
Total home area (square feet)

Total’ home area crossed: with number of rooms. ‘
Total' home area crossed with: singlie-family, detached home
Thtal home area crossed with single-family, attached home
Total home area crossed with. multifamily fousing with fewen
than four units

Manginal elictricity share of total energy expenditures.
MNondiscretionary electricity demand’

Heating degree days crossed with electric spuce heatimg
Heating degree days crossed with heat-pump system:
Covoling  degree days. crossed  with electric  central  air-
conditioning

Electric water Reating

Electric conking

On cloger inspection,, the neyative relationship between energy consumption and home
tH Y

area is mot completely surprising, Home area includes both heated and unheated areas within

the home. It is therefore likely that the negative relationship between home area and energy
consumption reflects the increase in unheated space, such as garages and attics. Given that the

heated area remains constant, an increase in home area is likely to reduce energ - consumption.

because of the insulating propenties. of the additional, unheated space.

At the mean level of energy consumption - about 102 x 10" Btu - the relative
differences in energy consumption are dramatic when one compares. older homes with newer
ones, and gingle-family and small omudtifamily units (fewer than five units) with other housing

types (such as mobile homes and' multifamily homes with five units or more) The numerical

derivatives. indicate that energy consumption increases in tlie range of about 20:to:30% for homes
3 P 143
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TABLE: 3. Parameter Estimates: for Energy and’ Electricity Models:

g Hbuselolid! Hbusing,
Mokl Parameten Buenomic  Weather  Structure  End Whe Type:
Energy’ Demand! ‘
¥, - oovyg. nmors: 01182 (s (NOLK2S.
((OHH4); (00084 ((ROLNB4Y, (MO0038Y; (000w,
Yo #9:5¢ 42:08: 3392 3756, 42.75
(h72641); (1.33Y (1.18)s ((1.24); ((1.aB)
ay, - 6.34B-05M  B3VE-08. J9EA8. 434B-08
. (BIE08)  (GE-OR); (GAB-0R))  (5I9BAH))
ay - HIE-05. 768 H28E08  6.SEEAS
- (S 1E06)  (49B-0n) (BE-A); (48BAR))
ay, - 6.38E08. 547808, 622805 E3BEAS
- (GIEAB)  (AYEDR)  (GAEDR)  (ABE-0R)
ay - Mooz (hoouie: (haoon (00108,
- (LIE-0B)  (LUE-05):  (LUE-OB)  (1LLE-0B)
ay. - - (MO3BHY h08362 MORYvy7
. - 0140 (O0140R)  (I1BRA)
a, - - 109606 MOBHO7 (NOHR72’
. - 01448y (01441):  (INMCYE)
iy, - - UL 006677 063
- - (101648); (u1339): (01283
ag, - - (08256 (1809 (0114975,
- - (b7 (DAEYY  (DID07):
Qy, - - mone24 {228 :00138:
. . (O016): @@O0159Y  (i00162),
ay - - - - B 4B
. - - - (BIBE8),
il'”“ - - - - 238BL8
. . ; . (LUEAR):
ayy. . - - 0004
. - - . (QOM04))
g . . - - (006087
. . . . (G9E-08)
Ay - - . . (036
. - - . (4 1E-0B):
R-Square (10821 h2044 (2737 (12774 (12638,
Elkatrivity Demand:
Bt 0753862 (h5133% (150846 0.5170 M94237
@00936)  (@007),  (OI00RBAY  (OX00R4BY  (OI00RBA):
You 37,0 .92 10134 44 6.71
(u45318)  (0i4B62)  (W4L873) (144889)  ((id61ST)
By, - (iou2y: (motogy (0te. (e
; (GAROR)  (HSEA6), (@2E06),  (AE-06);
b - 7HE1h: 1LOTEAIS TO7EQ6  B97EAN.
- (3.50-06):  (36E06) (A9EDR)  (ATELD):
B, - Q041 (HO0485. N2y noon24:

- (L2B0B)  (L2E0B).  (84B0R)  (7.9E-06)
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TABLE 3 (Cont/d):
Hiusehold Housing
. Mudel! Parameter  Roonomiic  Wieathen Structure:  EndiUbe Type
by, - - 1.I1SB7 (R99R1E:
- - - (0B4L2Y)  ((I0A8Y)
13y, - - - (64408 h5.79
- - - (i06de) (048R4
R-Bquare N2792 V6747 MaBOw (k7408 7397
Syatem Stativticy
Samplie Size: 4877 8877 4877 4877 HH77
Objeativer 110908 (B9 (80803 71028 (S8

MNbtation: used! for Brevity indiealing, with very smalll values; A.84E0B = 6,54 » (U8R

TABLE & Anpalysis of Variance:

Difference
Variable: Sum:of  inSums of
Set Added' Sqnared Squared Degreey. of SERD
to Model Residnals.  Residuals®™  Freedom  Statistic
Economic 9863 . - -
Weather 7911 1942 7 24679
Huusehold' Stricture 7181 730 5 902
EndUte 6308 876 2 1233
Houging Type 5193 1112 5 1901

Tmmediately preceding value of squared residuall minus present value:

built before 1974, compared with homes built in 1974 and: after; energy consumption increases.
by about 55 to 65% for single-family (detached and' attached) and small multifamily structures
(fewer than five units), compared with other housing types

At the mean level of energy consumption, space conditioning requirements also-account
for substantiall amounts of energy consumed in the residential sector. Space heating accounts
for about 36 to 40% of the energy consumed by households, and cooling, for about 10 to 15%.

Household-structure variables also have a comsiderable influence on  energy
consumption.  Empirically, the analysis indicates. that, at the mean consumption level, energy
consumptior: increases by about 10%. with each: additional’ household' member:

[n cases where the household head: is female or elderly, ov where the spouse is present,
the impact o energy consumption is positive. Energy consumption increases for female-lieaded
households by approximately 20 to- 25% compared with male-headed housetiolds,  For
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TABLE 5 Changes. {n Energy Consumption and' Related
Varfables between 1984-85 and' 1987
Vialue™
Viaviatlls 198485 1987 Change (%)
Energy Consumption
per Household!
(10N Bt /ym)
Total enemgy? 035 1018 164
Eliactricity 2888 293 1.45:
{ Weather (85"F base) ‘
Menting digres days 46200 4440 390)
Cooling, diegree days 1060: 1260 1887
Household Stnucture:
Huonsehold’ memibers. 27 2,65 185
Spouse present; (%) 599 580 17
Head' of Bhousehold' (%) ‘
Single femalis 26,85 2785 372
Elderty pergon: 25:6: 295 1523
Home Age (%)
Home builtt befors 1950 37 36, Bl
Home built during 1950-1974 46.6 442 -5ul8
Home Built after 1974 16.4 2008 26,83
Housing, Type (V)
Single-tamily, ditached’ 63.1 62.0) -1.74
Single-family, attached 4.65 53 13.98.
Muitifamily, <5 units. 1.8 11.38 38t
Orbser 204 214 7.36.

e values shown in this. table are: moving averages between
survey period, with: the 1984-85 value equal to the average of
the values priven in RECSH3 (DOE 1985) and’ RECS54' (DOE
1987a) and the 1987 value equal to: the average of the RECS4
and' RECSS: (DOE 1989) values.

bTotal energy consumption is equal to the sum of electricity,
naturall gas, fuel’ oil/Kerosene, and liquefied petroleum: yay

congumption,

Seurces: DOE 19872 and: 1949!
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TABLE 6 Changes in: Ptices and' Household Expenditures: Between
1984-88' and! 1987

Value
Variabliy. 1984-85 1987 Change: (%)
Hougehold! Income: 23,290 26,925 1561
(/g ‘
o : Household! 17,420 19,800 13.66.
Expenditures.
G /ynP
Electricity: Price 20190 22.14 5.9
% /107 Beu)
Nonelectric Energy: 642 6.)6 -5.61
Price ($/10f Btu)
Consumer Price: 1.380) 15.49'-7’ 848
Index; 1979 base®
- Nin-Enengy Price 1361 1.494 1058

Indiex, 1979 bhase®

Wources: DOE 1987 and: 1989,

BHousshold' expenditures. are derived: from household’ income
information in: DOE surveys. (DOE 1987a and! 1989).. Hoeuseliold'
expenditurey. are assumed' to- be a function of household! income;
consumey prices, and: age of household' head. An equation:
reflecting these relationships is used to. caleulate household
expenditurey.

“Sources: U5 Department of Labor (DOL): 1985 and! 1988,
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TABLE 7 Estimated Changes: in Energy Consumption as. a Function of Changps in Selected
Independent Variables:

Chamge im: ‘ Change im
Consumption,. Comsumptivm,.
! lumerical Niumerical
Variable Derivative (0% Btu) Varialle Denivativ lof Beu)
Wienther, 86°F Base: Niamber of Rooms. 379
Heatimy diegree: duy‘s“ 373 Home Aren (£)¢ 132
Coovling, degnes duy‘s 12.2 Householid Members, 1042
‘ Spouse Present .08
Home: Ay
Biailt Belfore: H950: 27.27 Head! of Housebold:
Built during 1950+74 22.44 Simylie femaliz 22,04
Eldenly person: 12.36:
Housing, Type: :
Single-family, detached’ 63.3%
Simgglie-tarnily,, attached! 58,75
Mialtifamily;, <5 anits 5781

Wensurey, change in energy consumption given an incrense of 4400 in HDD:
UMeasures. chunge in enengy, consumption: given an increase of 126() in. CDD:

. . . . . : . .
“Mensures. change in energy consumption: given a 1V increase (170 B) in home’s aven.

households where the spouse is present or where the househoeld’s head! is an elderly person

(65 yeass or older), energy consumption increases by about 10 to 157% compared with householdss

where the spouse is not present or the head is under 65 years old.

3.3 RELATIVE SENSITIVITIES TO VARIABLES

The derivatives presented in Table 7 imdicate how energy comsumption changes. in.
absolute terms. However, these derivatives. do not reflect the relative sensitivity of emergy
consumption with respect to the various independent variablis. For a better understanding of
the relative relationship, estimates: of the elasticities at the mepns were cale ulated.”

ln Table 8, emergy demand elasticities are presemted for a number of important
explanatory variables. Aleng with the elasticities, the percentage changes for each variable,
given: in Tables 5 and' 6, are again shown. The product of the variable elasticity — the percent
change in energy consumption given a percent change in. the variable value — and the percent
change in the explanatory variable gives an estimate of the percent change in energy
consumption attributable to the change in the explanatory variable.

"Teghnic ally, the elasticities should be calculated by using a weighted average of the numerical derivatives
calbulited at the household level, since the assumptions for an exact nonlinear aggregation condition are
not satisfied.

Cow o en e e v DEEENTIRIRT] ' ny
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TABLE 8 Changes:in Energy Demand Elasticities and'Effects on:
Energy Consumption.

Change, 198485 Effect on:Energy.

Variable: Blastioity. to: 1987 (%)’ Consumption (%):

‘Weather, 65°F Base ‘

Heating' degree days 0371 -390 , -1.485.

Cooling degree days 0121 18.87 2.28.
Home Age

Built before 1950 0.095 -5.41 ~0.51

Built during 1950-74 0.097 -5.18 .50
Housing Type

Single-family, detached’ 0.387 -1.74 -0.67

Single-family, attached 0.031 13.98- 043

Multifamily; <5 units 0.066 -3.81: -0.25
Household Members. 0275 1,85 05
Spouse Present. 0.064. -3.17 ~0.201
Head of Household

Single ferale 0.110 372 041

Elderly person 0.027 15.23 41
Electricity. Price -(.042 5.93 -(1L.25
Nonelectric Energy Price -0.038 -5.61 0.21
Non-Energy Price Index -0.086 10.58 0.9
Household Expenditures. 0.166 13.66 227

Here, the demand system can be characterized as a conditional long-run model.
Therefore, the changes in eriergy consumption due to changes in the scale factor, y,, represent
shifts in the long-run energy demand curve. The expenditure and price elasticities represent
conditional long-run elasticities: elasticities conditional on the household’s weather, structure,
age, and housing-type profile.

The sum of:the-estimated changes in energy consumption.due to variations in all the
variables is 0.54% (energy consumption is estimated to increase by 0.54%), compared with the
1.64% decline in energy constunption shown in Table 5. After the price and income values are
excluded, the sum falls to -0.57%. The difference in the estimated effect, obtained by using
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population:averages, is not surprising. It is likely that the use of population averages results in. .
biasing of the calculated: effects.’

Although' the derivatives. estimated at the means db not' give unbiased’ estimates of
aggregate effects, they are still illustrative. The variables with: the largest estimated  elasticities-
are "single-family, detached! and "heating degree days;” with: "number of household' members"
a close third:

Because of their relative volatility; heating and: cooling degree days and' househoid:
expenditures are expected to make the largest periodic contributions to-energy’ consumption
changes. Over the long run, housing-stock-related’ variables, such as housing-stock age and’
housing, type, can also:contribute substantially to energy consumption changes. For example;.
a change in the relative number of single-family, detached homes would affect energy
consumption. dramatically.

"As indicated earlier, the estimates obtained with: the model described in this report are calculated by
using household data. Because of this, the calculation of the effect of changing variables on energy
consumption should be done at the household level. The effects should then be aggregated over all
households to determine the averagre population effects (using household ‘energy consumption:to weight
the resnlts),
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4 CONCLUSIONS

Iniorder te understand' the ramifications of energy policy, knowledge of the relationship:
between energy consumptionand othier variables affecting energy consumption:is required: The
purpose of the research described inithis report is to: quantify the connectionbetween: a number
ofi these variables and' energy consumption. The research: findings provide a basis for
understanding, the relative influence of various factors on energy: consumption. Consequently,
the: potential effect of policy oni energy consumption: and expenditures can be more cleanly
understood:. The variables have been grouped into five categories: economic, weather,
householdstructure; end-use, and’ housing-type: variables. The' variable parameters in: each:
category are listed'in Table 2 (see Section 3):

Statistically, each:of the variable categories has proved: to be significant. The individual
parameter estimates, with the exception-of the coefficients for heat-pump variable and number-
of-children variables, were all statistically significant.

In.calculating the numerical derivatives and elasticities, mean values of the explanatory
variables were used. The estimated partial effects using this provedure are certainly biased. In
order to obtain unbiased population estimates, these calculations, inthe future, should' be done
at the household level. The household estimates would then be aggregated to obtain the
population estimates.

1 ECONOMIC VARTABLES

The parameters capturing the influence of houseliold-expenditures and prices on energy
consumption are all statistically significant. The estimated elasticities indicate the demand
(conditional) for energy is very price-inelastic. The expenditure elasticity — which is also very
inelastic —is four times as large as the absolute values of the electricity price and nonelectric
energy price elasticities, and it is twice as large as the non-energy price elasticity.

The implication of this result is that total energy consumption is relatively more
sensitive to income changes than it is to price changes. The inelastic expenditure elasticity
implies that the energy-expenditure share declines as total expenditures increase. This result is
clearly borne out by both time-series and: cross-sectional data analysis.

These findings are highly relevant to the formulation and evaluation of policy. They
imply that market-based policy, which has the objective of reducing energy consumption
through the upgrading of existing housing stock and appliances, will be only moderately
successful,

4.2 WEATHER VARIABLES

Heating and cooling degree days are important variables in explaining variations in
household energy consumption. The heating-degree-day (HDD) variable has the largest
elasticity of all the continuous variables specified in the energy demand model. Changes in
residential energy consumption (at the point of end-use) over the past two decades probably
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have been; inilhrge part, the result of population migration: from: the Northeast and! Midwest: to-
the'South and' Wiest Census. regions.

The model! values albo indicate that dedmmg energy’ consumption: due to: decreasing
hmtmg loads has been partially offset by, increasing cooling loads. In. particulan, population:
increages in the South have probably led'to increased'energy consumption-associated with space-
cooling requirements.

4.3 HOUSEHOLD-STRUCTURE VARIABLES

The, household-structure variables are gtatistically, significant in. their relationship: with:
energy consumption: The relationship between: householld structure and' energy: consumption:
is based on the reasonable hypothesis. that household' structure, through: its association: with.
home- utilization, will affect energy consumption

The: supposition: is advanced that home occupancy (utilization)' and' the number of
household members are directly related: Because of this, the level of residential energy
consumption ig expected: to increase with an increase in the number of household members.

In fact, the household-member variable turns out to be extremely important. Next to
the heating-degree-day variable; the number of household members has the largest elasticity of
all' the continuous variables specified in- the model. In the short run, however, the effect of
changes in the number of household members on'energy consumption is anticipated to be rather
simall, since the number of household members changes only slightly from year to year. In the
long mun, the net effect of the number of household members on energy consumption has been.
negative'becnuse»of the decline in the average number of household members.

A number of other interesting relationships with energy consumption-emerge after other
variables have been overlaid on top of the household-member variable. These relationships are
also potentially relevant to policy formulation.and assessment. The model demonstrates that a
single-female-headed household will consume more energy than a male-headed household. It
is speculated: that, because of the higher rate of unemployment for a typical single female head,
the single-female-headed home will have a higher occupancy rate. As a result of this higher
occupancy rate, energy consumption will aiso be higher.
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Rate of home occupancy may also beimportant in the cases of households with elderly
heads and where the spouse is present. In both these circiumstances, it is speculated that the rate
of home occupancy will be higher, and consequently, so will the amount of energy consumed.
‘ These hypotheses are borne out by the model.

4.4 HOUSING-TYPE AND HOME-AGE VARIABLES

For a number of categorical variables, the effect on energy consumption is substantial.
Living in a single-family home (attached or detached) or in a small multifamily dweiling (fewer
than five units) adds substantially to the amount of energy consumed. Also, as would be
expected, living in an older home adds to the amount of energy consumed.
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The increase in:householtdienergy wnsumptmn fonsingle-family and small mudtifamily
dwellings is estimated to:be about 60 x 10 Btu/yr compared with: the average level of enengy:
consumption: for other types. of homes (largen mulhfarmly dwellings and mobile heme‘s)x For
Homes:Built before 1974, householdienergy consumption isestimated tobe about 25.x 108 Btu/yr
more compared with  average energy consumption: for homes built after 1974..

On the average, the energy-consumption. elasticity associatedi with: single-family,
detaclied homes is the largest of alll the vaniables specified in: the demand modell However,
because of the rather slow rate of turnover in housmg, gtock, the effect of changes. in these:
variables on energy consumption wili'enly be felt in the: long term.
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