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1. INTRODUCTION

This report covers two main topics. The first is a description of a
regression analysis of energy consumption data obtained from the Residential
Energy Consumption Surveys (RECS). The sections that cover this topic

are technical in nature and would appeal mainly to other researchers who
plan to analyze the RECS data set. The second topic is a presentation of
estimates of residential energy consumption by end use. The resulting
estimates of consumption by end use will be of interest to a wide audience.
This includes State and Federal agencies that are formulating programs

for low-income energy assistance, utilities that need to forecast load
demands, and other researchers who are studying the demand for energy

in the residential sector. Readers who are mainly interested in the
end-use estimates and not the methodology used to obtain the estimates

can skip to Section 8.

The Residential Energy Consumption Surveys were designed by the Energy
Information Administration (EIA) to provide information concerning

energy consumption within the residential sector. Information concerning
the housing unit is collected through personal interviews with adult
residents of a representative national sample of households. Data con-
cerning actual energy consumption are obtained from fuel records maintained
by the households' fuel suppliers.

This report is based on the data obtained from the 1980 RECS. The energy
consumption data are collected for four major fuels (electricity, natural
gas, liquid petroleum gas (LPG), and fuel oil). Kerosene consumption is
included in the fuel oil consumption figures. For each household in
RECS, the consumption data are condensed and ad justed so that the amount
reported reflects the consumption for the period from April 1980 to

March 1981.

This report presents a discussion of the variability of energy consumption
within the home. The variability of energy consumption for transportation
may be the subject of later reports. Regression equations are presented
that express the predicted home energy consumption for an individual
housing unit as a function of main heating fuel, water-heating fuel,
weather, dwelling size, appliance stock, and other variables. Separate
equations are presented for electricity, natural gas, liquid petroleum
gas, and fuel oil. These equations are then used to estimate the amount
of energy consumed by end use.

The design of RECS is briefly discussed in Section 2. A reference is given
in Section 2 to reports containing more detailed discussion., The National
Interim Energy Consumption Survey (NIECS) was a preliminary survey that
preceded RECS. Two reports1 on the variability in energy consumption

1Energy Information Administration, National Interim Energy Consumption
Survey: Exploring the Variability in Energy Consumption, DOE/EIA-0272
(Washington, D.C., July 1981) and Energy Information Administration,
National Interim Energy Consumption Survey: Exploring the Variability
in Energy Consumption-—A Supplement, DOE/EIA-0272/S (Washington, D.C.,
October 1981).




were produced by using the data in NIECS. These studies are discussed

in Section 3 and referenced repeatedly throughout this report. Section

4 discusses what subset of the households surveyed in RECS is used to
develop the regression equations and why this subset was chosen. The
model that was fit and the procedure used to fit the model are discussed
in Section 5. The resulting regression equations are given in Section 6,
along with a measure of their goodness of fit. Section 7 presents a
discussion of the regression equations, in particular the limitations
that one must realize before interpreting the results. The estimation

of energy consumption by end use is discussed in Section 8. Tables of
end-use energy consumption by Census division, income, dwelling size, and
weather are also given in Section 8. Section 9 contains a discussion of
the end-use estimates including the trends that appear in the results.
The effects of electricity prices on electricity consumption are discussed
in Section 10. Section 11 presents a procedure for ad justing the April
1980 through March 1981 consumption amounts to reflect the consumption
for the 1980 calendar year.



2. DESCRIPTION OF THE RESIDENTIAL ENERGY CONSUMPTION SURVEYS

Before RECS, two surveys were conducted by Response Analysis Corporation
(RAC) for EIA. These were the National Interim Energy Consumption Survey
(NIECS) and the Household Screener Survey (SCREENER). Several reportsl
have been produced using the results of these surveys. Both surveys used
the same sample design. It was not custom tailored to EIA's needs, but
created previously as an all-purpose design. The design did not cover
households in Alaska, in Hawaii, or on military bases. The experience
gained in conducting these two surveys was used in designing RECS.

The sample design for RECS was specifically constructed to obtain data on
residential energy consumption and related housing characteristics. It
covers all households in the United States, including those living in
Alaska and in Hawaii and those living on military bases. The households
used in the survey were selected by using probability sampling. The
probability of selection varlied across the country. This variation was
partly a result of oversampling in some areas to insure a minimum level
of precision for energy consumption estimates in those areas.

The sample design included many stages. Initially, the country was divided
into 1,782 primary sampling units (PSU's). The PSU's were grouped into

131 strata with roughly the same population. Thirty—-one strata contained
only one PSU; the rest contained two or more PSU's. Within each stratum,
one PSU was selected.

A number of intermediate probability sampling stages preceded the final
selection of RECS households. These stages included the selection of minor
civil divisions (MCD's) within each PSU. Within the MCD's, Census tracts
or enumeration districts (ED's) were selected. A segment of 25 or more
housing units was selected within a tract or ED. A cluster of 25 housing
units was selected from the sample segments. The ultimate cluster to be
contacted for interviews (averaging about four housing units) was
systematically selected from the cluster. The number of ultimate clusters
totaled 1,667.

From the 1,667 ultimate clusters, 7,338 units were selected to be in the
sample. Of these units, 106 were found to be nonresidential units, 430
were vacant residential units, and 168 were seasonal or vacation units.

This left 6,634 eligible residential units. From these units, the occupants
of 5,804 units were personally interviewed, either during the initial

1o 1ist of these reports is given in Energy Information Administration,
Residential Energy Consumption Survey: 1978-1980 Consumption and
Expenditures, Part 2: Regional Data, DOE/EIA-0262/2 (Washington, D.C.,
May 1981).




attempt or during follow-up contacts. Finally, mail followup resulted

in responses from 247 additional households. In the end, 6,051 households
responded, 551 occupied units were classed as nonrespondents, and the
occupants of 32 units moved between the initial contact and the end of
possible followups.

Most of the questions asked for RECS were similar to those asked for
NIECS. The SCREENER survey was much briefer and was employed primarily
to obtain a panel of households to use in running a residential
transportation survey. Two of the major changes between NIECS and RECS
concern square footage and wood consumption.

In NIECS, the respondent estimated the square footage for the dwelling,
which proved to be an unsatisfactory way of obtaining data. In RECS,
the interviewer's measurements were used to obtain the square footage of
the dwelling.

For NIECS and SCREENER, no attempt was made to obtain the amount of wood
consumed as fuel; for RECS, the respondent was asked to estimate the’
amount of wood that the household used the previous year. In future
RECS's, the wood consumption question may be changed to get a more
reliable response.

For all three surveys, some form of heating degree-days (HDD) and cooling
degree-days (CDD) was obtained for all households. Let T; be the highest
temperature in degrees Fahrenheit for a particular day. Let T be the
lowest. Set T = (T} + T3)/2. The heating degree-days for this particular
day base 65°F equal the maximum of 0 and 65-T. The cooling degree-days
equal the maximum of 0O and T-65. Degree-days for other bases are
calculated in a similar manner. The annual degree-days (HDD and CDD) are
obtained by summing the daily degree-days.

In NIECS and SCREENER, the only annual values for HDD and CDD that were
calculated were those based at 65°F. For RECS, annual HDD and CDD values
were calculated for bases of 50°, 55°, 60°, 65°, 70°, 75°, and 80°F.

For NIECS, the values of HDD and CDD were long~term averages adjusted by
Census division for April 1978 through March 1979 weather. For SCREENER
and RECS, the values of HDD and CDD were calculated using the actual
daily highs and lows experienced by weather stations in the same National
Oceanlc and Atmospheric Administration (NOAA) district.

For all surveys, the fuel consumption amounts were annualized to reflect
the consumption from April of one year through March of the next year.

In most cases, the annual amount was based on at least 330 days of actual
fuel bills. 1In other cases, the annual amount was based on fewer days or
imputed based on a preliminary regression estimate.



Missing values for variables such as household income, main heating
fuel, and age of respondent were imputed in some cases, usually by a
hot-deck procedure.

A previous report2 gives more details on the sample design, imputation,
etc., for RECS.

2Energy Information Administration, Residential Energy Consumption Survey:
Housing Characteristics, 1980, DOE/EIA-0314 (Washington, D.C., June 1982).







3. PREVIOUS REPORTS

The regression results presented in this report are similar to the
results presented in two previous reports.1 The two present an
analysis of residential energy consumption data from NIECS covering the
period from April 1978 through March 1979. Regression equations were
developed that express the natural gas, electricity, fuel oil, and LPG
consumption of individual households in terms of household, dwelling,
and weather characteristics.

The theoretical model used for residential consumption of each fuel is

K M N
Fh = Ao + § MXpk +  ( Y BpYhm)HDDy, + (¥ CnZpp)CDDy + Epe
k=1 m=1 n=1

In this equation, A,, Ak, By, and C, are parameters that are estimated by
using a regression technique; HDD} is heating degree—days; CDDy 1is
cooling degree-days; Xpk, YhmHDDp, and Zp,CDDy are the independent
variables used in the regression; Ey is the error term; and h the index
for the households in the survey. The dependent variable is Fp, which

is the energy consumption of household h.

Theoretically, all the space~heating and space-cooling characteristics are
represented by Yy, and Zy,, respectively. In particular, if the fuel in
question was not used for space heating, then all Yyp's equal zero;
similarly, if the fuel in question was not used for air conditioning,

then all Zy,'s equal zero. In the actual models that were fit, some

of the terms involving space-heating characteristics were not used in
conjunction with HDDj. For example, the fuel o0il regression equation

for households living in single-~family detached dwellings contains an
indicator variable for fuel oil heating that has a large coefficient.

The variance of Ep, the error term, depends on the predicted fuel
consumption. For example, the variance of electricity consumption

across households living in small apartments that use electricity only

for appliances is much smaller than the variance of electricity
consumption across households living in large, all-electric, single-family
detached homes.

The models were fit under the assumption that the variance of Ep was
proportional to Fy - Ep, which equals the predicted consumption for
household he Examination of residual plots reveals that this assumption
is approximately valid.

For the NIECS reports,1 the regression equations were fit by using an
iterative procedure. Tle regressions were initially fit by using a
standard unweighted least squares procedure. The predicted consumption

INational Interim Energy Consumption Survey: Exploring the Variability
in Energy Consumption (July 1981) and National Interim Energy Consumption
Survey: Exploring the Variability in Energy Consumption-—A Supplement
(October 1981).










based on the initial regression results was computed for each household.
The regression was next fit by using a weighted regression where the
weights were equal to the inverse of the predicted consumption. Next,
outliers were deleted from the data set. The weighted regression and
outlier deletion were alternatively performed until no more outliers
were found or seven weighted regressions were run.

Only part of the data was used in the regression procedure. The subset
used for the regression procedure varied from fuel to fuel. For all

fuels, the households whose characteristics were obtained by mail
questionnaire were not used because many of the responses for these
households were imputed. In addition, for each fuel, only those households
that used the fuel in question but did not use it for nonresidential
purposes were used in the regression procedure. For electricity, only
those households whose annual electricity consumption was based on at

least 330 days of billing data were used. Similarly, for natural gas,

only those households whose annual natural gas consumption was based on

at least 330 days of billing data were used. For fuel oil, kerosene,

and LPG, only those households where the annual consumption was not imputed
by a regression estimate were used.

In only three instances were there enough cases to fit a model with many
dependent variables. These were electricity consumption, natural gas
consumption, and fuel o0il consumption for households living in single-
family detached homes. In the rest of the cases, only a few independent
variables were used. The ones that were used were either the predicted
consumption based on one of the three major cases or parts of the predicted
consumption.

Tables 3 through 7 in the NIECS report supplement2 show the number of
cases available for regression runs. Tables 2 through 5 in the NIECS
report3 and Table 9 in the NIECS report supplement2 give the final
regression estimates.

2National Interim Energy Consumption Survey: Exploring the Variability
in Energy Consumption—-—A Supplement (October 1981).

SNational Interim Energy Consumption Survey: Exploring the Variability
in Energy Consumption (July 1981).




4, AVAITABILITY OF DATA FOR FITTING REGRESSION EQUATIONS

The quality of the response obtained from households covered by the 1980
RECS varies from household to household, and the quality of the energy
consumption data varies depending on the fuel as well as on the household.
For these reasons, not all households were used in fitting the regression
equations and the set of households varies from fuel to fuel. A procedure
similar to that in the NIECS analysis was employed to determine which
households to use in the regression procedures.

The set of households was first reduced to the set with type I overall data.
Type 1 data are defined as data that are acceptable for use in a regression
procedure.1 Most of the data for households that were interviewed by

mail were imputed. Hence, all households whose responses were obtained

by mail questionnaire were dropped from the set of households with type I
overall data. Any household where the main space-heating fuel, secondary
space-heating fuel, or water-heating fuel was imputed was dropped from

the set of households with type I overall data because space heating and
water heating are two of the most important end uses. The fact that the
listed fuel for one or both of these end uses was imputed makes the
observation flawed for purposes of fitting regression equations. The
remaining households were denoted as the set of households with type I
overall data. This set consists of 5,769 households out of the 6,051
households that responded in the 1980 RECS. It includes a large number

of households with at least one variable that was imputed. A desire

to preserve a large number of households in the set used to fit the
regression equations prevented the deletion of all households with any
imputed data. Even if these households were deleted, the resulting set
would still contain errors due to coding, responses, and other reasons.

In fitting the regression equations for each fuel, the researchers started
with the set of households with type I overall data and then deleted those
households that did not use the fuel, those households with flawed con—
sumption data for that fuel, and those households with square footage

data based on a regression estimate when the fuel in question was used

as the main heating fuel. The last deletion was made because square

footage will be used in conjunction with main heating fuel in fitting the
regression equation. The resulting set was denoted as the set of households
with type I consumption data for that fuel.

For fuel oil, kerosene, and LPG, the reported consumption was the amount
purchased, not the amount actually consumed. Hence, some households
have an annual consumption amount equal to zero, really zero purchases,
yet are still classified as users of fuel oil, kerosene, or LPG. This
convention differs from the NIECS analysis, in which households with zero
purchases were classified as nonusers.

1In the NIECS report, data that were acceptable for regression analysis
were denoted as good data.



Two criteria were used for electricity to determine if the consumption
data were acceptable or flawed for regression purposes. If the electric-
ity bill had to be adjusted for nonresidential uses, the consumption

data were deemed to be flawed. If the annual consumption amount was
obtained by a regression estimate or by a ratio estimate where fewer

than 330 days of actual data were available, then the consumption data
were deemed to be flawed. The latter criterion can be determined by
looking at the variable ORIGELQ on the 1980 RECS public-use tape.

If the natural gas bill had to be adjusted for nonresidential use, the
natural gas consumption for that household was deemed to be flawed. If
the annual consumption amount was obtained by a regression estimate or

a ratio estimate where fewer than 330 days of actual data were available,
then the consumption data were deemed to be flawed.

For LPG, the same two criteria that were used with natural gas were used
to determine if the LPG consumption data were acceptable or flawed.

The fuel oil and kerosene consumption amounts were combined when the data
were condensed into annual consumption figures, because some equipment

can burn both fuel oil and kerosene. In most cases, only one of the two
fuels was used. The fuel used can be determined by looking at the variables
that describe fuel oil uses and those that describe kerosene uses. Those
households that appear to use both fuel oil and kerosene were classified

as using only fuel oil, but their consumption was classified as flawed

data. The two criteria employed for the other fuels were also used to
determine additional households with flawed consumption data for fuel

0il consumption or kerosene consumption.

Tables 1 to 5 give the number of households in the data set that used
each fuel, and the number for each fuel with both type I overall data and
type 1 consumption data for that fuel. These two numbers are also

given for the case where the only households that are considered are
those whose main heating fuel is the fuel in question. These numbers

are shown for each main housing type. The two types of single-family
attached homes were merged into one set. The three types of dwelling in
small apartment buildings were also merged into a single set.

-10-



Table 1. Total Households in the Sample That Use Electricity, Have Type 1
Electricity Data, Use Electricity for Main Heating Fuel, and
Use Electricity for Main Heating Fuel and Have Type I Electricity
Data (Classified by Housing Type)

Use
Electricity
for Main
Heating Fuel
Use and Have
Have Type 1 Electricity Type I

Housing Use Electricity for Main Electricity

Type Electricity Data Heating Fuel Data

Mobile

Home cceevescscece 348 227 80 53

Single-

Family

Detached

Unit eceoesccoscone 4,068 3,177 584 430

Single-

Family

Attached

Unit ceecocecscne 215 151 39 23

Units in

Building

with Two to

Four Units ecceee 709 402 107 52

Units in

Buil ding

with Five or

More Units seeees 708 277 256 98

-11-



Table 2. Total Households in the Sample That Use Natural Gas, Have Type I
Natural Gas Data, Use Natural Gas for Main Heating Fuel, and
Use Natural Gas for Main Heating Fuel and Have Type I Natural

Gas Data (Classified by Housing Type)

Use Natural

Have Gas for Main

Use Type 1 Use Natural Heating Fuel
Housing Natural Natural Gas for Main and Have Type 1
Type Gas Data Gas Heating Fuel Natural Gas Data
Mobile
Home sescesscnces 116 64 111 62
Single-
Family
Detached
Unit eevoeeveeses 2,439 1,918 2,277 1,794
Single-
Family
Attached
Unit coseeecceses 164 104 122 73
Units in
Building
with Two to
Four Units .csess 538 215 447 160
Units in
Building
with Five or
More Units eesves 468 67 324 48

~12-



Table 3. Total Households in the Sample That Use Fuel 0il, Have Type I Fuel
0il Data, Use Fuel 0il for Main Heating Fuel, and Use Fuel 0il
for Main Heating Fuel and Have Type I Fuel 0il Data (Classified
by Housing Type) ’

Use Fuel 0il
for Main Heat-
Have Type 1 Use Fuel 0il ing Fuel and
Housing Use Fuel 0il for Main Heat- Have Type I Fuel
Type Fuel 0il Data ing Fuel 0il Data

Mobile
Hme ® 0 000000 s 35 18 27 13

Single-

Family

Detached

Unit secescosece 688 438 605 385

Single-

Family

Attached

Unit eceesovocee 48 27 47 26

Units in

Building

with Two to

Four Units «cece. 144 35 132 34

Units in

Building

with Five or

More Units eseee 144 1 121 1

-13-~-



Table 4. Total Households in the Sample That Use Kerosene, Have Type 1
Kerosene Data, Use Kerosene for Main Heating Fuel, and Use
Kerosene for Main Heating Fuel and Have Type 1 Kerosene Data
(Classified by Housing Type)

Housing
Type

Use
Kerosene

Have Type I
Kerosene Data

Use Kerosene
for Main Heating
Use Kerosene Fuel and Have
for Main Heat- Type I Kerosene
ing Fuel Data

Mobile
Home ecsceevcocsvee

Single-

Family

Detached

Unit esececcoses

Single-

Family

Attached

Unit eeeecscccsne

Units in
Building

with Two to
Four Units ceese.

Units in
Building

with Five or
More Units eeeee

24

57

10

12

22 10
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Table 5. Total Households in the Sample That Use LPG, Have Type I LPG
Data, Use LPG for Main Heating Fuel, and Use LPG for Main
Heating Fuel and Have Type 1 LPG Data (Classified by Housing
Type)

Use LPG for
Use LPG Main Heating

Housing Have Type I for Main Heat-  Fuel and Have

Type Use LPG LPG Data ing Fuel Type I LPG Data

Mobile

HOME escocccnsosne 142 76 85 49

Single-

Family

Detached

Unit ® P S0 SO OO OO 396 253 177 109

Single-

Family

Attached

Unit e 0 0600C¢000 000 7 4 3 2

Units in

Building

with Two to

Four Units secees 22 7 8 2

Units in

Building

with Five or

More Units «eeees 7 2 4 1
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The following fact, similar to that noted about the NIECS data set, was
noted concerning the 1980 RECS data set. All households with good data
paid their own utility bills. As a result, the regression equations
that were developed apply only to households that pay for their energy
use directly. The energy consumption was imputed for households whose
utility bills were part of the rent. Therefore, comparing the energy
use of households that did pay their own bills with those that did not
would be difficult using the NIECS or RECS data sets.

The following facts can be gleaned from Tables 1 to 5:
e Most households live in single-family detached units.

e Out of a total of 6,051 households that were interviewed,
only 3 did not use electricity in the home.

o The dominant heating fuel is natural gas.

e The survey produces type I energy consumption data for most
households living in single-family detached units but not
for households living in multifamily units.

e The fuel oil, kerosene, and LPG consumption values are
less likely to be acceptable for regression purposes
than the electricity and natural gas consumption values.

e Most households that use natural gas use it as their
main heating fuel. The same applies to fuel oil.

Separate regression equations were fit for electricity, natural gas,
fuel oil, and LPG consumption for households living in single-family
detached homes. The regression equations for mobile homes and multiunit
buildings used parts of the regression equations for the single-family
detached cases as indexes for energy consumption., This fact will be
discussed in more detail in Section 6.
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5. DESCRIPTION OF REGRESSION PROCEDURE

The theoretical model used for the RECS analysis is the same as the one
used for the NIECS analysis. There are changes in the independent
variables. The amount of heated floorspace is used in the RECS analysis.
Reliable estimates of this quantity were not available for use in the

NIECS data set. Other changes include additional information on appliances.
The degree~days base used 1n RECS is different from that used in NIECS.
Heating degree—~days base 60°F and cooling degree-days base 75°F are used
for the RECS analysis. The new bases result in a slightly higher value

of R2 than the results for which degree—days base 65°F are used. For

NIECS, both degree~days were based at 65°F.

An additional reason for using degree-days bases other than the more
commonly used base of 65°F involves consumer behavior. The author

felt that the average household did not turn on the main space-heating
source when the average daily outdoor temperature was just below 65°F

(for example, a high of 75°F and a low of 55°F) and turn on the air condi~
tioning when the average daily temperature was just above 65°F. There
should be a range of temperature where the household used other means,
such as opening or closing windows, to moderate indoor temperature.

This suggests using a base for cooling degree—days that 1is higher than

the base for heating degree-days.

Scatter Plots of Consumption Versus Degree-Days

Figures 1 through 6 show the rough relationship between degree—days and fuel
consumption. The figures use only these households with type I overall data
and that live in a single-family detached house with a heated square foot-
age of between 1,000 and 3,000 square feet. This set was further constricted
for each plot according to which consumption trend was being investigated.

Figure 1 is a plot of electricity consumption versus cooling degree—days base
75°F. Only those households with good electricity consumption data, whose
main space-heating fuel, secondary heating fuel, and water-heating fuel

were not electricity, and that had electric central air conditioning were
used. A slight upward trend is visible in Figure 1, which suggests
increased use of electricity among those houses with central air

conditioning as the number of cooling degree—days increases. The small

slope in the trend and the scatter about the trend indicate that many

factors will have to be considered if the effect of cooling degree-days

on annual electricity consumption for air conditioning is to be noticeable.

Figures 2 through 5 show the consumption of electricity, natural gas, fuel
oil, and LPG, respectively, versus heating degree-days. For Figures 2
through 5, only those households whose main heating fuel is the fuel in
question and that had type I consumption data for that fuel were used. In
each of Figures 2 through 5, there is an upward trend in consumption as
heating degree-days increase. For all fuels the upward trend in consumption
is partially hidden by the large scatter about the trend. This 1s especlally
true for fuel oil and electricity.
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The large amount of scatter about the trends in Figures 2 through 5
indicates that factors beside annual heating degree-days have a great
influence on annual energy consumption for space heating. As a result
the regression equations will contain many variables as well as degree-
days in conjunction with indicator variables for the main space-heating
fuels.

Figure 6 shows cords of wood burned versus heating degree-days for
households where the main heating fuel is wood. The consumption amount
for wood is an estimate provided by the household and is subject to many
sources of errors.l No analysis of wood data is presented in this
report, but Figure 6 confirms the intuitive idea that consumption is
higher in cooler climates.

Theoretical Model for RECS

Figures 1 through 5 suggest that the theoretical model used for the NIECS
ana1y3152 is still useful when analyzing the RECS data. In addition,

the figures can be used to suggest many other theoretical models that

take into account the upward trend in energy consumption for space heating
as heating degree~days increase. For instance,

X M
log(Fp) = A, + z AcXpe t (z BpY hm)HDDy,
k=1 m=1
N
+ (] CZnn)CDDy +  Ep (1)
n=1
or
K M
’ Fp = A, + 2 ApXnk + (2 By Y, JHDDy
k=1 m=1
N
+ () CnZpp)CDDy +  Epe (2)
n=1

The NIECS model was used because any nonlinear transformation of the
consumption variable Fy will result in a nonadditive model when it is
solved for F,. For instance, model 1 is a log-linear or multiplicative

1Residential Energy Consumption Survey: Housing Characteristics, 1980
(June 1982).

2National Interim Energy Consumption Survey: Exploring the Variability
in Energy Consumption (July 1981) and National Interim Energy Consumption
Survey: Exploring the Variability in Energy Consumption--A Supplement
(October 1981).
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FIGURE 1.
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FIGURE 2. ELECTRICITY CONSUMPTION BY HEATING DEGREE-DAYS FOR HOUSEHOLDS WHOSE MAIN SPACE-HEATING FUEL
IS ELECTRICITY (MILLION BTU)
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FIGURE 3. NATURAL GAS CONSUMPTION BY HEATING DEGREE-DAYS FOR HOUSEHOLDS WHOSE MAIN SPACE-HEATING FUEL
IS NATURAL GAS (MILLION BTU)
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FIGURE 4. FUEL OIL CONSUMPTION BY HEATING DEGREE-DAYS FOR HOUSEHOLDS WHOSE MAIN SPACE-HEATING FUEL
IS FUEL OIL (MILLION BTU)
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FIGURE 5. LPG CONSUMPTION BY HEATING DEGREE-DAYS FOR HOUSEHOLDS WHOSE MAIN SPACE-HEATING FUEL IS LPG (MILLION BTU)
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FIGURE 6. WOOD CONSUMPTION BY HEATING DEGREE-DAYS FOR HOUSEHOLDS WHOSE MAIN SPACE-HEATING FUEL IS WOOD (CORDS)
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model. Hence, adding central air conditioning to a previously non-air-
conditioned home will multiply the previous electricity consumption
estimate by a factor greater than 1, say 1.20. Hence, the increase in
the estimated electricity consumption resulting from adding central air
conditioning will vary. The increase will depend upon for what other end
uses the household uses electricity. For instance, if the household
uses electricity for space heating and water heating, the consumption
estimate may be 60 million Btu per year. With the log-linear model,
adding air conditioning may increase this by 12 million Btu. If the
household does not use electricity for space heating or water heating,
the consumption estimate may be 20 million Btu per year. Here the log-
linear model will increase the consumption estimate by 4 million Btu
when air conditioning is added. This difference in the increase for
adding any end use is not a desirable trait.

On the other hand, the NIECS model requires the use of an error term, the
variance of which is not a constant. Transforming Fp might result in a
model in which the error term can reasonably be assumed to have a constant
variance across all household and energy characteristics.

The problem with a nonconstant variance in the error term can sometimes

be alleviated by normalizing the dependent variable. For residential
energy consumption, possible normalizing procedures are dividing the
energy consumption by the number of household members, dividing by the
square footage of the dwelling or dividing by the degree-days. None of
these normalizing procedures will alleviate the problem in this case.

The reason they fail is that the data set contains households with various
space-heating and water-heating fuels. If the regression procedure was
preformed only over a set of households with a given space-heating and
water-heating fuel, then a normalizing procedure might work.

It was decided that the nonadditivity of the transformed model was a more
serious problem than the nonconstant variance of the error term in the
NIECS model. With the NIECS model, the consumption can be expressed as

Fh = (Appliance Terms) + (Water-Heating Terms) + (Space-
Heating Terms) + (Air-Conditioning Terms).

This breakdown can be used as a basis for partitioning each household's
energy consumption into the four major end uses. With a multiplicative
model this partitioning would not be so easy. Section 8 presents a way
to partition energy consumption using the NIECS (additive) model.

Regression Procedures with Nonconstant Variance of Error Term
There are various ways to adapt regression procedures to account for a
nonconstant variance of the error term. These techniques include the

use of weighted least squares regression and the use of nonlinear least
squares regression.
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Three factors were taken into account in choosing the regression procedure
used:

1. How the procedure adapts to nonconstant variance
of the error terms,

2. How the procedure adapts to outliers, and
3. How fast and convenient the procedure 1is.

To describe various regression techniques, the following terminology
is needed: Set Fy = Gy + Ep, where Fy is the consumption, Gy is the
regression estimate, and Ey is the error term.

In preliminary runs, it was noticed that

a_p1/2 _ 1/2
E2 = F, Gy,

was more normally distributed than Ep and had approximately a constant
variance as Gy varied from small to large values. This fact held for
natural gas, fuel oil, and LPG consumption. For electricity, it appeared

that
b_ g 1l/4 _ 1/4
Ep = Fy Cp

was even better. The model Fy = Gy + Ej could then be fit by using
a nonlinear regression procedure that minimizes

(e2)2.

For electricity, this could be minimized:
by2
(Eh) .

When this nonlinear procedure is used, the effect of outliers with very large
consumption is reduced, but the effect of outliers with very small
consumption is increased. The distribution of Ej tends to be skewed to

the right. Hence, more outliers can be found on the high side. Therefore,
the nonlinear procedure does reduce some of the problems of outliers.

The use of higher order roots makes the effect of outliers on the low

side more pronounced. One drawback of nonlinear regression is that

the number of steps it takes to converge can be large and depends heavily

on the starting estimates.

Another way of fitting the model Fy, = G, + E, is to use an iterative
weighted least squares procedure where the weights depend on 1/G, and/or
on 1/Ex. Weighting on 1/Gp that is obtained from a previous step is
equivalent to assuming that the variance of Ep is proportional to Gp.
Weighting on 1/Ej, gives least absolute value regression. It is also
possible to weight on 1/G x Ep, which would be weighted least absolute
value regression.
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Least absolute value regression is much less affected by outliers than
least squares regression. Unfortunately, the procedure takes many steps
to converge with the models the author tried to fit.

With either nonlinear regression or iterative weighted regression, ome
can systematically delete outliers and rerun the procedure. This would
remove the effect of outliers on the procedure, but would take longer.
The cut—off point of what is and is not an outlier would be subjective.

All these procedures were investigated. For the cases examined, all the
resulting regression equations were very similar, probably because of
the large number of observations.

For convenience, it was decided to use one of the simpler procedures,
iterative weighting on G alone. The final procedure chosen involved

four computations of regression estimates. The first step used unweighted
least squares regression. The second step used weighted least squares
regression where the weight equaled 1/Gy, with G, obtained by using

the regression estimates from the first step. Steps 3 and 4 are weighted
least squares regression where the weights equal 1/G,. Here Gp was
determined by the regression estimate obtained in the previous step.

It is not clear how long it would take for the estimates to converge,
using the procedure chosen. The changes that take place in the
estimates between two welghted regression runs are small compared with
changes between the unweighted least squares estimates and the first
weighted least squares estimates. For convenience, it was arbitrarily
decided to use three weighted regression iterations, which gives a total
of four steps. The entire procedure was performed by one program that
makes use of the General Linear Model procedure in the Statistical
Analysis System (SAS) programming package.

The procedure was used to fit the regression equations for four cases:
the electricity consumption, the natural gas consumption, the fuel oil
consumption, and the LPG consumption for households living in single-
family detached homes.

The regression equations for the other housing types were obtained by
constructing consumption indexes based on regression results for households
living in single-family detached houses. This was done because there

were fewer observations for these housing types and the researchers

wanted to malntain comparability across housing types.
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6. RESULTS OF REGRESSION ANALYSIS

The final regression equations for consumption of electricity, natural gas,
fuel oil, and LPG in single-family detached homes are consolidated into
end-use components. For electricity, there are four components; for natural
gas, three components; for fuel oil, two components; and for LPG, three
components. For each fuel, the sum of the components yields the estimated
consumption according to the regression equations. The definitions of the
terms used in the equations are contained in Appendix A. The standard

errors and levels of significance of the estimated coefficients are contained
in Appendix B.

In all the regression analyses, the dependent variable 1s the energy con-
sumption from April 1980 through March 1981 in thousand Btu (MBtu). The
following list contains the conversion factors for this unit of measure
used in the RECS data set.

1 MBtu = 1,000 Btu

0.2931 kilowatt-hours of electricity
0.9794 cubic feet of natural gas
0.007407 gallons of No. 1 fuel oil
0.007407 gallons of kerosene
0.007210 gallons of No. 2 fuel oil
0.04643 pounds of LPG

0.01095 gallons of LPG

0.3984 cubic feet of LPG.

Electricity

The total electricity regression estimate for households living in single-
family detached homes 1is represented by ELCONSFD. The four components of
ELCONSFD are represented by ELCONBS, ELCONWT, ELCONHT, and ELCONCL. The
terms associated with appliances, lighting, and miscellaneous electricity
consumption are consolidated into ELCONBS. Similarly, the water—heating,
space~heating, and air-conditioning terms are consolidated into the
components ELCONWT, ELCONHT, and ELCONCL, respectively. The discussion

of the final set of independent varilables used in the electricity regres-—
sion analysis for households living in single-family detached homes will
be divided into four parts. These parts correspond to the four components.
A full description of the variables is given in Appendix A.

The intercept term was placed in the miscellaneous or appliance components.
The electricity regression analysis was the only place that the intercept
term was not constrained to be zero. For electricity the intercept term
can be thought of as representing the baseline electricity consumption.

The appliance component also contains variables that describe the household
members and the dwelling unit. These variables are the number of adults
(NUMADULTS), the square footage of heated living space (HEATED), the
percentage of storm windows (PCTSTORM), and a variable that scales the
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dwelling according to the year it was built (BUILTYEAR). Higher values
of BUILTYEAR correspond to newer homes. These variables can be thought
of as life-style variables that affect the baseline electricity
consumption.

The rest of the variables used in the electricity appliance component
describe the stock of appliances or the amount of use they receive. The
variables describing the stock of appliances are the number of electric
refrigerators (NELFRIG), the number of frost-free or automatic defrost
electric refrigerators (NFFELFRIG), the number of electric freezers
(NELFREZ), the number of electric ovens or ranges (NELOVARG), the use of
a wringer washing machine (HWRNGWSH), the use of an automatic washing
machine (HAUTOWSH), the use of an electric clothes dryer (HELCLSDY), the
number of black—and-white televisions (TVBLACK), the number of color
televisions (TVCOLOR), the use of a central warm air furnace (CFAEQUIP),
the presence of a swimming pool (HPOOL), and the presence of a heated
swimming pool (HTPOOL). The variables CFAEQUIP and HTPOOL are not
dependent upon which fuel 1s used to heat either the dwelling or the
pool. They signify the equipment exists and not that electricity 1is the
fuel that is used.

The only variable that reflects the amount of appliance usage 1s the
interaction term HAUTOWSH x NHSLDMEM, where NHSLDMEM is the number of
household members.

The independent variables used in the electric water-heating component
are either the indicator variable for electric water heating (ELWTHT)

or interactions of ELWTHT with other variables. These other variables
are NHSLDMEM, an indicator variable for an electric dishwasher (HELDISHW),
and the number of teenage household members (TEENS). The interaction of
HELDISHW and ELWTHT will be discussed in Section 7.

The independent variables used in the electric space—heating component
are all interaction terms. The only term involving the use of electricity
for secondary space heating is the interaction term consisting of the
product of the indicator variable for secondary electric space heating
(ELSHEAT) and heating degree-days base 60°F (HDD). Note that HDD is in
units of 100 degree-days. The terms for main electric space heating are
all interaction terms that involve the indicator variable for main
electric space heating (ELMHEAT) and HDD. For all except two of these
interaction terms, the amount of heated square footage in the dwelling
(HEATED) is also part of the term. Other variables used in these inter-
action terms are the percentage of doors and windows that are covered by
storm doors and windows (PCTSTORM), number of bathrooms (NBATHRMS), and
BUILTYEAR, In addition, the indicator variable for secondary wood space
heating (SWOODHT) times the amount of wood burned (TRUNCORD) is used in
one of the interaction terms. TRUNCORD is in units of one-tenth cord
and has a maximum value of 60, which represents six cords.
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Some of the terms in the space-heating component appear to be complex
interaction terms that are hard to justify. The amount of electricity
used for space heating will intuitively involve the heating degree—days
and the size of the dwelling. The interaction terms that use additional
variables represent adjustments to the effect of degree-days and dwelling
size on energy consumption for space heating.

The cooling component is composed of six terms. All these terms involve
one of two variables that describe the amount of living space that can be
air conditioned. RACRMS is the number of rooms that can be air conditioned
by electric window units, and CACRMS is the number of rooms that can be

air conditioned by electric central air-conditioning systems. Five of the
terms are interaction terms involving the cooling degree-~days base 75°F
(CDD). 1In addition, in two of the terms, a categorical variable describing
the household income (INCOME79) is used.

Care must be taken in interpreting any of the terms in any of the
components. This also applies to the other fuels. There is much
colinearity in the data. Hence the variables in the terms may actually
represent the effect of other factors. This is especlally true for the
space-heating component. This fact will be discussed more fully in
Section 7.

The equations for the four components and the total estimate are as
follows:

ELCONBS = 2,614.8
+ 1,088.6 x NUMADULTS
+ 399,60 x BUILTYEAR
~ 19.280 x PCTSTORM
+ 1.0980 x HEATED
+ 3,842.0 x HPOOL
+ 10,216 x HTPOOL
+ 2,455.6 x NELFRIG
+ 2,863.3 x NFFELFRIG
+ 3,953.5 x NELFREZ
+ 929.71 x NELOVARG
~ 2,312.1 x HWRNGWSH
~ 4,330.5 x HAUTOWSH
+ 1,734.7 x HAUTOWSH x NHSLDMEM
+ 3,409.5 x HELCLSDY
+ 836.17 x TVBLACK
+ 2,055.4 x TVCOLOR
+ 1,155.6 x CFAEQUIP.

ELCONWT =  3,966.7 x ELWTHT
+ 2,156.9 x ELWTHT x NHSLDMEM
+ 3,337.8 x ELWTHT x TEENS
+ 4,903.6 x ELWTHT x HELDISHW.
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ELCONHT = 56.946 x ELSHEAT x HDD
+ 990.07 x ELMHEAT x HDD
- 7.9569 x ELMHEAT x HDD x HDD
+ 0.27790 x ELMHEAT x HDD x HEATED
- 0.0032083 x ELMHEAT x HDD x HEATED x SWOODHT x TRUNCORD
- 0.037273 x ELMHEAT x HDD x HEATED x BUILTYEAR
+ 0.075640 x ELMHEAT x HDD x HEATED x NBATHRMS
- 0.0014999 x ELMHEAT x HDD x HEATED x PCTSTORM.
ELCONCL = 186.63 x RACRMS x CDD
+ 10.657 x RACRMS x CDD x INCOME79
+ 409.40 x CACRMS
+ 341.03 x CACRMS x CDD
+ 9.9592 CACRMS x CDD x INCOME79

X
17.884 x CACRMS x CDD x CDD.

ELCONSFD = ELCONBS -+ ELCONWT + ELCONHT + ELCONCL.

Natural Gas

The total natural gas regression estimate for households living in single-
family detached homes is represented by NGCONSFD. The three components of
NGCONSFD are represented by NGCONBS, NGCONWT, and NGCONHT. The terms
assoclated with appliances, outdoor gas lights, pool heating, and central
gas air conditioning are consolidated into the component NGCONBS.
Similarly, the water-heating and space-heating terms are consolidated

into the components NGCONWTI and NGCONHT. The discussion of the final set
of independent variables used in the natural gas regression analysis for
households living in single-family detached homes will be divided into
three parts. These parts correspond to the three components. A full
description of the variables is given in Appendix A.

No intercept term was used in the natural gas regression analysis. Many
households use natural gas only for space heating and water heating. For
these households, there is no baseline natural gas consumption that cannot
be attributed to either space heating or water heating.

Four independent variables are used in the miscellaneous or appliance
components. One of the variables is an index (NGAPLIDX) representing

the natural gas consumption of appliances by the household. The relatively
small number of households using some of the appliances and the noise in
the consumption for space heating and water heating prevented accurate
estimation of the individual coefficients for the natural gas appliance
terms. Consequently, the appliance index was created. This index is
based on a preliminary regression analysis of the electricity consumption.
The coefficients in the index follow closely the coefficients of the
corresponding terms in the ELCONBS component. The equation for NGAPLIDX
is

NGAPLIDX = 2,400 x NNGFRIG
+ 2,900 x NFFNGFRIG
+ 930 x NNGOVARG
+ 3,400 x HNGCLSDY,
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where NNGFRIG is the number of natural gas refrigerators, NFFNGFRIG is the
number of frost-free or automatic defrost natural gas refrigerators,
NNGOVARG is the number of natural gas ovens and ranges, and HNGCLSDY is

an indicator variable for the use of a natural gas clothes dryer. A

few households did report the presence of gas refrigerators, but all of
these may actually be electric refrigerators. The households may have
interpreted gas to mean Freon, which is used in refrigerators. The

author assumed the households' reports were correct in this case.

The natural gas miscellaneous component also uses the variables HODGASLT,
NGPOOLHT, and NGCACRMS x CDD. HODGASLT 1is an indicator variable for
outdoor gas lights. NGPOOLHT is an indicator variable for natural gas
pool heating. In the interaction term, NGCACRMS 1s the number of rooms
that can be air conditioned with central natural gas systems.

The majority of the households claiming to have natural gas central air
conditioning may actually have electric systems. This error may be caused
by two things. Households may have confused Freon with the fuel running
the compressor. In addition, households with central gas heating systems
and electric air-conditioning systems may have thought they were both
natural gas systems. The author assumed the households' reports on the
air-conditioning fuels were correct.

The water-heating component uses two independent variables. These are
NGWTHT, an indicator variable for natural gas water heating, and the’
interaction term NGWTHT x NHSLDMEM.

The space-heating component for natural gas is similar to that for
electricity. It uses indicator variables for natural gas secondary
(NGSHEAT) and main (NGMHEAT) space heating. All terms except one

are Iinteraction terms that use HDD. Many of the terms also involve
HEATED. The following variables were also used in the interaction
terms: BUILTYEAR, NBATHRMS, SWOODHT, TRUNCORD, PCTSTORM, CFAEQUIP,
indicator variable for radiators (RADEQUIP), age of householder
(HEADAGE), indicator variable for presence of small children (CHILDPRE),
number of rooms (NROOMS), indicator variable for secondary heating fuel
other than natural gas (SOTHHTNG), indicator variable for basement
(BASESFU), unheated floorspace (UNHEATED), indicator variable for no
upper insulation (NOUPPIN), and number of doors and windows (NDRSAWS).

The equations for the three natural gas components and the total estimate
are as follows:

NGCONBS = 2.2728 x NGAPLIDX
+ 13,280 x HODGASLT
+ 47,255 x NGPOOLHT

NGCONWT = 13,938 x NGWTHT

+ 5,670.3 x NGWTHT x NHSLDMEM.
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NGCONHT = 775.54 x NGSHEAT x HDD
+ 11,734 x NGMHEAT
+ 1,154.8 x NGMHEAT x HDD
+  525.35 x NGMHEAT x HDD x RADEQUIP
+  215.23 x NGMHEAT x HDD x CFAEQUIP
- 0.045498 x NGMHEAT x HDD x HEATED x BUILTYEAR
+ 0.0032722 x NGMHEAT x HDD x HEATED x HEADAGE
+ 0.11042 x NGMHEAT x HDD x HEATED x CHILDPRE
+ 0.036130 x NGMHEAT x HDD x HEATED x NROOMS
+ 0.17794 x NGMHEAT x HDD x HEATED x NOUPPIN
+ 0.088873 x NGMHEAT x HDD x HEATED x NBATHRMS
- 0.12413 x NGMHEAT x HDD x HEATED x SOTHHTNG
- 14,600 x NGMHEAT x HDD x SWOODHT x TRUNCORD
- 0.16714 x NGMHEAT x HDD x HEATED x BASESFU
+ 0.20638 x NGMHEAT x HDD x UNHEATED
4+  12.216 x NGMHEAT x HDD x NDRSAWS
- 0.078175 x NGMHEAT x HDD x HDD x PCTSTORM.

NGCONSFD = NGCONBS + NGCONWT + NGCONHT.

Fuel 0il

The total fuel oil regression estimate for households living in single-
family detached homes is represented by FOCONSFD. The two components of
FOCONSFD are water heating and space heating, represented by FOCONWT and
FOCONHT, respectively. One household in the sample used fuel oil

for pool heating. As a result, that household was dropped from the set

of households used in the regression. No household used fuel oil as the
main cooking fuel. The use of fuel o0il as a secondary cooking fuel was
not collected. Hence the only components used in the fuel o0il regression
were space heating and water heating.

The independent variables used in the fuel oil regression analysis are
eimilar to those used in the space-heating and water-heating components

of the natural gas analysis. The main differences are that the fuel oil
analysis uses fewer variables, HDD is dropped from some of the interaction
tems in the space-heating component, and indicator variables for fuel oil
usage are used instead of indicator variables for natural gas usage. In
particular, the fuel oil analysis uses indicator variables for fuel oil
water heating (FOWTHT), secondary space heating (FOSHEAT), and main space
heating (FOMHEAT). In addition, an indicator variable for secondary heating
fuel other than fuel oil (SOTHHTFO) is used.
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The equations for the two fuel oil components and the total estimate are
as follows:

FOCONWT = 30,999 x FOWTHT.

FOCONHT = 22,180 x FOSHEAT
+ 42,938 x FOMHEAT
+ 20,531 x FOMHEAT x RADEQUIP
- 4,589.4 x FOMHEAT x BUILTYEAR
+ 0.59636 x FOMHEAT x HDD x HEATED
- 0.011390 x FOMHEAT x HDD x HEATED x SWOODHT x TRUNCORD
- 0.28183 x FOMHEAT x HDD x HEATED x BASESFU
+  487.09 x FOMHEAT x HDD x NOUPPIN
- 0.14023 x FOMHEAT x HDD x HEATED x SOTHHTFO
+ 9.6239 x FOMHEAT x UNHEATED
+ 27.078 x FOMHEAT x HDD x NDRSAWS.

FOCONSFD = FOCONWT + FOCONHT.
Liquid Petroleum Gas

The total LPG regression estimate for households living in single-family
detached homes is denoted by LPCONSFD. The three components of LPCONSFD
are represented by LPCONBS, LPCONWT, and LPCONHT. The terms associated with
LPG appliances and LPG central air conditioning are consolidated into

the component LPCONBS. Similarly, the water-heating and space-heating
terms are consolidated into the components LPCONWI and LPCONHT. The
independent variables used in the LPG regression analysis are similar to
those used in the natural gas analysis. The main differences are that

the LPG analysis uses fewer variables, the air-conditioning term is
included in the appliance index, HEATED is dropped from some of the
interaction terms in the space-heating component, and variables describing
LPG usage are used instead of variables describing natural gas usage.

In particular, the LPG analysis uses indicator variables for LPG water
heating (LPWTHT), secondary space heating (LPSHEAT), and main space
heating (LPMHEAT).

The LPG appliance index is denoted by LPAPLIDX. The LPG index includes
terms for central LPG air-conditioning systems. It was based on a pre-
liminary electricity regression analysis. The equation for LPAPLIDX is
given by:

LPAPLIDX = 2,400 x NLPFRIG
NFFLPFRIG
NLPOVARG
HLPCLSDY
LPCACRMS
CDD x LPCACRMS
CDD x LPCACRMS x INCOME79
CDD x CDD x LPCACRMS,

w
B
(=]
o
L B
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where NLPFRIG is the number of LPG refrigerators, NFFLPFRIG is the number of
frost-free LPG refrigerators, NLPOVARG is the number of LPG ovens and ranges,
HLPCLSDY is an indicator variable for using an LPG clothes dryer, and LPCACRMS
is the number of rooms that can be air conditioned by an LPG central air-
conditioning system.

The few households that consumed LPG and reported that gas was the fuel

used in a refrigerator or a central air-conditioning system may have reported
the wrong fuel. It is possible that these households actually used
electricity. The author assumed that the households accurately reported

the fuels that were used in refrigerators and in air-conditioning units.

The equations for the three components and the total estimate are as
follows:

LPCONBS =  3.0014 x LPAPLIDX

LPCONWT = 6,916.6 x LPWTHT x NHSLDMEM

LPCONHT =  781.51 x LPSHEAT x HDD
+ 1,917.6 x LPMHEAT x HDD
+ 0.12887 x LPMHEAT x HDD x HEATED x NBATHRMS
~ 741.27 x LPMHEAT x HDD x BASESFU.

LPCONSFD = LPCONBS + LPCONWT + LPCONHT.

Measures of Fit

Table 6 lists three measures of fit for the four regression equationms.

The first measure of fit is the usual measure of fit for unweighted

least squares regression. The other two measures of fit take into account
the nonconstant variance of the error term and the nonnormality of the
error term.

The measures used are

RZ = 100x [ ] (v, - 6%/ § (v, - P2

RZ = 100 x [} M2 -6 YDY g M2 - up?)

R o= 100x 7 /% -6y g - up?l,
where

Yh = observed consumption,

G, = expected consumption calculated from the regression equation,

y = ( ) yh)/H,

mpo= (3 oyt P,
and

My =y oyt Hrm.
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In the last three equations, H is the number of households used in the
regression procedures.

The measures of fit were not obtained from the printout produced by the
SAS general linear model procedure. Instead they were calculated from
the actual consumption values and the predicted consumption values
produced by the general linear model procedure.

Table 7 gives the standard deviation of the errog term for the models,
that is, the standard deviation of Eps Eﬁ, and E; corrected for the
number of parameters that were estimated. See Section 5 for a definition
and discussion of Eﬁ and Ey. These estimates of the standard

deviations are denoted by s, sy, and sy, respectively. The value of

s is included for comparison only. It should not be used to calculate
confidence intervals because the error term Ep does not have a constant
variance and 1s skewed toward the positive direction. The second two
terms can be used to compute confidence intervals around the estimate of
the predicted consumption of a particular household with given
characteristics. For natural gas, fuel oil, and LPG, use s; to calculate
confidence intervals. For electricity, use sy to calculate confidence
intervals.

Table 6. Measures of Goodness of Fit of Regression Equations

Fuel R2 R R
Electricity 74.39 76.06 75.93
Natural Gas 64.38 67.85 69.39
Fuel 0il 63.12 65.35 55.06
LPG 70.02 75.43 70.92
Table 7. Standard Deviations of Error Terms

Fuel s Sa Sh
Electricity 12,151 28.60 1.053
Natural Gas 36,037 51.22 1.453
Fuel 011 37,281 64.32 2.854
LPG 26,449 52.36 2.183
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Assume the regression estimate of the mean consumption over all households
with a specified set of characteristics is correct. Let G be this
regression estimate. Let F be the actual consumption for a particular
household with this set of characteristics. Then s, or sy can be used

to compute a confidence interval for F around G.

For examgle, if the predicted electricity consumption is G = 83,000 MBtu,
then Gl/4 = 17.0, and a 95-percent confidence interval for Fl 4 g

(14.9, 19.1). Hence, a 95-percent confidence interval for F is

(49,000, 133,000). As another example, assume that the predicted natural
gas consumption is 4,200 MBtu, then G172 = 65, and a 95-percent confidence
interval for F1/2 ig (=35, 165) or (0, 165), because negative values of
F1/2 are not valid. Hence, a 95-percent confidence interval for F is

(0, 27,000). Finally, assume that the predicted natural gas consumption

is 100,000 MBtu, then cl/2 = 316, and a 95-percent confidence interval

for F172 is (216, 416). Hence, in this case, a 95~percent confidence
interval for F is (47,000, 173,000). Notice that the range of the con~
fidence interval is larger where G 1s large. Notice also that the con-
fidence intervals are very wide. This reflects the large amount of
variance in energy consumption among households living in similar dwellings
and having similar characteristics.

Regression Equations for Non—-Single-Family Detached Households

It was decided to use the results of the regression analysis of
electricity, natural gas, fuel oil, and LPG consumption for households
living in single-family detached (SFD) units in analyzing the energy
consumption for households living in other housing types. In addition,
the results of the regression analysis of fuel o0il consumption were used
in analyzing the kerosene consumption for all housing types.

The equations for the components that were developed for households

living in SFD homes were used as indexes for energy consumption for

the other housing types. For example, the space-heating component equation
developed for SFD units was used as an index for the potential use of
energy for space heating for households living in other housing types.

An overall index that equals the sum of the component indexes was also
used. The indexes were multiplied by indlcator variables for housing
types and used as independent variables in the regression analyses. The
individual terms in the indexes were not used in the regression analyses
of energy consumption for non~-SFD households. The intercept temrms in
these analyses were set equal to zero.

The indexes were used to preserve similarity and comparability between the
regression equations for the different housing types. For each housing

type and each fuel, it would also be possible to use the exact same set

of independent variables that was used for the SFD analysis for the
corresponding fuel. Unfortunately, there are fewer observations avail-

able for use in a regression analysis for the other housing types. (See

Tables 1 to 4.) Hence, the coefficients would have a larger standard deviation,
and many of the coefficients would no longer be significantly different
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from zero. Therefore, it would be deceptive to compare the resulting
coefficients in the regression equations for the different housing types
term by term, even if they correspond to the same fuel. Using the indexes
decreases the number of independent variables and allows the coefficients
of those that are used to be more easily interpreted.

For electricity and natural gas, some of the non~SFD housing types have

more observations available for regression analysis than for the analysis

of LPG consumption for households living in SFD units. A set of independent
variables could have been established for use in these cases. 1t would be a
smaller set than was used for the SFD analysis for the same fuel. 1In
addition, some variables in the new set would not be in the set used

for the SFD analysis. The desire to preserve comparability between
regression equations for different housing types but with the same fuel
dictated that the indexes be used.

The author did try using the natural gas space—heating component equation
and the electricity water~heating component equation as indexes for
space heating and water heating for all fuels in the SFD analysis. The
natural gas space-heating component was chosen because more households
used natural gas for space heating than any other fuel. As a result of
the larger number of observations with natural gas space heating, the
equation for the space~heating component with natural gas had more terms
in it than the space-~heating component for other fuels. With water
heating, the use of a fuel for both space heating and water heating
tends to add noise when one attempts to fit a regression equation for
the water-heating component. The electricity water—heating component
was chosen because more households used electricity for water heating
but not for space heating than any other fuel.

When one uses the indexes based on the natural gas space-heating component
and the electricity water-heating component, the resulting fits to the
data are not so good as with the set of independent variables that were
finally used. This may indicate that the dynamics of space heating and
water heating differ among the fuels., There is not enough information
available to rerolve these differences.

The regression analysis for energy consumption in non-SFD units was domne
separately for each fuel. The analysis for the different housing types

was combined for each fuel. Only those households with type I overall
data, with type I consumption data for the fuel in question, and not living
in single-family detached homes were used in the regression procedure.

For each fuel, one of the indexes for the components was dropped;
otherwise, the data matrix would be singular. The remaining component
indexes and the overall index were multiplied by indicator variables for
the different housing types to form interaction terms. These terms were
used as the independent variables in the regression analysis. 1In all
cases the intercept term was set equal to zero.

The regression analysis used the same iterative procedure that was used

in the SFD analysis. This involves an initial unweighted least squares
followed by three weighted least squares fits.
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The interaction terms for indexes other than the overall index were
dropped if they were not significant at the 0.01 level. If one of the
overall index interaction terms was not significant, then one of the
component index interaction terms was dropped.

For the electricity analysis, the water—-heating index, the space~heating
index, the cooling index, and the overall index were used. The appliance
index was dropped to avoild singularity problems. Hence the appliance
component 1is always contained in the overall index. The coefficient for
the overall index gives the estimated proportion of energy used in non-SFD
households relative to the regression estimate based upon SFD households.
The coefficients for the individual indexes estimate the difference between
the proportions for the individual indexes and that for the overall index.
Four indicator variables for housing types were used. The indicator
variable for mobile homes is MOBILEHM; for single-family attached units,
SFATTACH; for units in small apartment buildings, SMLAPTBD; and for

units in large apartment buildings, LRGAPTBD. Initially, the regression
procedure used 16 independent variables, the interactions between the

four indexes, and the four indicator variables. After some terms were
removed because of nonsignificances, there were only six terms remaining.

The resulting equation is

ELCON = 1.1491 x ELCONSFD x MOBILEHM
+ 0.83612 x ELCONSFD x SFATTACH
+ 0.84548 x ELCONSFD x SMLAPTBD
+ 0.82659 x ELCONSFD x LRGAPTBD
- ELCONWT x MOBILEHM
x LRGAPTBD.

0.55746 x
0.39426 x ELCONHT

For the natural gas analysis, the appliance index, water-heating index,

and the overall index were used. The space-heating index was dropped

to avold singularity problems. The space-heating index was included in

the overall index and in most cases represents the largest proportion

of it. The same four indicator variables for housing types were used as
were used in the electricity analysis. Initially, the regression procedure
used 12 independent variables, the interactions between the three indexes,
and the four indicator variables. Initially, all the interaction terms
involving NGCONBS were positive, but only one was significant. The lack

of significance for some housing types may have been due to the small sample
sizes for these housing types. The author decided to consolidate all

these terms by using NGCONBS alone as an independent variable. The
resulting equation involving NGCONBS will be discussed further in Section 7.

The resulting equation is

NGCON = 0.87748 x NGCONSFD x MOBILEHM
0.82201 x NGCONSFD x SFATTACH
0.87284 x NGCONSFD x SMLAPTBD
0.61270 x NGCONSFD x LRGAPTBD
1

+
+
+
+ 1.20153 x NGCONBS.
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For the fuel oil analysis, only two indexes were used, the overall index
and the water-heating index. The number of housing types was reduced.
The categories for units in small and large apartment buildings were
combined. The indicator variable for units in large or small apartment
buildings is APTBLDG. For all housing types, the water—heating index

was removed because it was not significant. In addition, for all housing
types, the coefficient for the overall index was not significantly
different from 1.0 at the 0.05 level.

The final equation is

FOCON = 1.12327 x FOCONSFD x MOBILEHM
+ 0.91895 x FOCONSFD x SFATTACH
+ 0.97387 x FOCONSFD x APTBLDG.

For the LPG analysis, three indexes were initially used, the overall index,
the water-heating index, and the appliance index. The number of housing
types was reduced. The categories for single-family attached units, units
in small apartment buildings, and units in large apartment buildings were
combined into a category for units in multiunit buildings. The indicator
variable for units in multiunit buildings is MULTIUNIT . This leaves only
two housing types other than SFD. For these two housing types, the water-
heating index and the appliance index were removed from the final

equation. In addition, the overall index for units in multiunit buildings
was not significantly different from one.

The final equation 1is

LPCON = 0.72418 x LPCONSFD x MOBILEHM
+ 1.22596 x LPCONSFD x MULTIUNIT.

For kerosene, the same procedure was used except for one change. One
household, which listed kerosene as its main heating fuel and LPG as its
secondary heating fuel, purchased no kerosene during the interview year,
but did purchase a large amount of LPG. The consumption of kerosene

was set at zero since there were no purchases. Hence, this household was
an extreme outlier in the set of 23 households with type I kerosene data.
To moderate its effect on the kerosene regression procedure, the main
space-heating fuel for this household was changed to LPG, and kerosene
was demoted to the secondary heating fuel. This was done only for the
kerosene regression procedure.

In the kerosene regression procedure, the fuel o0il indexes were used.
All the housing types were combined because of the small sample size.
The only coefficient that was significantly different from zero was the
one for the overall index. Here again, the coefficient was not signifi-
cantly different from 1.0 at the 0.05 level.
The final equation is
KRCON = 0.92448 x FOCONSFD.
Appendix B contains the standard deviation and levels of significance for

all the coefficients 1n the regression equations.
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Measures of Fit for Non-SFD Analysis

Table 8 gives the measures of fit for the non-single-family detached
regressions, and Table 9 gives the standard deviation of the error
terms. Individual measures of fit and standard deviations are not
given for each housing type. They are given for the different fuels.
For kerosene, the measures of fit and standard deviations also apply to
households living in single-family detached homes. The standard
deviations listed in Table 9 can be used in the same way as those for
households living in the single-~family detached homes. Use s, with
consumption statistics other than electricity. Use s} with electricity
consumption statistics.

Table 8. Measures of Fit for Secondary Regression Equations for Non—
Single-Family Detached Homes

Fuel R? R2 rZ
Electricity 74.73 74.50 72.94
Natural Gas 62.73 69.64 70.01
Fuel 0il 45.90 51.03 50.18
LPG 67.32 75.15 75.85
Kerosene 10.91 26.53 29.82

Table 9. Standard Deviations for Secondary Regression Equations for
Non-Single-Family Detached Homes

Fuel s Sy Sh

Electricity 9,207 27.95 1.188
Natural Gas 34,504 56.92 1.903
Fuel 01l 45,122 70.20 2.380
LPG 24;809 50.20 1.843
Kerosene 31,592 72.43 3.326
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7. DISCUSSION OF REGRESSION RESULTS

The independent variables used in the final regressions for the SFD analysis
were chosen on the basis of intuition, experience gained by the NIECS
analysis, and trial and error. Many terms and interactions were tried. Only
those significant at the 0.01 level after the final weighted least

squares regression were left in the equation. Clearly, there was not enough
time to investigate all possible terms. This is particularly true of the
interaction terms involved in the space-heating component. Hence, some

tems that would have been significant were not tried and, as a result,

were left out.

Many of the potential interaction terms were highly colinear. For instance,
one could use degree-days squared instead of degree-days in the term. If two
highly colinear terms were such that neither was significant when the other
one was included, then the one that was less significant was dropped.

Because of the nature of this regression analysis, one cannot use the
coefficients of an individual term to accurately assess the effect of an
individual variable. There is much colinearity in the response variables
and interaction terms. Some of the terms that are significant are in

some ways surrogates for other variables such as income, fuel cost, and
life-style. For example, in the electricity regression equation for house-
holds living in SFD homes, the coefficient for the indicator variable for
a wringer washing machine is negative. This negative coefficient may
represent the life-style of households that have wringer washing machines,
and it does not signify that the machines are energy-saving devices.

The size of the coefficient in the electricity and natural gas regression
equations related to swimming pools may partially reflect the life-style
of households that have swimming pools.

The individual terms that make up the heating components in the regression
equations are not comparable across fuels. Some terms were used for one
fuel and not for another. The terms that were chosen were selected on the
basis of which were the most significant. Changing the terms by adding

or deleting a variable from the interaction may still result in significant
coefficients. Using the new terms may result in fits that are almost as
good as the fit with the final set of terms. Not all possible interactions
were tried. Hence, some changes may result in improved fits.

To force comparability, the heating part of the natural gas equation was
tried as a heating index for the other fuels. The resulting fits were
not so good as the fits in which the data were allowed to influence the
choice of the interaction heating terms. In future analysis, it may be
better to agree on a common index to use from year to year. This index
may vary across fuels.



The coefficient corresponding to the independent variable that is the
indicator variable for fuel oil main space heating is large. The one for
electricity is not significantly different from zero; hence, the corres-
ponding independent variable was not used. The coefficient for the
indicator variable for natural gas main space heating was significant

but much smaller than that for fuel oil. The difference in these co-
efficients 1s one reason the heating components are not comparable term
by term.

The reason that the coefficient for the indicator variable for fuel oil
main space heating is large is not clear. One reason may be that few
households in the warmer regions heat with fuel oil. Hence, it is harder
to get a reasonable fit for warmer regions.

Similar to the space-heating terms, the water-heating terms are also
inconsistent. With electricity and natural gas, there is an increase

as the number of household members increases. In addition, with
electricity, it was found that the number of teenagers in the household
indicates a larger increase in the water—heating term than the number

for any other age group. This increase does not necessarily mean that
teenagers use more hot water than other household members. It only
suggests that households with teenagers use more hot water than households
with an equal number of household members where none of them are teenagers.
Clearly one possible reason for the difference is that teenagers do use
more hot water, but it is not the only possible reason.

With fuel oil, the indicator variable for fuel oil water heat is by itself
highly significant. The interaction term with the number of household
members is not significant if the indicator variable is also used as an
independent variable. These results are similar to those found in the
NIECS analysis. The difference between the water—heating term for fuel

oil and that for electricity or natural gas may be related to the different
types of water-heating equipment.

With electricity, the interaction term between electric water heating and
the indicated variable for an electric dishwasher was significant. It

is not clear what the positive coefficient for this term indicates. It
could be a life-style response or an indication that households with
electric dishwashers do use more energy for water heating. The interaction
terms between electric dishwasher and natural gas water heating, fuel

0il water heating, or LPG water heating were not significant. The NIECS
analysis yilelded similar results for these interaction terms. The lack
of significance for all but the electricity case may be due to noise in
the natural gas consumption about the space-heating term and the small
number of observations in the other cases. It may also indicate that

the interaction term for the electric water-heating case is really a

1i fe-style variable.

An index based on the electric water—heating component was tried with the

other fuels., The fit was not so good as the fit when actual variables
chosen were used.
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The effect of secondary heating is accounted for in two ways. If the main
heating fuel is the fuel in question, then the existence of a secondary
heating fuel lowers the heating component of the main heating fuel. 1If
the main heating fuel is not the fuel in question and the secondary
heating fuel is, then the heating component is composed of the secondary
contribution.

Information was not collected on the amount of secondary heat provided,
only on the existence of secondary heating fuels and equipment. There is
some informmation contained in the total consumption amounts given for the
secondary heating fuel when the fuel in question 1s the main heating
fuel. The only case in which this information was used involved the use
of wood as a secondary space-heating fuel. Hence, the positive secondary
heating term consists only of an indicator variable or an indicator
variable interacted with heating degree-days. The negative term consists
only of one temm, except in the case of wood secondary heating, for

which the secondary heating term is an interaction term that includes an
indicator variable for wood secondary heating and the amount of wood
burned. If the amount of wood burned exceeds six cords, the actual
amount was not used. Instead, the amount was set at six cords.

Many variables that considerably affect energy consumption were not

used. These variables either were not available, were only partly available,
or were available in unreliable forms. These include marginal prices for
fuels, thermostat settings, measures of air-conditioning use, measures

of appliance use, measures of insulation, and measures of air infiltration.
Marginal prices for electricity are available, but only for some house-
holds. The effect of marginal electricity will be discussed at the end

of Section 10. Thermostat settings and some measures of air-conditioning
use may be obtained in subsequent surveys.

The income variable is a categorical variable that is treated in the
analysis as a numerical variable. (See Appendix A for definition of the
categories.) For incomes between $3,000 and $15,000, the variable is
approximately equivalent to rounding the income off to the nearest thousand
dollars.

The income variable was tried in many places, in particular in the
space~heating components. When the other terms were added, the only
place it remained significant was in the air-conditioning terms. This
does not mean that income does not affect the other components, but
instead it indicates that income is taken into account by the other
terms used in the equation, in particular, by the size of the house in
the space-heating component and the number of appliances in the
miscellaneous component.

The relatively large value for NGCONBS obtained in the non-SFD natural gas
regression analysis is troubling. On the surface it appears to indicate
that non-SFD households use natural gas appliances more intensely than
households living in SFD houses. What may actually be happening may be
related to the problem of people claiming to have gas refrigerators and
central air-conditioning units when these appliances really use
electricity.
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8. DISAGGREGATION OF ANNUAL UTILITY BILLS

End-Use Estimates

One aspect of residential energy consumption that is not listed directly
on the RECS data tape is energy consumption by end use. The end-use
categories discussed here are space heating, water heating, air
conditioning, and miscellaneous. In this section, two basic methods of
obtaining estimates of end-use consumption are presented. There are

two variations of the second method. The different methods of estimating
end-use consumption are illustrated by describing how to estimate the
amount of electricity used for air conditioning. The advantages and
disadvantages of each method are also discussed.

Method 1: Estimation Using Differences in Strata Means

An obvious method of estimating the amount of electricity consumed for
residential air conditioning would be to stratify the households in the
country and estimate the amount used in each stratum. The households in
each stratum should be similar in all major characteristics that affect
electricity consumption, except that some households use electricity for
air conditioning and some do not. Within each stratum, calculate the

di fference between the mean electricity consumption for users of electric
alr conditioning and the mean electricity consumption for nonusers of
electric alr conditioning. The dlfference 1s an estimate of the mean
amount of electricity used for air conditioning among households
represented by the stratum. Weighted sums of the differences can be used
to estimate regional and national totals.

Two advantages of this method are that it is simple to estimate the end-
use components once the strata are selected and the idea behind the
method is easy to understand.

The main dlsadvantage of this procedure is that many factors influence
electricity consumption. This makes selection of the strata difficult.

In estimating air-conditioning use, it would be desirable to stratify
according to use and nonuse of electricity for space heating and for

water heating. In addition, it would be desirable to stratify according

to weather zones and size of dwelling. If one does these two things,

the number of observations in some strata becomes too small. The differences
between users and nonusers of air conditioners within strata may still

be substantial. For example, consider the stratum consisting of households
living in the South that use electricity for water heating and space
heating. Households in this stratum that have air conditioning tend to
have higher incomes, larger homes, and more electrical appliances than
those households that do not have air conditioning. This means that the
estimate of the amount of electricity used for air conditioning in this
stratum will be biased upward. For other strata it may be biased downward.
The total national estimate of electricity used for air conditioning may
depend heavily on the stratification procedure used.
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One possible stratification scheme that may result in a national estimate
with a small bilas would be to stratify according to ELCONBS + ELCONHT +
ELCONWT. This scheme would result in strata that contain households from
all parts of the coumtry. On the other hand, the households in the strata
would theoretically use similar amounts of electricity for noncooling
purposes.

Even 1f a stratification scheme that ylelds a reliable national estimate
exists, it may not be usable for obtaining regional estimates, estimates
by income categories, and estimates for other categories. To obtain these
estimates, one may need to seek different stratification schemes. 1In
addition, separate stratification schemes may be needed for each end use.

Method 2: Estimation Using End-Use Consumption Amounts for Each Household

One procedure that could be used to yield national, regional, and special
category estimates would be to estimate the energy consumed for the major
end uses by fuel for each household in the RECS data set. Given these
numbers, one would then use the household weights to estimate the amount of
energy used by end use for any category defined by variables in the RECS
data set.

Varjation 1: Regression Estimates. One way of estimating the energy
consumed for the major end uses would be to use the estimated components
ELCONBS, ELCONCL, ELCONHT, ELCONWT, FOCONHT, FOCONWT, LPCONBS, LPCONHT,
LPCONWT, NGCONBS, NGCONHT, and NGCONWT as end-use consumption estimates.
This would apply for households living in single-family detached homes.
The variables for fuels not used by a particular household will be set
equal to zero. For households not living in single-family detached
homes, the variables would be multiplied by the appropriate coefficients
in the regression equations for ELCON, FOCON, LPCON, and NGCON. The
only adjustment in the equations is to change the fuel o0il components so
that they reflect both fuel oil and kerosene consumption. This was done
by setting the indicator function for water heating, main space heating,
and secondary space heating equal to one if either fuel oil or kerosene
was used for these purposes. This was done because the consumption
amounts for fuel oil and kerosene were combined on the RECS data set.

Using that scheme, one can estimate the amount of electricity used for

air conditioning for any category. Unfortunately, the estimates depend
heavily on the results of the regression analysis. Also, many households
consume much more or much less than the regression equation predicts.

In addition, not all factors that possibly affect energy consumption

were examined during the regression analysis. If one of these factors
happens to be used in the definition of the category over which one desires
an estimate of the amount of electricity used for air conditioning, then
the resulting estimates may be seriously biased. This will happen when
the regression equations consistently overestimate or consistently under-
estimate the amount of electricity used for air conditioning by households
falling in the category.
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Variation 2: Normalized Regression Estimates. The possibility of serious
bias can be reduced by normalizing the end-use estimates for each household
in the data set so that the sum of the end-use estimates for each fuel
equals the actual (or imputed) yearly consumption. For example, set pj

= ELCONBS/ELCON, pp = ELCONWT/ELCON, p3 = ELCONHT/ELCON, and py =
ELCONCL/ELCON. Then pj, P2, P3, and p; are estimates of the proportion

of the yearly electricity consumption that is used for miscellaneous

uses, water heating, space heating, and air conditioning, respectively.
The actual (or imputed) yearly electricity consumption is denoted by
BTUEL. Set BTUELBS = pj; x BTUEL, BTUELWT = pp x BTUEL, BTUELHT = p3 x
BTUEL, and BTUELCL = p; x BTUEL. Then BTUELBS, BTUELWT, BTUELHT, and
BTUELCL are estimates of the end-use consumption normalized so that
BTUELBS + BTUELWT + BTUELHT + BTUELCL = BTUEL.

The same procedure can be used to produce normalized end-use consumption
estimates for all fuels and for all households. The end-use estimates
for fuel oil and kerosene are combined. To obtain the estimated pro-
portions for fuel oil and kerosene, the fuel oil regression equation is
used but the indicator functions reflect both fuel o0il and kerosene use.

When working with households living in dwellings other than single-family
detached homes, one needs to take into account the coefficients in the
equations defining ELCON and NGCON. For example, when estimating end-use
electricity consumption for households living in mobile homes, set p; =
1.1491 x ELCONBS/ELCON, py = 0.5916 x ELCONWT/ELCON, p3 = 1.1491 x ELCONHT/
ELCON, and p4 = 1.1491 x ELCONCL/ELCON. Note in the equation for pj the
coefficient, 0.5916, comes from the sum of the coefficients for ELCONSFD
and ELCONWT in the equation for ELCON. Using the values of pj, p2, P3,
and p,, proceed as before. With fuel oil and LPG, the proportions
obtained from FOCON and LPCON will be the same as those obtained from
FOCONSFD and LPCONSFD.

As mentioned previously, the coefficients for some of the termms in the
regression equations may be changed dramatically by adding new independent
variables or by removing other independent variables. This was one of the
reasons the author was hesitant to interpret the values of the individual
coefficients. On the other hand, any reasonable set of independent
variables should produce normalized end-use consumption estimates similar
to the ones produced by the set of independent variables that were used.
The biggest changes would occur in components composed of only one or

two independent variables or components affected by response errors.

These included the water-heating component for fuel oil, the appliance
component for natural gas, the water-heating component for LPG, and the
appliance component for LPG.

Using the normalized regression estimates, the regression results are
used only to estimate the proportion of the energy consumption that goes
for each end use. In addition, the normalized end—-use estimates are
easier to interpret than the coefficients of the individual terms in the
regression equations. They represent broad end-use consumption classes,
there are far fewer terms to Interpret, and the estimates have been
normalized so that they sum to the actual consumption.
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A possible source of colinearity that may adversely affect the normalized
end-use estimates is the fact that households that use natural gas, fuel
oil, or LPG for the main water-heating fuel tend to use the same fuel as
the main space-heating fuel. Any miscellaneous use of natural gas

tends also to imply natural gas space heating.

A greater problem involves one of the assumptions behind the normalization
procedure. Here, one assumes that if a household conserves or overuses
energy for one end use, it will do so on all end uses for that fuel by

the same proportion. For instance, if BTUEL/ELCON = 1.34, then BTUELBS =
1.34 x ELCONBS, BTUELWT = 1.34 x ELCONWT, BTUELHT = 1.34 x ELCONHT, and
BTUELCL = 1.34 x ELCONCL. It is clear that some households may conserve
electricity by setting the thermostat low in the winter, but they may

also use more electricity than comparable households with comparable air-
conditioning equipment for cooling in the summer. Other households may

do the opposite.

For individual households, the normalized end~use estimates may not
accurately reflect the true breakdown of the energy consumption for the
households If one averages the normalized end-use estimates over
categories with a "reasonable” number of sample households in the
category, then the average estimates should approximate the actual
averages for the sample households in the category. In addition, when one
canputes the average estimates, one uses these numbers to represent the
energy consumption of all households in the country that fall in the
category. Hence, the sampling errors and the nonsampling errors involved
in producing the reported (or imputed) yearly energy consumption for the
households also affect the use of the author's estimates.

The desire to keep the errors in the end-use averages caused by either the
normalized estimation procedure, sampling error, or nonsampling error points
to estimating averages only over categories with a "reasonable” number of
sample households. It is not obvious how large a number needs to be before
it is considered to be "reasonable." 1In addition, the idea of a "reasonable
number may vary. For instance, if one wants to estimate the amount of fuel
01l used for space heating by households that used fuel oil only for

space heating, then the normalized end-use estimate equals the actual

(or imputed) consumption. On the other hand, the normalized estimate of

the amount of natural gas used for non—-water-heating and non—-space-heating
purposes may be subject to large errors caused by the noise in the space-
heating and water-heating components.

Recommended Disaggregation Techmnique

It was decided that variation 2 of method 2, the normalized end-use estimate,
was the best of the three proposed techniques. It allows one to produce
estimates for subpopulations. In addition, the resulting end-use estimates
will sum to the overall consumption estimate.
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An additional criticism of the normalized end-use estimates is that they
do not use the additional information contained in the billing-period
data. They use only the annual consumption data. For that matter, none
of the proposed procedures uses this additional information. Major
problems that are encountered in using the billing-period information
are that it is available for only some households, the lengths of the
billing periods vary considerably, and the quality of the billing-
period data varies considerably.

One would probably need to divide the sample into several subsets
according to the amount of useful billing-period data. The disaggregation
technique could then vary between subsets. In some subsets, one may be
able to use the billing-period data, while in others, one may have only
the annmual consumption amounts to usee.

It is not clear how much using the billing-period data would improve

the disaggregation procedure. The extra work needed to use the data
means that it may be some time before a procedure can be developed that
produces end-use estimates for all households and uses the billing-period
data, when available, to calculate these estimates.

Indexes for Residential Energy Consumption

The national or regional averages for the normalized end-use estimates
can be used as indexes for residential energy consumption. In addition,
one can compute the averages for other ways of categorizing households.

It might be interesting to sum the normalized space~heating consumption
estimates across fuels. In this way, one could estimate the total or average
amount of energy used for space heating. This average value could be used
as an index for residential space-heating consumption. It remains to be
determined if a straight sum or a weighted sum should be used. The
weights could reflect the efficiency with which the different fuels can

be used. In particular, a Btu of electricity can be used more efficiently
than a Btu of other fuels. On the other hand, more than a Btu of oil or
coal is consumed in a power plant to produce a Btu of electricity.
Additional energy is lost when electricity is transmitted a long distance
over power lines. A general rule of thumb is that it takes approximately
3.0 Btu of fuel at the power plant to produce 1.0 Btu of electricity. The
additional amount of energy lost in transmission depends on the distance
and the climate.

For each fuel, one could correct the normalized space-heating consumption
estimate for weather by dividing by the average number of heating degree-
days. This would give one the heating component in thousands of Btu per
degree—day. In addition, if one also divides by the average number of
square feet heated per household, the heating component is given in Btu
per degree-day per square foot. This final index will reflect not only
the thermal integrity of the housing stock and the efficiency of the
residential heating equipment but also the life-style of the household
members. In particular, a trend toward lower thermostat settings should
result in a lower value of the Btu per degree-day per square foot index.
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Tables of Results

The average normalized end-use consumption estimates for electricity,
natural gas, fuel oil, and LPG are summarized in Tables 10 to 19. These
tables give the national averages, regional averages, and averages for
various categories. The averages are weighted averages where the weights
equal the number of households in the population that the sample household
represents. In all tables, the values in parentheses are the estimated
standard deviations of the corresponding statistic.

The estimates for the standard deviations were obtained by using a balanced
half-sample replication technique.1 The listed standard deviations reflect
only the sampling variation. They do not take into account errors made in
disaggregating the annual energy consumption for individual households.
Hence, the listed standard deviations are blased toward the low side. 1In
the author's opinion, the sampling error should be greater than the
disaggregation error in most cases. Hence, one expects that the bias
should be small in most cases. The cases where the half-sample estimates
may be substantially too small involve components that contain only one
independent variable or components with independent variables subject to
considerable response error. The components with only one independent
variable are the fuel oil water-heating component, LPG appliance component,
and the LPG water—-heating component. The components subject to possible
large amounts of response error are the natural gas appliance component

and the LPG appliance component. The response errors involved are the
possible incorrect fuels for refrigerators and central air—conditioning
systems.

Table 10 lists the weighted averages for the electricity end-use components
by Census division, by income group, by amount of heated floorspace, and
by heating degree—~days. The averages are over all households, including
the relatively few households that do not use electricity.

Tables 11, 12, and 13 list the weighted averages for the natural gas, fuel
oil, and LPG end-use components by Census division, by income group, by
amount of heated floorspace, and by heating degree~days. The averages

are over only those households that use the fuel in question.

The heating component averages listed in Tables 10 through 13 depend
heavily on the percentage of the households that use each fuel for heating.
To study trends in space-heating consumption, it is necessary to study the
averages over only those households that heat with the fuel that is

being studieds The same applies to the water-heating components.

Table 14 applies only to households where the main space-heating fuel is
electricity. Table 14 lists the average degree—days, average heated
square footage, and average amount of electricity consumed for space
heating in Btu, Btu per degree-day, and Btu per degree—day per square
foot. Tables 15, 16, and 17 are the corresponding tables for natural
gas, fuel oil, and LPG.

lFor a description of how the balanced half-sample replication technique
is applied to RECS data, see Energy Information Administration, Residential
Energy Consumption Survey: Housing Characteristics, 1980 (Washington, D.C.,
June 1982).
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In Tables 14 through 17, the averages for Btu per degree-day do not equal
the results given by dividing the average Btu consumed for space heating
by the average amount of heating degree—-days. Instead the tabled values
are the average values of the indexes. The difference between the average
values of the indexes and the indexes computed from the average values
reflects the skewness in the distribution of the indexes among the sample
households. The same applies to the averages for Btu per degree-day per
square foot.

The water-heating component for each fuel is isolated and displayed in
Tables 18 and 19. Table 18 lists the average values of the electricity
water—-heating component over only those households whose main water—
heating fuel 1s electricity. Table 18 also lists the corresponding
average values for natural gas. Table 19 lists the corresponding average
values for fuel oil and LPG.

The heating degree~day base used in Tables 10 through 19 to classify
households by weather is 65°F. In addition, the heating degree—day base
used to calculate the indexes given in Tables 14 through 17 is also 65°F.
The tables could have been constructed using any degree-day base. The

base does not have to be the same as was used in the regression analysis.
The author chose 65°F because it is the most commonly used base for
calculating heating degree—days. Changing the base used in the computation
of the space-heating indexes may alter some of the trends that appear when
using a base of 65°F.
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Table 10. Average Household Electricity Consumption by End Use for All Households

Average Household Electricity
Consumption (Million Btu) for

Number of
Households Space Water Air Miscellaneous
Location and Income (Millions) Heating Heating Conditioning Uses
National 81.6 (0.0) 3.4 (0.3) 3.8 (0.2) 3.9 (0.1) 19.0 (0.2)
Census Divisions
New England 4.3 (0.3) 1.9 (0.4) 2.9 (0.3) 0.4 (0.1) 17.1 (0.6)
Middle Atlantic 13.4 (0.3) 2.6 (0.5) 2.4 (0.5) 1.0 (0.2) 16.1 (0.5)
East North Central 14.8 (0.4) 3.2 (0.8) 3.2 (0.5) 1.4 (0.4) 19.5 (0.5)
West North Central 6.3 (0.4) 2.1 (0.5) 2.9 (0.5) 5.3 (0.6) 20.8 (0.5)
South Atlantic 14.0 (0.5) 3.7 (0.8) 7.0 (0.5) 6.4 (0.7) 19.9 (0.6)
BEast South Central 5.2 (0.3) 9.1 (1.2) 7.5 (0.8) 8.2 (0.7) 21.9 (0.8)
West South Central 7.7 (0.3) 2.5 (0.5) 2.3 (0.5) 12.6 (1.2) 20.8 (1.0)
Mountain 4.1 (0.1) 2.1 (0.6) 2.4 (0.8) 3.0 (0.5) 19.3 (0.5)
Pacific 11.8 (0.1) 3.8 (0.7) 3.1 (0.4) 0.8 (0.2) 17.9 (0.5)
Income Group
(Estimated 1979
Income)
Less than $5,000 10.4 (0.5) 3.1 (0.4) 2.4 (0.2) 1.6 (0.2) 13.1 (0.4)
$5,000 to $9,999 13.9 (0.6) 2.7 (0.3) 3.1 (0.3) 2.2 (0.2) 15.3 (0.3)
$10,000 to $14,999 13.8 (0.5) 3.1 (0.4) 3.7 (0.4) 3.1 (0.2) 16.4 (0.5)
$15,000 to $19,999 11.9 (0.4) 3.2 (0.4) 4.1 (0.3) 3.9 (0.3) 19.8 (0.4)
$20,000 to $24,999