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Movers and Stayers: The Resident’s Contribution to
Variation across Houses in Energy Consumption

for Space Heating*
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eley, California 94720 (U.S.A.)

A general method is proposed that identi-
fies the contribution of resident-dependent
effects o the observed variability of energy
consumption in similar houses. The method
presumes that in addition to records of eniergy
consumptlion over time, one has access to
information about the date of change of occu-
%. pants. For Twin Rivers data, the role of resi-
dent-dependent effects is seen to dominate
\“t.;he role of effects that depend on structural
variations over which the resident has no
effective control.

INTRODUCTION

One of the questions central to the Twin
Rivers program is why there is so much varia-
tion in energy consumption across identical
houses. The highest users of energy typical-
ly use at least twice as much energy as the
lowest users, whether one looks at winter gas
consumption (nearly entirely space heating)
or summer electric consumption (about one-
half air conditioning).

Looking at energy consumption data alone,
one cannot distinguish between two alternati-
ve hypotheses concerning the observed varia-
tion in energy consumption: (1) variation is
due to occupant behavior, and (2) variation is
due to differences in nominally identical

*This article is based on a chapter of the Ph.D.
thesis, “Dynamic models of house heating based on
equivalent thermal parameters’”, submitted to the
Aerospace and Mechanical Sciences Department of
Princeton University, September 1977. The author
wishes to thank Jan Beyea and Rober{ Socolow for
general guidance, and Peter Bloomfield and Lawrence
Mayer for spirited discussion of an earlier version of
this analysis.

structures over which the occupant has no
control. In the first category one would place
interior temperature setting, opening of
windows, deployment cf drapes, and level of
use of appliances. In the second category one
would place missing panels of insulation,
cracks in the structure, and defects in
appliances.

Should one of the two hypotheses be
strongly verified and the other strongly
rejected, the significance for public policy is
clear. If occupant behavior is dominant, one
concentrates attention on the residents,
clarifying by research and subsequent
publicity the kinds of actions that have
energy penalties and savings and their
magnitudes. If nominally identical units are
structurally far from identical, however, one
concentrates one’s attention on quality
control at the time of construction (on energy
performance standards), and on periodic on-
site inspections of building performance.

Our data tend to confirm the- first
hypothesis at Twin Rivers — the resident
rather than the structure creates most of the
observed variation in consumption. There is
little reason to believe that this result genera-
lizes to other communities however, without
considerable further testing. What we put for-
ward here is a method to distinguish the con-
tribution of resident and of structure, one
that can be applied whenever one has, in addi-
tion to data on energy consumption, data
about where and when there has been a
change of occupant (typically a sale or change
of tenant, often coded directly in utility re-
cords).

The general strategy is to examine the
changes in energy consumption of a sample
of houses for which a change in ownership
occurs. Such houses play a role similar to
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identical twins in heredity—environment
studies. In practice, this means choosing two
winters between which the occupants of a
sizeable number of houses have changed. If the
energy uses of this sample, the ‘“movers”,
correlates well from one winter to another,
one would have evidence pointing to the
likely role of construction quality in creating
variability in energy consumption. However,
if the movers’ consumption in the first winter
does not correlate at all with the consumption
in the second winter, all variation in energy
use would be attributed to the differences
among occupants.

Also analyzed in the same way is another
sample of houses without change in
ownership (the ‘stayers”), a control group of
sorts. Correlations performed on this sample
show that time-dependent effects play a
noticeable role in the variation in energy con-
sumption between houses, and we have tried
to model these effects.

It is useful to elaborate on the fundamental
idea behind this analysis of movers and
stayers, before the description of the actual
data manipulation. Consider the energy
consumption of nominally identical houses
(same floor bvlans) in two winters with
perfectly identical weather conditions. If the
energy-related behavior of the occupants in
each house were equally identical from one
winter tc the other (but not to each other),
we would expect each stayer house to use the
exact same amount of heating energy in both
winters. The only differences in consumption
would occur among houses, not between the
two winters.

In the case of the movers, the occupants of
each house have changed from one winter to
the other and energy related behavior is likely
to be different. If, nonetheless, each mover
house used the same amount of heating in
both winters, like the stayers, we would
conclude that occupant behavior is not a rele-
vant factor influencing energy consumption.
Any variation in energy use among houses
would have to be attributed to hidden
structural differences between the nominally
identical units. If, in turn, high users in the
first winter became randomly low, middle or
high users in the winter following the move,
with no apparent correlation, we would
attribute the cause to the change in occupants
and deduce that differences in occupant beha-

vior, not hidden structural differences, are
responsible for the observed variation in
energy use among nominally identical houses.

The actual data, as can be expected, are
more complex than either of these extreme
cases. The weather conditions in the two
winters under consideration are not identical
and neither are the houses. To complicate
matters further, the 1973 oil embargo
occurred between the two winters. Even when
the data are corrected for these effects, the
movers’ consumption patterns do not fit
precisely either of the two extreme scenarios
sketched above. They do, however, resemble
more closely the scenario of random change
in consumption levels after a move, rather
than that of constant consumption levels.
This leads to the conclusion of this paper that
the variation among occupant behavior is the
chief cause for the observed variation in gas
consumption among houses. An interesting
deviation from the ideal case described earlier
is displayed by the stayers: their individual
consumption levels do not remain exactly
constant, in other words, some ‘“crossover”
between houses occurs, indicating that con-
sumption patterns change in time even if both
house and occupants remain the same.

The quantitative derivation and subsequent
discussion of the above effects, the methods
to correct for unequal weather in the two
winters and for houses of more than one
type: these are the topics treated in this
paper.

The energy consumption data of movers
and stayers were previously studied by
Lawrence Mayer and Jeffrey Robinson,
following the suggestion of Robert Socolow.
Mayer and Robinson showed that a significant
difference exists between movers and stayers,
when comparing the change in individual
consumption from one winter to another, in
a non-parametric statistical investigation [1].
In this article, a parametric approach will be
formulated and quantitative results derived
that assign the causes of the variation in

energy consumption between ‘‘identical”
houses.

DESCRIPTION OF THE DATA

Meter readings of gas and electricity con-
sumption from public utility records have
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Fig. 1. Histogram of 1971/1972 gas consumption.

been collected over a period of several years
for most houses in the four quads of Twin
Rivers. For this analysis the 248 townhouses
located in quad 2 have been selected. They
are arranged in blocks of up to ten units fac-
ing each of the four compass directions. As
only the furnace runs on natural gas in these
houses, the monthly gas consumption
readings* directly indicate the energy used
for space heating. The distribution of gas con-
sumption in the 6-month winter season (No-
vember—April) of 1971/72 is shown in Fig. 1
for a sample of 205 townhouses selected for
this study. The consumption of highest and

*The original readings are in units of hundreds of
cubic feet of natural gas, corresponding to 102,500
Btu or 30.04 kWh or 108.2 MJ. The unit chosen in
this article is MWh (1 MWh = 3.6 GJ).
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lowest users are more than a factor three
apart. The standard deviation is 22% of the
mean. A sizable portion of this variation can
be ascribed to the different physical features
of the house. Aside from the number of bed-
rooms, by physical features we intend such
“obvious” design differences as double pane
versus single pane windows and an extra end
wall (for end units). Among all physical
features tested, these have been shown to be
the only statistically significant factors [1].
The first two rows of Table 1 display the
main statistics of the gas consumption of the
full sample of 205 houses and of three sub-
samples of two, three, or four-bedroom,
interior units with all-insulated glass. The
means of the distributions decrease with dimi-
nishing number of bedrooms and decrease in
the second winter, compared to the first, a
consequence of 12% conservation and 5%
milder weather [1]. Conservation and depen-
dence on weather, though interesting topics
by themselves, are not the subject of this
paper. To eliminate the effect of these
factors, the gas consumption in the second
winter is adjusted ‘“across the board” by
multiplying all 1973/74 data with the ratio of
the means of both winters, 1.182; the results
are shown in the bottom row of Table 1, in
the units implicit to the rest of this paper:
“constant1971/72 MWh per 6-month winter”’.
Implied in this correction is the assumption
that the variation in gas consumption is
proportional to the level of consumption, i.e.,
that the standard deviation is proportional to

Gas consumption (MWh per 6-month winter) statistics in two winters of the full sample and of subsamples with
two, three and four-bedroom interior units with insulated glass

Full sample X-bedroom interior units with insulated glass
(N = 205)
X=2(N=32) X =3 (N=45) X =4 (N=16)
1971/72 Mean 23.46 17.69 23.77 25.4¢
Standard Dev. 4.89 2.44 3.84 3.99
Coeff. of Var. 0.209 0.138 0.161 0.156
1973/74 Mean 19.85 14.00 20.31 22.56
Standard Dev. 4.60 2.13 3.29 2.74
Coeff. of Var. 0.232 0.152 0.162 0.122
1973/74 Mean 23.46 16.55 24.01 26.67
adjusted* Standard Dev. 5.44 2.52 3.89 3.25
Coeff. of Var. 0.232 0.152 0.162 0.122

*#1973/74 values multiplied by the ratio of the means 23.46/19.85 =1.182.
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the mean. The same assumption will be used
in a future section, when correcting for varia-
tions caused by differing house features. The
proportionality of individual gas consumption
to degree-days tends to support this assump-
tion: as the weather gets colder, the variation
in consumption caused by hidden structural
differences among houses (manifest in their
individual proportionality constants) increases
proportionately. At the same time, larger
houses (with larger proportionality constants)
have more window frames and wall surfaces
to cause variation in consumption than
smaller houses. Variations among the occu-
pants (e.g. differences in the thermostat
setting or in the frequency of window
openings) cause similar variations, in gas con-
sumption, though one can argue that they be
less than proportional to the level of con-
sumption. The data presented in Table 1 lend
enough support to the assumption of propor-
tionality of standard deviation to level of
consumption to justify its adoption
throughout this paper; the coefficients of
variation (standard deviation divided by the
mean), though not constant, show no obvious
correlation with the corresponding means. As
one would expect, the coefficients of
variation of the full sample, which includes
houses of all sizes, are larger than those of the
three more narrowly defined subsamples. The
standard deviation of the full sample shrinks
somewhat less than proportionately to the
mean from one winter to the other, a disturb-
ing but not dramatic deviation from our
hypothesis.

The assumption of invariance of the coeffi-
cient of variation makes the following
analyses easier and is more plausible on
theoretical grounds than, say, assuming that
the standard deviation is an invariant.
However, it is not essential to the conclusions
of this paper; the following analyses would
have similar results, if the data were treated in
a fashion consistent with the assumption of a
standard deviation invariant with consump-
tion.

VARIATION IN ENERGY CONSUMPTION CAUS-
ED BY DESIGN FEATURES OF THE HOUSES

In this section we will eliminate the
“obvious” variation due to design features,

such as number of bedrooms, by using regres.
sicn techniques. We have also carried gy
parallel studies of a more nearly identical set
of houses composed of three-bedroom
interior units. Very few movers (21) arz;
among these houses and the results, therefom‘
have reduced statistical significance, but they
are consistent with what we obtain whep
including all types of houses.

The relative importance of design features
can be assessed from the data through ordj.
nary least squares regressions of the gag
consumption of the 205 houses. Regressions
performed for the two winters yielded the
following estimates of the coefficients:

1971/72:
GC = 25.14 —5.98BR2 + 3.03BR4 + 3.26END — 0.95INS§
R?% =0.523 (0.56) (0.75) (0.59) (0.35)

(1a)

1973/74:
Gg = 25.88 —7.06BR2 + 4.28BR4 + 2.90END — 1.39INS
R® =0.565 (0.60) (0.79) (0.62) (0.37)

(1b)
where

GC is the gas consumption in MWh per 6-
month winter;

BR2 are variables taking the value of 1 if

& BR4 the unit has two or four bedrooms,

respectively, and 0O if otherwise;

takes the value of 1 for end units, 0

for interior units;

INS  is the area of double glass in houses
where such an option was exercised,
in tens of square meters (mean (INS)
=1.21).

The numbers in parentheses indicate

the standard errors of the estimated
coefficients.

END

These regressions essentially repeat the
analyses done by Mayer and Robinson [1]
and, before them, by Fox [2]. A detailed
discussion of the meaning of each term
is given in ref. 3. Of main interest to us is
that about 54% of the total variance* in the
gas use of the 205 houses can be attributed
to “obvious’ design features, represented by
the variables BR2, BR4, END and INS. The

*The variance is estimated by the square of the
standard deviation. The figure of 54% is an average of
the two R? values in eqns. (1).
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main purpose of this article is to find the
sources of the remaining 46%.

In selecting the sample of 205 houses from
the full set of 248 townhouses, all units for
which data were missing in either of the two
winters were excluded. Moreover, all houses
with a change in ownership in either winter
were eliminated, including those with a move
in October or May (houses with a move
during these extra two months “bracketing”
the 6-month heating seasons were excluded in
order to avoid any interim effects caused by
an imminent or a recent move).

TABLE 2
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Figure 2 displays the frequency of moves
from the beginning of the first winter to the
end of the second. Out of the 205 units, 52
houses were found to have different owners
in the two winters (1971/72 and 1973/74).
Choosing the winters two years apart, rather
than one, was necessary to obtain a
reasonable size of this subsample.

NORMALIZING THE GAS CONSUMPTION

The next step is to eliminate the variation
caused by the “obvious” physical features
from the 205 houses. To this purpose, the gas
consumption of each house is normalized by
the amount it “should” have used, given its
physical features, according to the regression
eqns. (1a) or (1b):

GN,; = E—'— X 100 (2)
GG
where

G; is the measured gas consumption per 6-
month winter of the ith house;

GC; is the gas consumption of the ith house
estimated by the regression eqns. (la)
or (1b);

GN; is the normalized gas consumption (100
= “right on target”’).

Normalized gas consumption statistics for stayers and movers compared to raw gas consumption of 3-bedroom

interior units

1

Stayers Movers
Full sample 3-Bed int. Full sample 3-Bed int.
(N = 153) (N =57) (N =52) (N =21)
1971/72 Mean 100.8 +1.12 24.58 97.7 =+ 2.02 22.78
S.D. 141 . : 0.8% 3.6 14.2  +1.39 3.0
C.V. 0.140 = 0.008 0.149 0.145 + 0.015 0.132
F value 1.13 1.21
1973/74 Mean 100.3 +1.2 20.6 9.2 =+ 2.29 19.7
S.D. 15.0 =+ 0.9 3.0 1.5  +1.62 3.2
C.V. 0.150 + 0.009 0.143 (.167 = 0.017 0.164
F value 1.10 1.04

1A change in ownership occurred in these houses between the two winters.
Umts Dimensionless; 100 = estimate by eqns. (1a) or (1b).
3 Units: MWh per 6-month winter.
All distributions here assumed to be Gaussian. Thus, the error of the standard deviation (S.D.) was estimated
by 0g.p. = S.D./</2N, the error of the mean (M) by 0y = S.D.//N. The error (0.) of the coefficient of variation
was estimated by 0. = 5. p./M.
Coefficient of vanatxon




318

An alternate and more familiar way to
eliminate the variation explained by
“obvious” physical features would have been
to take the residuals, G; — GC;, as a measure
of relatively high or low consumption.
Normalized gas consumptions, GN;, were
preferred on the grounds that the residuals are
observed to increase with increasing gas con-
sumption levels, G;. It is easier for a large
house to be 2 MWh “off target’ than a small
house, while it is roughly equally likely for
both to be 10% “off target.”

Table 2 displays the relevant statistics in
both winters for both movers and stayers.
The first and third columns refer to the nor-
malized consumption, GN;, of all houses; the
second and fourth columns refer to the raw
consumption, G;, of a subsample of three-
bedroom, interior units. If we have been
successful in making all houses “identical”
by normalizing their gas consumption, their
distribution should be the same as for
physically identical houses. Specifically, we
are interested in comparing the widths of the
distributions. Because of the different units
(dimensionless and MWh per 6-month winter),
the coefficients of variation (C.V.) should be
compared. The F values for movers and
stayers in both winters are obtained by divid-
ing the square of the larger C.V. by the square
of the smaller C.V. None of the F values are
significant at a 2 X 5% (two-sided) level of
confidence, which is equivalent to saying that

the distributions are likely to represent the
same variable.

EVIDENCE FOR DISCRIMINATING BETWEEN
MOVERS AND STAYERS

As we have just seen, the distributions of gas
consumption for both movers and stayers, in
both winters, are statistically equivalent. The

TABLE 3

difference between movers and stayers
becomes apparent only when we ask how well
the consumption level of each individual
house is reproduced from one winter to
another. A suitable measure of this reproduci-
bility is the “relative consumption’’:

GN;(t3)
RC;= ——— (3)
GN;(ty)
where
RC;; is the relative consumption of the ith

house;
t; & t; indicate the winters 1971/72 and
1973/74, respectively.

A value of RC; = 1 means that the ith
house has used the same amount of gas in the
second winter as it used in the first, after
allowing for what a house of its size uses “on
average.”

Anticipating later usefulness, the statistics
have been calculated for the natural logarithm
of relative consumption, LRC; = In(RCj;) and
are shown in Table 3.

Since the relative consumption varies rela-
tively little around its mean equal to unity, we
have In(RC;) = RC; — 1, and the variance of
LRC is not much different from the variance
of RC. Figure 3 compares the relative
consumptions of movers and stayers.

The small difference in the means is not
significant*. On the other hand, the differen-
ce in the variances is highly significant™ A

*A t-test of the difference between the means yields
a value of t = 0.614; more than 40, but less than 50
out of a 100 pairs of random samples of the same va-
riable could be expected to produce the same differ-
ence between their means.

+TThe ratio of the variances gives an F-value of 3.11.

There is only a 0.1% chance for a random F-value
higher than 1.81.

Statistics on the natural logarithm of relative consumption, LRC

Statistics Stayers Movers

(N =153) (N =52)
Mean —0.0059 +: 0.0087 0.0112 +:0.0262
Standard Deviation 0.107 + 0.006 0.189 :0.019

Variance (S.D.?) 0.01148 ¢ 0.00004

0.03576 + 0.00034
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Fig. 3. (a) Relative consumption of 153 stayers. (b)
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change in ownership greatly disrupts the
“traditional” consumption level of an
individual house; averaged over a large
number of houses, however, disruptions of
opposite sign tend to compensate each other.
It is interesting to observe that, if we define
relative consumption as the ratio of the raw
(instead of normalized) gas consumptions:

_ Gilty)

Gi(ty)
the means and the variances for both winters
and for both movers and stayers are very
close to the corresponding statistics for RC,

as seen in Table 4. So why work with
normalized gas data rather than with straight

RCR; (4)

TABLE 4

T 1]!]1[rv_?vlv
14 16 18 2
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raw gas data, when apparently the physical
features are ‘‘divided out’ anyhow by taking
relative consumptions? The reason is that we
need to compare the variance of the movers’
relative consumption to the maximum
possible variance. If the consumption level of
each house in the second winter were totally
unrelated to its own level in the first winter,
we would compute a maximum variance for
the relative consumption of 0.05011 +
0.00048. To obtain this result, we add the var-
iances of the logarithms' of the movers’
normalized gas consumptions in both winters,

0*[LGN(t,)] + 6> [LGN(t;)] =

(0.145)% + (0.171)% = 0.05011 (5)

according to the laws of propagation of
variance of uncorrelated factors.

Had we used raw gas data, the result in
eqn. (5) would have been more than twice as
large, because it would have included the
variation due to the ‘‘obvious’ physical
features as well.

The difference between the movers’ relative
consumption, 0.0358, and the maximum pos-
sible variance of 0.0501 that we derived, sug-
gests that there exists a weak link between the
consumption of movers’ houses before and
after the change in ownership. An F-test,
however, predicts a better than 5% chance
that two random samples (of only 52 units)
of the same variable would have produced the
same ratio of the variances.

tThough not explicitly shown in any table, the va-
riances of the logarithms are nearly identical to the
square of the coefficients of variation listed in Table
2.

Natural logarithm of relative consumption from raw gas data, LRCR * and from normalized gas data, LRC**

Statistics Stayers Movers

(N =153) (N =52)

LRCR LRC LRCR LRC
Mean —0.0112 =+ 0.0090 —0.0059 =+ 0.0087 0.0116 =+ 0.0269 0.0112 = 0.0262
Standard Deviation 0.111 + 0.006 0.107 =+ 0.006 0.194 : 0.019 0.189 +0.019

Variance (S.D.2)

0.01238 + 0.00004 0.01148 + 0.00004 0.03767 = 0.00036 0.03576 = 0.00034

*As defined in text, eqn. (4). Numerical values identical to Table 3.
** As defined in text, eqn. (3).
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Thus, over the two year period, the movers’
houses “forgot” much of their previous con-
sumption levels, while the stayers ‘“remem-
ber” much better, though less than perfectly.
The following section is devoted to a quanti-
tative interpretation of these qualitative
effects.

A THREE-FACTOR MULTIPLICATIVE MODEL
FOR THE HOUSES’ GAS CONSUMPTIONS

The facts of central importance to the fol-
lowing discussion are the differences between
the variances of the relative consumptions,
‘RC — differences in variances for stayers,
movers and for houses where the consump-
tion level changes at random from year to
year.

A three-factor model is proposed to inter-
pret the meaning of these differences both
qualitatively and quantitatively. The three
factors that appear to play a role are: (1)
non-persistent consumption patterns of resi-
dents and/or house: “change”, responsible
for the broadening of the relative consump-
tion distribution as time goes by; (2) persis-
tent behavior of the occupants: “lifestyle”,
manifested in the abrupt change across a
move; (3) “quality,” establishing a weak link
between the consumption patterns of a house
before and after a move.

The distinction between persistent and
non-persistent effects, first formulated by
Socolow [personal communication], is made
necessary by observing that the stayers do not
reproduce their consumption rankings from
year to year perfectly. This observation is the
primary evidence of the factor ‘“‘change”.

By ‘‘change” we intend (a) changes occur-
ring in the occupants’ lives over time: children
are born, spouses trade domestic life for a job,
incomes change, etc.; (b) changes imposed on
the house: the addition of storm windows and
storm doors, the paneling of walls and base-
ment, the purchase of humidifiers and other
appliances, etc.; (c¢) aging of the house; the
compression of attic and wall insulation by
moisture, cracked wall joints, new leaks
around window frames. Experience with these
houses suggests that parts (a) and (b), changes
involving the occupants, are predominant (but
our method of analysis cannot tell this).

By “lifestyle” we intend that part of the
occupant-related behavior assumed to be
persistent in time, including thermal prefer-
ence, the operation of south.facing drapes
and thermostat setbacks.

“Quality” encompasses any built-in invisible
differences, persistent in time, between appa-
rently identical houses, possibly caused by
variable diligence of different construction
crews building the town or by wind exposure,
color, etc.

Admittedly some of the distinctions
between the three factors may be arbitrary.
Compare, for instance, the ‘“persistent’ yearly
treck to Florida of one family to the ‘“once-
in-a-lifetime” voyage to Europe of another
family. Interactions between the different
factors cannot be ruled out either. The
assumptions made in the model proposed
below will be spelled out in detail shortly.
The multiplicative model is represented by
the following equation:

GN,(t) = 100-C;(t): L; @; (6)

where

t represents time (¢, in the first winter

of 1971/72, t, in the second (1972/

73), t3 in the third (1973/74);

is the normalized gas consumption of

the ith house, as defined by eqn. (2),

in the tth 6-month winter;

Ci(t) is the time-dependent variable, ‘“‘chan-
ge’’, for the ith house;

GN(t)

L; is the “‘lifestyle’” for the occupant of
the ith house, independent of time;
Q; is the ‘““‘quality ™ of the ith house, also

time-independent.

The means of the three variables, C, L, @, are
assumed to be close to unity. The variance of
each variable determines the extent to which
that variable contributes to the total variation
of the normalized gas consumption, GN,
among identical houses.

The relative consumption, defined in eqn.
(3), of stayers, movers and random pairs*,

“divides out” two, one or none of the factors
of the model:

B GN;(t3)

Definition: RC,;= "~
GNi(ty)

(4)

1]

*Please see opposite page for footnote.
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Stayers: RC;§ = 7
Ci(ty) (7a)
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Movers: RCY = — (t3) (t3) (7b)

C¥ () L' (t)

Random pairs
of movers:

Rci}jgmz f] (3 Iﬁ 1 L 3

CoY 6y L) Qi)
(7c)

The superscript “new” refers to the new
owners in the second winter; the subscript “j”
refers to the jth house in the second winter,
randomly paired with the ith house in the
first winter.

From the data we know the variances of
the (logarithms of the) left hand sides of the
three eqgns. (7). We can derive the variances
of each of the three factors on the right hand
side if the following three assumptions hold:
(1) the three factors, C, L, Q, are uncorrelat-
ed with each other; (2) the variance of each
factor does not change between the two
winters; (3) the variables representing the new
owners, C"¥(t3) and L"*¥(t3), and the
variables representing the old owners, C°4(t,)
and L°Y4(t;), are uncorrelated and of identical
variances. While the lack of correlation
between old and new owners in assumption
(8) seems reasonable, the variation between
individual lifestyles of the new occupants may
need some time to ‘‘settle” to that of the old
occupants. In fact, Table 2 shows that the
movers’ normalized gas consumption in the
second winter is of slightly wider distribution
than that of the stayers and that of the
movers in the first winter, but an F-test on

*We refer to the reasoning that led to eqn. (5). Con-
ceptually, totally uncorrelated consumptions between
two winters can be thought of as the consumptions of
random pairs of houses: house 17 in the first winter
and house 28 in the second, etc. We symbolize this by
the “randomly paired” relative consumption RCj,
where i, j label random pairs of houses. Though in
this analysis we use random pairs of movers, it can be
shown that random pairs of stayers have an almost
identical distribution of relative consumption.
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the variances is not significant at the 5%
confidence level. Assumption (2) is made plau-
sible by the constancy of the standard devia-
tion of the stayers’ normalized gas consump-
tion across three winters: 14.1,14.4 and 15.0
in 1971/72,1972/73 and 1973/74, respective-
ly. The slight increase over three years cannot
be regarded as significant. Assumption (1) is
the hardest to confirm: it implies, for
instance, that there is no interaction between
occupants and their houses (e.g. a ‘“tight”
house encouraging some occupants to save
energy or, conversely, decreasing their
alertness to energy conservation), a claim
questioned by many social scientists. Though
no evidence could be found supporting or
refuting this assumption and no direct test
could be devised, this author is confident that
interactions between the three factors, if they
exist, would not be so large as to seriously
alter the quantitative results derived below.

With these assumptions, the propagation of
variance can be written as:

Stayers:  ¢*[LRC®] =
0.01148 £ 0.00004 =
202%[LC] (1 — p[LC(t;), LC(t3)])
Movers:  ¢*[LRCM] = (82)
0.03576 £ 0.00034 =

20%[LC] + 20*[LL] (8b)
Random pairs
of movers: ¢>{LRC*M] =

0.05011 £ 0.00048 = (8c)
20%[LC] + 24°[LL] + ZOZ[LQ]

where LRCS = In(RCS), etc., p[LC(t,), LC-
(t3)] is the correlation coefficient between
these variables in the two winters (see below).

Working with the logarithms of the
variables was necessary in order to stay within
the conventional linear framework of the
analysis of variance (ANOVA). The following
results involve the movers only (eqns. 8b and
8c):

“Quality™: o?[LQ] =

0.00718 + 0.00029 (9a)
“Change” and
“lifestyle”: o?[LC] + ¢2[LL] =

0.01788 + 0.00017 (9b)
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How can we separate the individual contribu-
tions of LC and LL to the total variance in
eqn. (9b)? The stayers (eqn. 8a) do not yield
enough information to distill ‘“‘change”, C,
from “lifestyle’’, L; The correlation coeffi-
cient p[LC(¢), LC(t3)] = prce expresses the
degree to which the stayers reproduce their
consumption level over two years. Since
prce = 0, we can state merely that ¢2[LC] >
0.00574. The limited amount of data (too
few houses, too few winters) does not warrant
an exact evaluation of p;c,, although more
information is available and will be discussed
in the next section. Thus, the certain
quantitative results so far are expressed by
eqns. (9).

Summing up what we have learned until
now, we can state that ‘‘the observed varia-
tion in gas consumption among identical
houses (62[LGN] = (0.158)%2 = 0.02505 +
0.00024) is caused to 71.4% by different
occupant-related consumption patterns (o¢2-
[LC] + o%[LL] = (0.134)2 = 0.01788 +
0.00017), and to 28.6% by different house-
related characteristics (0>[LQ] = (0.085)% =
0.00718 * 0.00029).” Translated into
physical units, the observed standard varia-
tion among identical houses is an average of
3.71 MWh per 6-month winter, at an average
consumption of 23.46 MWh per 6-month
winter. Occupant-related consumption
patterns alone would cause a standard devia-
tion of 3.14 MWh per 6-month winter, while
persistent quality differences between houses
alone would cause a standard deviation of
1.99 MWh per 6-month winter.

TIME-DEPENDENT CHANGES IN CONSUMPTION
PATTERNS

Concerning the variation in consumption
among our nominally identical houses in one
particular heating season, the occupants are
responsible for 71% of the observed varia-
tion, the houses for 29%. However, the
stayers sample provides more information
related to the partition between persistent
and non-persistent consumption patterns.

“Change,” the non-persistent factcr, can be
thought of as the result of a continuous series
of random decisions by the occupants affect-
ing energy consumption. The factor ‘“‘change”
1s represented by the variable C(t). The “deci-

sion status’ of the ith family at time ¢ deter.
mines its value, Ci(t), of the variable C(¢),
A histogram of the values C;(t) of all familieg
(or houses) at a given time, ¢, yields the dis-
tribution of the variable C(t) for that time*,
The limited number of possible decisions, the
workings of peer pressure and other ‘“stabiliz-
ing influences” prevent the distribution of
consumption over wmany houses from
broadening indefinitely: no statistically signi-
ficant broadening in gas consumption distri-
bution has been observed in Twin Rivers over
the years. Thus we can visualize the non-
persistent consumption pattern of an
individual family as a “‘random walk” within
a finite range *¢[LC]; the “speed” at which
an individual family randomly ‘walks” can
be observed in the widening of the stayers’
relative consumption distributions over one,
two or more years up to a maximum of
+/20[LC]. The relative consumption of the
movers, in turn, shows no widening. Since
the move totally separates the identities of
the families before and after the move
(separating CP'(¢) from CP°¥(ty)), the relati-
ve consumption already has the full width

+/2o[LC].
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Fig. 4. Variance of stayers’ relative consumption as a
function of time.

Figure 4 shows the logarithmic variances
of the relative consumption of the stayers
among the three winters 1971/72, 1972/73
and 1973/74. The variances are 0.0077,
0.0071 and 0.0115, respectively. The relative
consumption distribution over two years is
clearly wider than the two relative consump-
tion distributions over one year. For short
periods of time or for a very large maximum
range of the “random walk” one can apply
the law of diffusion, whereby the variance is
proportional to elapsed time:

*One can show that the resulting mean and the
standard deviation are practically the same for movers
and stayers.
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o?[LC(t') — LC(t)] =
202[LC1(1 — p[LC(t), LC(t')]) = (¢ —1t)
t'—t>0 (10)

For large periods of time or for a small maxi-
mum range, one would expect the dependen-
ce on elapsed time to level off, since the va-
riance of the random walk (l.h.s. of egn. 10)
cannot exceed 202[LC]. In a rather specula-
tive manner, one could postulate the correla-
tion coefficient in eqn. (10) to ‘“decay” expo-
nentially, with increasing elapsed time:

p[LC(t), LC(t")] = exp[Ht' —1)]/T  (11)
t—1t>0

where T is a time constant associated with
changes in consumption patterns of the occu-
pants.

From the data in Fig. 4, averaging the two
relative consumptions for t'— t = 1 year, we
obtain T = 1.69 years and ¢2[LC] = 0.00830
= (0.091)2. In other words, the variation in
normalized gas consumption over the years,
of the same family in the same house, is likely
to stay within %9.1% of their average
consumption. Though the set of decisions
affecting this variation in gas consumption is
assumed to be continuously under review, it is
not likely to change drastically in less than a
year or so. Over two or more years, however,
the family progressively resembles itself no
more or less than any other family, concern-
ing energy behavior that is susceptible to
change.

These results fit well into the previous anal-
yses: now one could state that ‘“the observ-
ed variation in gas consumptions among
identical houses is caused: 33% by non-persist-
ent changes in consumption patterns, 38% by
persistent occupant-related patterns and 29%
by persistent house-related quality differ-
ences.” However, given the scant amount of
winters for which consumption data are avail-
able at this point, such a conclusion is specula-
tive and awaits confirmation by further re-
search.

CONCLUSION

The variation in a 6-month winter’s gas
consumption among a sample of 205 town-
houses has been explained to about 54% by
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“obvious’ physical features, like the number
of bedrooms, the area of insulated glass, if
any, and whether the house is an end unit.
The main thrust of this article was to deter-
mine the factors responsible for the remain-
ing 46% variation that cannot be explained by
conventional factors.

The strategy was to observe the changes in
consumption levels of the houses in three
different samples: (1) ‘‘stayers”, where houses
and occupants remain the same in every
winter; (2) “movers’”, where the houses
remain the same, but the occupants change;
(3) ‘“random pairs”’, where both houses and
occupants change. The measure for the
change over time in consumption is defined as
“relative consumption” between two winters:
the ratio of the consumption in the second
winter divided by the consumption in the
first. The data allow three different factors to
be discerned: (1) non-persistent consumption
patterns of occupants and/or house,
“change’’; (2) persistent behavior patterns of
the occupants, ‘“lifestyle”; (3) persistent con-
sumption patterns of the house, ‘“quality”.
Assuming that these factors are uncorrelated
and that their variances remain constant for
different winters and for different sets of
occupants (concerning ‘‘movers”), we can
state that 71% of the variation unexplained
by conventional factors is caused by occu-
pant-related consumption patterns, a
combination of the first two factors above,
and 29% by persistent house-related quality
differences. Close scrutiny of the stayers’
sample consumptions across one and two
years suggests, somewhat speculatively, that
the 71% are the sum of 33% non-persistent
patterns (‘“‘change’) and of 38% persistent,
occupant-related patterns (‘lifestyle”).

We have proved experimentally that (so
far) unpredictable behavior patterns of the
occupants introduce a large source of uncer-
tainty in the computation of residential
space heating energy requirements. The lesson
to be learned is two-fold: (i) there is little
practical usefulness in pushing too far the
detail of any deterministic model for the pre-
diction of heating load requirements; (ii)
the effect of retrofits, weather or other
factors physically influencing the heat load of
a house should be tested on many houses
occupied by real people. These conclusions
may be the strongest a posteriori justification
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for the approach of the Twin Rivers project.
That approach placed special emphasis on the
monitoring of a large number of populated
houses, to be modeled in relatively simple
fashion, instead of testing a sophisticated
model under laboratory conditions.

The paper by Seligman et al. [4] describes
how questionnaires have identified the impor-
tance of considerations of health and comfort
in determining level of summer use of air con-
ditioning. Another way in which our group
addressed variability was through on-site
inspection of identical houses. This work
uncovered numerous structural problems that
merited attention, but for the most part it
failed to disclose a pattern of structural prob-
lems across houses that correlated with level
of energy use. Yet another study involved
direct monitoring of interior temperatures
across houses. This revealed a rough correla-
tion of higher interior temperatures with
higher consumption of natural gas. Thus, our
various attempts to clarify the variability in
energy consumption across houses are
broadly consistent, all pointing to the signifi-
cant role of the resident. It follows, we
believe, that constructs of the problem of
achieving energy conservation in housing that
exclude the resident are seriously incomplete.
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APPENDIX

Data acquisition
The data presented in this chapter were
gathered from the monthly readings of the

Public Service Electric and Gas utility, Twin
Rivers’ natural gas supplier. The utility
records list four-digit readings (in units of 100
ft3, corresponding to 0.03004 MWh) and
special flags for missing or estimated readings.
All meters are read at the end of the month,
within three to four days. Even if the reading
order were not the same each month, the
error introduced by the uncertainty in the
exact reading date cannot be large, when com-
pared to the 6 months of the entire heating
season. Moreover, any such error would occur
in the mild months of November or April,
that contribute little to the total 6-month gas
consumption.

There are 248 townhouses in quad 2, upon
which we concentrated our efforts. In a first
elimination process, all houses with missing or
estimated readings that influence the comput-
ation of the 6-months (November—April) con-
sumptions were eliminated. The monthly
electric consumption records of the Jersey
Central Power and Light utility for the same
houses were consulted to establish when and
where a change in ownership occurred: when
the billing address of a customer changes, a
special code number is increased by one. All
houses for which a move occurred during any
of the eight winter months October-May, in
either 1971/72 or 1973/74, were also
eliminated. Subletting a house to another
family was considered a ‘“‘de facto” move.
Such occurrences could be detected from the
change in the resident’s name in the utility
records, although the billing address remained
unchanged. The electric utility records proved
very useful in detecting a prolonged absence
by the owners: under such circumstances the
electric consumption, a good measure for the
“activity” inside the house, would drop to
very low levels, while a sizeable gas consump-
tion would remain even if the thermostat
were set back to 12 °C (55 °F), the minimum
possible setting on the thermostats employed
in these houses. Such absences over several
months were also excluded.

As a result of these successive eliminations,
the original 248 townhouse sample was
reduced to a ‘‘clean” sample of 205 town-
houses. This sample, in turn, was split into
“movers” and ‘‘stayers’’, according to
whether a change in ownership occurred be-

tween the heating seasons under considera-
tion.
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