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Abstract

This paper measures energy efficiency improvements of US single-family

homes between 1997 and 2001 using Data Envelopment Analysis (DEA).

Energy efficiency is captured by an indicator that is related to the energy

conservation potential. Nonparametric tests confirm that the conservation

potential of the households sampled in 2001 is significantly smaller com-

pared with households sampled in 1997, suggesting a significant efficiency

improvement.
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1 Introduction

Improvements of energy efficiency is often cited as a possible option to alleviate

both the greenhouse effect and import dependencies on fossil fuels. It is expected

that the residential sector, in particular, can contribute substantially to efficiency

improvements. Not only do residents account for a large share of final energy

consumption, but their homes are often equipped with out-of-date and energy-

inefficient appliances.

A number of approaches and concepts to measure energy efficiency have

evolved in the literature (see Ang (2006) for a recent review). The spectrum

of indicators ranges from the simple ratio of energy usage per capita to sophisti-

cated composite index approaches, measuring efficiency on a very disaggregated

level. However, such sophisticated indices come at a cost of extensive data re-

quirements for the efficiency component. The option for the analyst to fulfill

these requirements are rare, especially in the household sector. He can either

use exact but expensive metering, with the undesirable feature that the metered

values would frequently base on very few observations. The alternatives are to

combine survey data with regression techniques (EIA 1999) or comparing energy

consumption between groups of households (Schipper et al. 1985). But still, the

meager empirical data situation raises the desire to have a meaningful efficiency

index that avoids extensive data requirements.

This paper measures residential energy efficiency for US single-family homes

using Data Envelopment Analysis (DEA). DEA is a nonparametric frontier esti-

mation technique that is firmly anchored in production theory (see e.g. Seiford

and Thrall, 1990). One of the key advantages of the approach are its light data

requirements. We use household survey data, publicly available from the US en-

ergy department. After deriving the efficiency indicator from two samples drawn

in 1997 and 2001, we test whether the estimated efficiency improvements are

statistically significant.
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Applications of DEA in the context of energy efficiency are sparely. Ferrier

and Hirschberg (1992) employed DEA to measure energy efficiency of US commer-

cial buildings, Mukherjee (forthcoming) uses DEA to estimate energy efficiency

trends in the US manufacturing sector. Phylipsen et al. (1997, 1998) applied a

comparable benchmarking procedure for the European cement industry. To our

knowledge this is the first paper that explicitly measures and tests for residential

efficiency improvements with DEA.

The outline of the paper is as follows. In Section 2, we introduce the DEA

methodology and show how it fits into the usual definition of energy efficiency.

Section 3 provides an overview of our data set. In Section 4, we discuss our

results, while section 5 concludes.

2 Measuring energy efficiency

Residential energy consumption derives from the demand for energy services,

such as the demand for thermal comfort. Households ‘produce’ those services

with their energy commodities (e.g. heating equipment) by using a set of fuel

inputs. The standard approach to measure residential energy efficiency draws on

the framework of Becker’s (1965) home-production function. Along these lines,

Wirl (1997:17) defines residential energy efficiency as the ratio between the output

of a certain service s and the energy e consumed to produce it:

(1) ϕ :=
s

e
.

An improvement of energy efficiency would result in an increase of ϕ.

Frequently, the literature uses the inverse measure 1/ϕ (often called energy

intensity) to express efficiency tendencies for a certain service. For instance, the

so called ASI approach combines 1/ϕ with non-efficiency related indices to de-

compose changes in residential energy consumption (Haas 1997, Schipper et al.

2001, Schipper et al 1985). The major drawback of ASI is its extensive data re-
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Figure 1: Benchmarking against the best-practice frontier
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quirements, as it requires separate figures of energy intensities for each produced

service. This means, the researcher needs information on how much energy was

consumed e.g. for preparing one liter of hot water. Such data are rarely available

in the residential sector and must be obtained either from costly monitoring, due

to regression techniques (EIA 1999), or must base on comparisons between groups

of households (Schipper et al. 1985). A more desirable approach would encom-

pass the convenience of the ASI methodology with less onerous data requirements.

Basically, DEA can be considered as a generalization of the energy efficiency defi-

nition (1). Figure 1(a) illustrates the similarities between DEA and ϕ. Typically,

ϕ is computed for an average household and is the slope of the ray through the

origin and the average household. In contrast, DEA computes a best-practice

frontier, which is in the one-input one-output case the steepest ray through the

origin that has support from at least one data point.1 The production plans of

1To be more precise: such a DEA model would assume a technology with constant returns
to scale.
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all households are bounded by the best-practice frontier, and are benchmarked

against this frontier.

To formalize things, let sssl = (s1l, . . . , sJl)
′ be a vector of produced services

sjl (j = 1, . . . , J) from household l (l = 1, . . . , L), and let el be l’s total energy

input.2 Each household uses a positive amount of energy to produce at least one

service. Assuming that household o wants to appear as efficient as possible, the

goal is to:

max
uuuo vo

ηo =
uuu′

ossso

voeo

=

∑J
j=1 ujosjo

voeo

subject to(2a)

∑
j ujosjl

voel

≤ 1 l = 1, . . . , L,(2b)

with weights, uuuo = (u1o, . . . , uJo)
′, ujo ≥ 0, and vo ≥ 0, assigned to the outputs

and the input, respectively.

Problem (2) must be solved for each household. It is a ratio of weighted service

output to weighted fuel input, subject to the condition that the similar ratio for

each of the L households is less than or equal to unity. An important implicit

assumption is that the underlying technology exhibits constant returns to scale

(Charness, Cooper and Rhodes, 1978). Note that ηo resembles definition (1) of

energy efficiency. Due to its weighting scheme, problem (2) can handle several

services simultaneously such that a decomposition of total energy demand is not

necessary.

Let (η∗
o ,uuu

∗
o, v

∗
o) describe the optimal solution of model (2) for household o.

The product η∗
oeo is a measure of how much energy consumption is justified for

the service production of household o such that o will become efficient. Thus,

η∗
o = 1 indicates a position on the (technically) efficient frontier, as depicted for

the best-practice household in Figure 1(b). If 0 < η∗
o < 1, household o can re-

duce its energy consumption by (1− η∗
o) percent, or by (1− η∗

o)eo units, without

2We restrict our analysis on the case of only one input (energy) and multiple outputs (ser-
vices), although DEA can easily deal with multiple inputs and outputs. See e.g. Seiford and
Thrall (1990).
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being forced to diminish the service level. The same amount of services may

be maintained by improved efficiency. In Figure 1(b) the corresponding conser-

vation potential is illustrated for the average household as distance to the frontier.

By setting ũj = ujo/vo > 0, ũ̃ũu = (ũ1, . . . , ũJ)′, and ho = ηoeo > 0, we obtain a

simpler model:

max
ũ̃ũu

ho = ũ̃ũu′ssso =
∑

j

ũjsjo subject to(3a)

∑
j

ũjsjl ≤ el l = 1, . . . , L,(3b)

which goes back to Dyson and Thanassoulis (1988). Similar to model (2), the

optimal value h∗
o = η∗

oeo is a measure of how much energy consumption is justified

for the service production of household o.

The weights ũj can be interpreted as the amount of energy consumed by

household o in the production of one unit of sj, as it can be seen in (3b). For

example, if service 1 stands for space heating (measured in squared-meters, m2)

and energy consumption e is expressed in kilowatthours (kWh), then ũ1 is mea-

sured in kWh/m2. Loosely speaking, the vector ũ̃ũu can be thought of as the energy

intensities from household o.

The benchmarking process works as follows. By maximizing (3a), household

o proposes a certain pattern of intensities ũ̃ũu, and a respective amount of energy

eo. In (3b), these intensities are plugged into the production plans (sssl, el) of

all L households. If the pattern ũ̃ũu is not feasible for at least one household l,

meaning that
∑

j ũjsjl > el, household l is able to produce at least one service

with a lower energy intensity. The process will then be reiterated with a different

pattern of intensities, until the optimal pattern ũ̃ũu∗ for household o is feasible for

any household. This reiteration leads to the decrease of at least one ũj, such

that the justified amount of energy h∗
o =

∑
j ũ∗

jsjo will fall below actual energy

consumption (h∗
o < eo). Because η∗

o = h∗
o/eo, household o is inefficient with
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0 < η∗
o < 1. Since ũ̃ũu∗ is also feasible for the best-practice households, h∗

o reflects

the amount of energy that a best-practice household would consume at most,

given that it would produce the same amount of services as household o.

3 The Data

We use data from the US Residential Energy Consumption Survey (RECS), con-

ducted regulary by the US Energy Information Administration (EIA).3 For our

purpose, we use the surveys of 1997 and 2001 to check for energy efficiency im-

provements. Each survey contains household micro data of energy consumption,

dwelling characteristics and the number of electric appliances. We concentrate

our attention only on households living in single-family homes.

We had to drop a couple of observations from both years because of missing

or implausible data. Because of lacking or inappropriate consumption figures

we exclude households using coal, wood, district heating, renewable energies and

households that state that their energy consumption covers demand from non-

residential purposes or were disconnected from energy supply (e.g. due to an

unpaid utility bill). Further we we remove all households that had reported an

annual energy consumption of less than 40 kWh per square-meter living space

(including electricity and space heating/cooling).4 The remaining sample com-

prises 4,284 households in total, from which 2,432 come from the 1997 survey,

and 1,852 households from the 2001 survey.

Table 1 summarizes the employed input and output data. The only input

is the households’ total energy consumption, measured in kWh. We consider

the following end uses: space heating and cooling, water heating, cooking, and

electric appliances. The number of household members are used as proxy for hot

water and cooking demands. To account for energy consumption due to the use

3The data are available online at http://www.eia.doe.gov/emeu/recs/contents.html.
4Such a low consumption appears implausible, since it would even outperform a standard of

low-energy buildings, which requires an energy consumption of annually at most 40 kWh/m2.
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Table 1: Data Summary
1997 2001 Total

Mean Median Mean Median Mean Median
Total energy kWh 35,310 32,765 32,400 30,406 34,052 31,775
Heatnorm m2 152 138 179 159 164 145
Coolnorm m2 121 104 195 150 153 120
Persons number 2.6 2 2.7 2 2.7 2
Electr. Appliances number 3.8 3 4.7 4 4.2 4
Fridges, Freezers number 1.6 1 1.6 2 1.6 1

of electric appliances, we incorporate the joint number of TV-sets, videos, DVDs,

and computers. The overall number of refrigerators and freezers in the household

are likewise included in our estimation.

To account for climate conditions, we calculate the following normalized values

for thermal conditioned living space:

(4) heatnorml = spacel × NHDDl

(5) coolnorml =

⎧⎪⎨
⎪⎩

spacel × NCDDl, if household has air-conditioning,

0, else,

where spacel describes the living space of household l in m2. The factors NHDDl

and NCDDl control for the deviation of (household specific) actual heating

(HDDl) and cooling degree days (CDDl) from their 30 year average (1961 to

1990, NCDC 2002a, 2002b):5

(6) NHDDl =
HDDl

average HDD
,

(7) NCDDl =
CDDl

average CDD
.

HDD are calculated as the difference between 65◦ F indoor temperature and the

daily average outdoor temperature below 65◦ F, summed over all days of a year.

5Since the most precise location we have for the households is their affiliation to a US census
divison, we used 30 year averages on a division basis.
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CDD are calculated in a like manner. The effect of the adjustment is twofold.

A household that has to bridge a large gap between indoor and outdoor tem-

perature gets in this way comparable to households living in moderate climatic

regions of the USA. Further, it is controlled for intertemporal changing weather

conditions.

By pooling all households from both years and solving model (3) for each house-

hold, we benchmark each household against an intertemporal best-practice fron-

tier (Tulkens and Vanden Eeckhaut 1995), and obtain for every household an

efficiency estimates η∗
l . We continue with two empirical efficiency distributions,

one for each of the respective years. If energy efficiency has improved between

1997 and 2001, we generally expect a comparably larger η∗
l (meaning a smaller

conservation potential) for households belonging to the 2001 survey. Thus, we

can focus on deviations between the efficiency distributions from 1997 and 2001.

To test whether such a difference is significant, we employ simple nonparamet-

ric tests, which are in line with the nonparametric nature of the DEA method-

ology. The Kolmogorov-Smirnov (KS) Two-Sample Test focuses on the maximal

vertical deviation between the two cumulative densities and tests if one distri-

bution is stochastically larger than the other. Further, we use the Robust-Rank-

Order Test which draws inference from a rank vector. Both tests are discussed

in more detail in the appendix.

4 Results

Figure 2 shows the empirical and the cumulative densities of the two distributions.

The bulk of observations lie within a range of 0.1 < η∗
l < 0.6, with a tail to the

right. There are 33 households with an η∗
l = 1, thus, serving as best-practice

benchmark. The average η∗ of 1997 amounts to 0.38, whereas the average η∗ of

2001 is 0.46. This increase gives a first hint that some efficiency improvements

9



Figure 2: Efficiency estimates η∗ in single-family homes
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between 1997 and 2001 have occurred.

As can be seen in Figure 2, the 2001 density has more mass in higher efficiency

regions, compared to its counterpart. Accordingly, the cumulative density of

2001 lies well below the cumulative density of 1997: The (one-side) Kolmogorov-

Smirnov test computes a maximal distance of D = 0.2355 between the two cumu-

lative densities, which is significantly different from zero (p-value: 0). Likewise,

the Robust-Rank-Order test computes a test statistic of Ũ = 16.48, being far

higher than any popular critical value. In short, both tests indicate a statistical

significant improvement in energy efficiency for US single-homes between 1997

and 2001.

The long tails of the two distributions in Figure 2 imply, that an average

household is quite inefficient, compared to the best-practice benchmarks, and

exhibits a large conservation potential. A look at the mean distance between

actual energy consumption and efficient consumption gives some hint on the
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Figure 3: Mean Efficient and Mean Actual Energy Consumption

currently remaining conservation potential. Figure 3 shows actual (black triangle)

and computed efficient consumption (black square) for the average household in

both years and for each main heating fuel. The average fuel oil consumer demands

the most energy per household: in 1997 the mean fuel oil consumption adds up to

40,157 kWh. The average household who heats mainly with electricity demands

just about 50% of this amount. In the wake of this difference, households heating

with oil exhibit on average a much larger conservation potential.6

It is plausible to assume that an inverse relationship exists between the con-

servation potential and the cost of conserving energy. Thus, one can expect

that the biggest efficiency improvements come from heating systems with a large

conservation potential. As Figure 3 reveals, the most notable efficiency improve-

ments came in fact from households heating either with natural gas or fuel oil.

6Note that the reported household consumption refers to site or delivered energy. The
proportions between oil and electricity heaters would not appear such drastically, if we would
consider primary energy, and account thereby for conversion leakage in the power plants. The
EIA (1997) reports that households heating mainly with electricity consume on average 34,172
kWh of primary energy.
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Their conservation potential decreased most striking between the years, whereas

the mean actual consumption for electricity remained quite stable. But it is

apparent, that especially oil users exhibit still the largest conservation potential.

A substantial share of the observed declines in conservation potential stem

from an increase of the respective efficient consumption value. This rise of the

benchmark might appear counterintuitive, especially because we are faced with

efficiency improvements. The benchmark varies between fuels and years, since

it depends on the certain characteristics included in model (3) of the particular

average household. For example, in 2001 the normalized heated living space

(‘heatnorm’) of the mean fuel oil consumer adds up to 211 m2, whereas only

130 m2 are heated on average by electric heaters. Accordingly, a larger energy

consumption is justified in 2001 for the average fuel oil consumer. The increase in

the produced amount of services between the years (Table 1) likewise explains the

rise of the justified amount of energy consumption. Unfortunately, this growth

in service production narrows the currently remaining conservation potential and

limits the capability of efficiency improvements to counteract the greenhouse

effect and fuel import dependencies.

5 Summary

This paper has measured energy efficiency improvements in US single-family

homes between 1997 and 2001. Treating a household as a producing entity

(Becker, 1965), we use an intertemporal version of Dyson and Thanassoulis (1988)

DEA model. With simple nonparametric tests we checked for efficiency improve-

ments.

DEA has a strong theoretical background in production theory (Seiford and

Thrall, 1990) and is as easy to interpret as the traditional efficiency measurement

approaches. In favor of DEA we argue, that it has light data requirements and

can avoid the burdensome demands that accompany the traditional approaches.
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Our analysis reveals that, in fact, US households living in single-family homes

improved their energy efficiency by narrowing their distance to the efficient best-

practice frontier. But this distance shows also the currently remaining capability

of improving efficiency to alleviate the greenhouse effect and fuel import de-

pendencies. This capability is increasingly limited, since the observed decline

in conservation potential is partially caused by a growth of households’ service

production. Hence, if all households had already operated efficiently, residential

energy consumption would even have increased.
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Appendix: Nonparametric tests

The Kolmogorov-Smirnov (KS) Two-Sample Test examines whether two inde-

pendent samples come from the same population.7 It focuses on the maximal

vertical deviation between the two empirical cumulative density distributions.

As a one-tail test, it tests H0: “No difference in the distributions” against H1:

“One distribution is stochastically larger”, where ‘stochastically larger’ means in

our context ‘more efficient’, since efficiency increases with η∗. Basically, the KS

test computes along the range of η∗ the difference between the two cumulative

density functions:

(8) D = max{F1997(η
∗) − F2001(η

∗)}

and tests if this difference is “large enough” to reject H0. The KS test is stan-

dard in most statistical software packages and can therefore be easily adopted. If

no such option is available, Siegel and Castellan (1988) report tables for critical

values.

Another method of comparing the difference between two distributions is to rank

all L households by their η∗
l in ascending order, such that the largest η∗

l leads

7For more than two samples, one can use the Jonckheere test for ordered alternatives,
described in e.g. Siegel and Castellan (1988).
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to the highest rank. Now, if the households surveyed in 2001 are more efficient

than the households surveyed in 1997, the bulk of the in 2001 inquired households

should be assigned with comparably higher ranks. On the other hand, if no differ-

ence can be found, the observations of both years should be distributed randomly

across the rank vector. The Robust-Rank-Order Test (Siegel and Castellan, 1988)

inspects whether the assigned ranks for one year are significantly larger. For each

household, this test counts how many observations of the other survey year have

a smaller rank, viz. are less efficient. For example, if a household l is surveyed in

1997 and has rank 15 we count for the ranks 1 to 14 how many households were

surveyed in 2001. If this count is 6, then U1997
l = 6.

After doing this count for all members in both sets, the respective means and

variabilities can be calculated:

U2001 =
∑

l∈ 2001

U2001
l /L2001(9a)

U1997 =
∑

l∈ 1997

U1997
l /L1997(9b)

V 2001 =
∑

l∈ 2001

[U2001
l − U2001]2(9c)

V 1997 =
∑

l∈ 1997

[U1997
l − U1997]2,(9d)

where L2001 and L1997 describes the number of households surveyed in 2001 and

1997, respectively. The test statistics:

(10) Ũ =
L1997 U1997 − L2001 U2001

2
√

V 1997 + V 2001 + U1997U2001

approaches the unit normal distribution for large samples. For small samples

(e.g. L1997 ≤ L2001 ≤ 12) tabulated values are available (Siegel and Castellan,

1988).

A natural occurrence with DEA are ties across groups in the rank assignment.

At least if we find several efficient households with η∗
l = 1 while belonging to dif-

ferent survey years, we have ties for the highest ranks. In such a case, households
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of the other survey year having the same rank are judged only with 1/2 (Siegel

and Castellan, 1988). This means for a certain household l from 1997: Count

all households surveyed in 2001 with a lower rank + 1/2 times the households

surveyed in 2001 having the same rank like household l.
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