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a  b  s  t  r  a  c  t

Building  envelope  airtightness  is important  for residential  energy  use,  occupant  health  and  comfort.  We
analyzed  the  air  leakage  measurements  of  134,000  single-family  detached  homes  in  US,  using normalized
leakage  (NL)  as  the  metric.  Weatherization  assistance  programs  (WAPs)  and  residential  energy  efficiency
programs  contributed  most  of the  data.  We  performed  regression  analyses  to  examine  the  relationship
between  NL and various  house  characteristics.  Explanatory  variables  that  are  correlated  with  NL include
year  built,  climate  zone,  floor  area,  house  height,  and whether  homes  participated  in WAPs  or  if they
are  energy  efficiency  rated  homes.  Foundation  type  and  whether  ducts  are  located  outside  or  inside  the
ormalized leakage
ir infiltration
uilding envelope airtightness

conditioned  space  are  also  found  to be useful  parameters  for predicting  NL.  We  developed  a  regression
model  that  explains  approximately  68%  of the  observed  variability  across  US  homes.  Of  these  variables
considered,  year  built  and  climate  zone  are  the  two that  have  the  largest  influence  on NL. The  regression
model  can  be  used  to  predict air leakage  values  for  individual  homes,  and  distributions  for  groups  of
homes,  based  on  their  characteristics.  Using RECS  2009  data,  the  regression  model  predicts  90%  of  US
houses  have  NL between  0.22  and  1.95,  with  a median  of 0.67.

©  2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

Residential energy efficiency and weatherization assistance pro-
rams (WAPs) have led to many measurements of air leakage being
ade in the US in recent years. We  gathered these data to charac-

erize the air leakage distribution of homes in the US. Uncontrolled
irflow through the building envelope has important implications
o energy consumption in residences. Most US homes depend on air
nfiltration as the dominant mean of ventilation, so air leakage also
mpacts the indoor environmental quality of homes. It is the goal
f this regression analysis to identify housing characteristics that
an explain the observed variability in air leakage of single-family
etached homes. Using the regression results and US housing data,
e estimated an air leakage distribution that is representative for

he current housing stock.
In 2011, we gathered a large number of air leakage measure-

ents from more than 100,000 US homes. These measurements
ere added to data that were previously analyzed [1,2] to form

he Lawrence Berkeley National Laboratory Residential Diagnos-
ics Database (ResDB). Previous versions of ResDB were dominated

y a few data sources. As such, the data were not representative of
he US. The vast majority of the data were provided by an income-
ualified WAP  in Ohio. At that time, the dataset was  also dominated

∗ Corresponding author. Tel.: +1 510 4866570; fax: +1 510 4866658.
E-mail address: wrchan@lbl.gov (W.R. Chan).

378-7788/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.enbuild.2013.07.047
by energy-efficient homes that were built for the extreme weather
in Alaska. Furthermore, all of the ResDB data previously analyzed
were collected in 2001 and earlier. Therefore, there is a need to
update the database to include homes that are built more recently,
especially because many residential analyses by other researchers
[3–5] has since relied on that dataset dated 2001 as one of the model
inputs.

In response to changes in building codes, recent studies have
evaluated the energy use and other performance aspects of new
US homes [6–8]. These studies suggest a general trend that new
homes are being built tighter in some parts of the US. But many
factors influence the air leakage of homes. In the presence of con-
siderable house-to-house variability that is inherent in a housing
stock, a large dataset is necessary for the regression analysis to
evaluate the associations of air leakage with a number of hous-
ing characteristics. The approach used in this work largely follows
previous regression analyses [1,2]. Recent studies in other coun-
tries have also found meaningful associations of air leakage with
various housing characteristics: e.g., differences by construction
and structural types [9–11], dwelling age and size [12]. In Canada,
a study of 100 newly constructed homes that are representa-
tive of the new home market of 2008 found attached houses
to have higher air leakage than detached houses, using average

ACH50 as the metric of comparison [9]. Houses with a garage
or are multi-story, for example, also tend to higher ACH50 on
average. However, a similar comparison among 230 new Finnish
single-family houses and apartments built in mid-2000 found the

dx.doi.org/10.1016/j.enbuild.2013.07.047
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2013.07.047&domain=pdf
mailto:wrchan@lbl.gov
dx.doi.org/10.1016/j.enbuild.2013.07.047
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also the most represented in ResDB.
Income-qualified WAPs contribute half of the data in ResDB.

In addition to the Ohio data that dominated the previous analy-
ses, states with WAP  data include Arkansas, California, Iowa, Idaho,
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everse [10], where the airtightness of apartments was better
han that of the single-family houses. The study identified the
oint between the exterior wall and the ceiling as being the most
ommon source of air leakage, and houses with a concrete ceil-
ng are more airtight than with a timber-frame ceiling. Both of
hese studies only compared the average air leakage values of
omes with different characteristics, and did not evaluate the rela-
ionship of house characteristics and air leakage using statistical

ethod.
Multivariate linear regression and other statistical techniques

ere used to analyze the relationship between house charac-
eristics and air leakage among 287 dwellings in UK [11] and
83 single-family dwellings in France [12]. The regression models
esulted from these fairly small datasets explained roughly half of
he variability in air leakage, where the R2 equals 0.5 and 0.4 for the
omes studied in the two countries, respectively. The UK dwellings
11] include detached, semi-detached, and apartments that were
uilt by three companies in different regions after 2006. Similar
o the Finnish study, apartments showed better airtightness than
ouses. In addition, there are notable differences between the three
uilders, and the construction types (e.g., precast concrete panel the
ost airtight, followed by timber frame). The French database [12]

ontains houses that are more diverse in year built, which allows
he relationship with air leakage be captured also in the regression

odel.
The objective of this work is to characterize the air leakage

istribution of homes in the US. A large air leakage dataset was
nalyzed by regression to identify housing characteristics that
re correlated with the air leakage measurements. The hous-
ng characteristics considered are descriptive parameters that are
vailable from various US housing surveys. This enables the esti-
ate of air leakage distribution representative of the US housing

tock, as well as subgroups of homes based on their charac-
eristics, as presented in this paper. This approach is similar in
oncept to other predictive methods recently reviewed [13], but
ifferent in that the parameters considered are not component
ased (i.e., summing of the total air leakage area of window
nd door frames, electrical outlets, etc.), but rather it is largely
ased on more general descriptions of the whole house (e.g.,
limate zone, year built, floor foundation type, etc.). Results of
his regression can be used to expand the scope of energy use
nd occupant health and comfort analysis from small-scale stud-
es of a few homes [14] to a housing stock-scale evaluation
15].

.1. Air leakage measurements

Air leakage is quantified by measuring the airflow through the
uilding envelope, Q (m3/s), as a function of the pressure across the
uilding envelope, �P  (Pa). This relationship fits a power law [16],
s described in Eq. (1).

 = C�Pn (1)

here C (m3/s Pan) is the flow exponent, and n is the pressure expo-
ent. E779-10 is the measurement standard most commonly used

n the US [17]. Typically, airflow is measured using a blower door
t �P  = 50 Pa. This pressure difference is low enough for standard
lower door devices to achieve in most houses. At the same time,
t is high enough to be reasonably independent of weather influ-
nces. For a more detail discussion of the blower door measurement
echnique that is commonly used to collect air leakage data, see
18].
ldings 66 (2013) 616–625 617

Air leakage measurements are converted to normalized leakage
(NL) for this analysis, as follows:

NL = 1000
(

ELA4

Area

)  (
H

2.5 m

)0.3

ELA4 =
√

�

2(4 Pa)
Q50

(
4 Pa

50 Pa

)0.65
(2)

where ELA4 (m2) is the effective leakage area at 4 Pa, Q50 (m3/s) is
the airflow at 50 Pa, Area (m2) is the floor area, H (m) is the house
height, and � = 1.2 kg/m3. ELA4 is a measure of air leakage, which
represents the area of an orifice that would result in the same air-
flow through the building envelope at a pressure difference of 4 Pa.
Other commonly used metrics of air leakage include air changes per
hour at 50 Pa (ACH50), which equals Q50 divided by the house vol-
ume. The conversion of NL to ACH50 can be easily performed using
Eq. (2) by first estimating Q50, and then divide Q50 by the house vol-
ume. Roughly speaking, NL = 0.55 corresponds to ACH50 = 10. NL is a
useful and convenient metric to describe the air leakage of buildings
of different sizes because Area and H often are known parameters
or they can be measured quite easily. NL is used in this analysis also
for the sake of consistency with earlier work on the air leakage of
US homes [1,2,19,20].

2. Data description

ResDB contains air leakage data from 147,000 US homes (Fig. 1),
of which 92% are from single-family detached homes that will be
analyzed here. The remaining data are mostly from manufactured
homes (5% of the data) that participated in WAPs, and also from
single-family attached homes and multi-family housing units but
in fewer numbers. Because there are potential differences in the air
leakage characteristics of these other housing types, this analysis
will focus on single-family detached homes only. Approximately
two-fifth of the air leakage data were added to ResDB in 2011. Data
sources contributed voluntarily to ResDB. Therefore, even though
the sample size is large, these self-selected data do not form a rep-
resentative sample of US homes. In addition, there are also many
missing data in ResDB. The handling of these missing data, such
as year built, foundation type, and duct location, will be described
below. Other detail characteristics, such as frame, wall, and roof
materials and construction types, are available in too few of the
homes to be considered in the regression analysis. In the US, stick
frame structures are the most common, so it is likely that they are
Fig. 1. Number of homes represented in ResDB. Counts include all single-family
detached and attached homes, multi-family housing units, and manufactured
homes.
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Fig. 2. Normalized leakage distribution of single-family detached homes in ResDB.
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hio, Minnesota, Montana, Pennsylvania, Utah, Virginia, Washing-
on, and Wisconsin. WAPs require the air leakage of homes be tested
wice, once before and once after weatherization, to demonstrate
irtightness improvements from air sealing and other measures.
ince WAPs are administered by the states, there are many differ-
nces in how the weatherization measures were performed and
he way data were collected [21]. Some of the air leakage data are
rovided in the form of a database by state agencies that are respon-
ible for WAP, while others are contributed directly by contractors
ho performed the weatherization.

Residential energy efficiency programs are another major
ources of data. For example, the Home Performance with ENERGY
TAR program for existing homes is implemented in over 30 states
n the US [22]. Many utility sponsored programs also offer incen-
ives for energy efficiency upgrades. Energy auditors who  collected
he measurements contributed the majority of the energy efficiency
rogram data. Some energy efficiency programs also provided
re- and post-retrofit air leakage measurements. New Jersey and
innesota are the two states with the most number of pre- and

ost-data. There are also a large number of data from residential
nergy efficiency programs in Vermont, Indiana, California, and
eorgia.

Approximately 30% of the recently added data are from homes
uilt after 2006. Many of these new homes were tested for air

eakage in order to obtain an energy efficiency rating, or to meet
he airtightness guidelines of building codes. These data were con-
ributed mostly by energy auditors who performed the tests, or by

 third-party verifier. In addition, there are also a few research pro-
rams that collected data on new homes, such as the US Department
f Energy’s Building America Program. California, North Carolina,
evada, Texas, and Washington are some of the states with many
ata from new homes in ResDB.

Energy-efficient homes from Alaska were present in large num-
ers in the previous version of ResDB. The recently added data
lso contain some homes that are rated for energy efficiency, but
n fewer numbers. There are four data contributors that tested
pproximately 8000 energy-efficient homes. Florida, North Car-
lina, and Washington are the leading states with the most number
f energy-efficient homes represented in ResDB. Homes are iden-
ified as rated for energy efficiency according to the program
escriptions from the data contributors. Consequently, there are
ifferences in how the ratings are defined among programs. But
inimizing air leakage is a common strategy in energy efficient

omes, so it is reasonable to expect some differences between these
omes as a group relative to the general housing stock.

.1. Normalized leakage

Single-family detached homes in ResDB have NL that is log-
ormal distributed (Fig. 2). Typical values of NL range from 0.16
o 2.23 (5th and 95th percentiles; roughly correspond to 3–40
CH50). Homes from 43 states are represented. Approximately half
f the data are from WAPs, and one-fifth are energy efficiency rated
omes. The median floor area is 140 m2 (interquartile 100–195 m2)
nd median year built in 1970 (interquartile 1932–1999). This is
airly typical of the US housing stock. The American Housing Survey
009 reports that the median floor area is 160 m2 and the median
ear built is 1974 [23].

When computing NL from measurements of Q50 using Eq. (2), if
 is not provided, we assumed 2.5 m for each story, and an addi-

ional 0.5 m for ground level and inter-floor framing. In about 10%
f the homes where both the number of story and house height

re unknown, we followed the same assumption from previous
nalyses of ResDB [1,2] that houses <200 m2 are single-story, and
200 m2 are two-story. In US, about 80% of single-story detached
ouses are <200 m2, but only half of the multi-story detached
Fig. 3. Distribution of pressure exponent reported from blower door measurements
in  ResDB.

houses are <200 m2 [23]. This simple method of using the house
size to approximate number of story is reasonable, but it is a source
of uncertain in the data analysis.

In most cases, n = 0.65 is assumed in computing NL. This com-
monly used value is based on the assumption that air leakage
pathway in residences are dominated by developing flows in cracks,
such that n = 0.67 (or 2/3) [24]. ResDB contains 7000 measurements
of n (Fig. 3), most of these are data added to ResDB in 2011. The dis-
tribution of n is roughly normal, with a mean at the expected value
of 0.65. The value of n is interesting from a diagnostic perspective
because it provides an indication of the relative size of the dominant
leaks. If the leakage pathways are small and long, then n increases
to approach 1; but if leakage pathways are dominated by specific
openings such as a flue, then n decreases to approach 0.5.

3. Method

The multivariate regression considers the relationship between

NL and these housing characteristics that are available from ResDB.
I’s are indicator variables that have values of either 1 or 0, depending
if a condition is true or false.
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a) Year built (
↔

Iyear): before 1960, 60–69, 70–79, 80–89, 90–99,
2000 and after

b) IECC climate zones1 (
↔
Icz): twelve combinations of zones 1–8 in

four climates: humid (A), dry (B), marine (C), and Alaska (AK)
(c) Homes participated in WAP  (ILI)
d) Homes rated for energy efficiency (Ie)
e) Floor area, Area (m2), and house height, H (m)
(f) Foundation type: slab (Islab), conditioned basement/unvented

crawlspace (Ifloor1), unconditioned basement/vented
crawlspace (Ifloor2)

g) Duct location: conditioned space (Icond), unconditioned
attic/basement (Iduct1), vented crawlspace (Iduct2)

Some data in ResDB give the exact year built of the homes tested,
hile others provided a range. To maximize the number of available
ata in the regression analysis, year built is considered as a categor-

cal parameter as described above. There are approximately 98,000
easurements of NL where housing parameters (a–e) are known.

ear built is missing from the remaining 36,000 homes, and most
f the data (>90%) are missing parameters (f) and (g). To handle
hese missing data, we preformed several multiple regression anal-
ses and combined the results as follows. We  first performed the
egression between ln(NL) and parameters (a–e) with the 98,000
easurements, as shown in Eq. (3).

n(NL) = ˇyY+
↔
ˇcz

↔
Icz +ˇLIILI + ˇeIe + ˇareaArea + ˇhH (3)

here Y is an integer between 5 (oldest) and 0 (newest) corre-
ponding to the six year built categories as described above. Eq. (3)
ives ˇy = 0.141 (95% confidence interval = 0.138–0.143), meaning
hat ln(NL) decreases at a rate of 0.14 per decade. Using ˇy and
stimates of the other coefficients (ˇ’s) from Eq. (3), homes with
issing year built are imputed by selecting one of the six year built

ategories to minimize the difference between NL predicted by Eq.
3) and the measured value.

Next, a regression is performed as follows that considered the
ntire dataset on 134,000 homes including the imputed data.

n(NL) =
↔

ˇyear

↔
Iyear +

↔
ˇcz

↔
Icz +ˇLIILI + ˇeIe + ˇareaArea + ˇhH (4)

here
↔

Iyear are a set of six indicator variables that represents the
s-reported and imputed year built. Twelve IECC climate zones are
odeled: five in humid climate (A 1–2, 3, 4, 5, and 6–7), three in dry

limate (B 2–3, 4–5, and 6), two in marine climate (C 3 and 4), and
wo in Alaska (AK 7 and 8). Some climate zones are combined (e.g.,

 1–2) because there is insufficient data in ResDB to model them
eparately. The way that the twelve climate zones are defined using

 set of twelve indicator variables means over parameterization
i.e., the value of one of the variables is defined by the other eleven).
o resolve this, we set the coefficient of one of the climate zone to
ero. In this case, we selected A 6–7, but any choice would give the
ame relative results.

In Eq. (4), the coefficient estimates
↔

ˇyear are not confined to
ollow ˇy = 0.14 used in the imputation, but it is determined by the
east-square regression. Fig. 4 compares the predicted NL using
he coefficient estimates obtained (i) with and (ii) without the
mputed data. The general trend that newer homes tend to have
ower NL is clear, regardless if the imputed data are used in the
egression or not. The imputation method used has the potential

f underestimating the differences between the observed and
redicted values. In this case, however, the fit of regression model
ith (R2 = 0.683) and without (R2 = 0.682) the imputed data was

1 See http://resdb.lbl.gov/map.html for a climate zone map of the US.
Fig. 4. Predicted normalized leakage as a function of year built from the regression
model Eq. (4) considering homes with (i) known year built only, and (ii) includes
imputed data.

essentially unchanged. The imputed data have minor effects on
the coefficient estimates of the other parameters. Values of ˇarea

and ˇIL are altered only slightly by 6%. Changes to ˇh and ˇe are
larger at −15% and +28%, respectively. But the significance of
the imputation is that it allows more data to be included in the
regression model. Otherwise, homes in the dry climate zones B 4,
5, and 6, and in the marine climate zones C 3 and 4, would not be
adequately represented in the regression.

There are 12,500 houses with known foundation types, and only
526 houses with known duct locations. Because there are relatively
few data on these two parameters, we assumed that the coefficient
estimates from Eq. (4) apply, and considered separately the effects
of foundation type and duct location on the model residuals NL’ as
follows:

ln(NL′) = ln(NL) − [
↔

ˇyear

↔
Iyear +

↔
ˇcz

↔
Icz +ˇLIILI + ˇeIe

+ ˇareaArea + ˇhH] (5)

Foundation type : ln(NL′) = ˇslabIslab + ˇfloor1Ifloor1 + ˇfloor2Ifloor2

(6)

Duct location : ln(NL′) = ˇcondIcond + ˇduct1Iduct1 + ˇduct2Iduct2

(7)

Categories of foundation type and duct location are selected
based on similarity in the values of ln(NL′), as shown in Fig. 5.
After adjusting for the other parameters, homes with slab have the
lowest NL, followed by homes with either a conditioned basement
or an unvented crawlspace, i.e. Ifloor1 = 1. Homes with an uncondi-
tioned basement or a vented crawlspace i.e. Ifloor2 = 1, tend to have
the highest NL. Similar reasoning is used to select the duct location
categories, but using another subset of the data where this informa-
tion is available. Homes with ducts located inside the conditioned
space have the lowest NL, followed by homes with ducts located
in the unconditioned attic or basement, i.e. Iduct1 = 1, and homes
with ducts located in the vented crawlspace, i.e. Iduct2 = 1, have the
highest NL.

4. Regression results

The regression model explains 68% of the observed variabil-
ity. Table 1 shows the coefficient estimates that resulted from

the regression analyses. Residuals of the regression model are
roughly normal distributed with a mean close to zero (6.2e−17)
and a variance of 0.203, if only parameters (a–e) are consid-
ered (Eq. (4)). Parameters (f) and (g), modeled using Eqs. (5)–(7),

http://resdb.lbl.gov/map.html
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ig. 5. Model residuals, ln(NL′), computed using Eq. (5) for homes with known (i)
ave  NL higher than is predicted by Eq. (4) without considering foundation type or

ower the variance of the residuals slightly to 0.200. Inclusion of
hese two parameters also modestly altered the residual mean to
0.0094. For the purpose of applying these results to model the
ir leakage distribution of US homes, it is reasonable to assume

 lognormal distribution, where the geometric mean is predicted
y the coefficient estimates shown in Table 1, and the geomet-
ic standard deviation equals 1.56 as determined by the residual
ariance of 0.2.

.1. Year built and climate zones
Year built and climate zones are the two most influential param-
ters on NL. For example, the difference in predicted NL between
he two extreme climate zones in US, A 1–2 (humid and warmest)

able 1
esults of regression models, described in Eqs. (4)–(7), that relate ln(NL) and various hou

Explanatory variable Coefficient estimates 

(a) Year built
↔

ˇyear

Before 1960 −0.250 

1960–69 −0.433 

1970–79 −0.452 

1980–89 −0.654 

1990–99 −0.915 

2000  and After −1.058 

(b)  Climate zone
↔
ˇcz

Humid A 1–2 0.473 

A  3 0.253 

A  4 0.326 

A  5 0.112 

A  6–7 0 

Dry  B 2–3 −0.038 

B  4–5 −0.009 

B  6 0.019 

Marine C 3 0.048 

C  4 0.258 

Alaska AK 7 0.026 

AK  8 −0.512
(c)  WAP  homes (pre-weatherization): ˇIL 0.420 

(d)  Energy efficiency rated homes: ˇe −0.384 

(e)  Floor area: ˇarea (m−2) −0.00208 

House height: ˇh (m−1) 0.064 

(f)  Foundation type – slab:ˇslab −0.037 

Conditioned basement/unvented crawlspace: ˇfloor1 0.109 

Unconditioned basement/vented crawlspace: ˇfloor2 0.180 

(g)  Duct location – conditioned space: ˇslab −0.124 

Unconditioned attic/basement: ˇduct1 0.071 

Vented crawlspace: ˇduct2 0.181 
ation type and (ii) duct location (N = house counts). ln(NL′) > 0 means that houses
ocation.

and AK 8 (coldest) is a factor of 2.7, based on the coefficient esti-
mates from Table 1.

NLA 1−2

NLAK 8
= exp(ˇcz,A 1−2 − ˇcz,AK 8) = 2.678 (8)

Similarly, the difference in NL between homes that are built
before 1960 and after 2000 is a factor of 2.2. In humid areas of the US,
the regression results suggest a general trend that homes located
in the warmer climate zones tend to have higher NL than those in
the colder climate zones. This trend also holds for homes in Alaska,

i.e. NLAK 7 > NLAK 8. However, the reverse is found for homes in the
marine climate zones, i.e. NLC 3 < NLC 4. Data from climate zones C
3 and 4 are dominated by homes from California and Washington,
respectively. Differences between the two  states in construction

sing characteristics.

Standard error Pr(>|t|) 95% confidence interval (C.I.)

0.00705 <2e−16 −0.264; −0.236
0.00811 <2e−16 −0.449; −0.417
0.00762 <2e−16 −0.467; −0.437
0.00836 <2e−16 −0.670; −0.637
0.00816 <2e−16 −0.931; −0.899
0.00748 <2e−16 −1.073; −1.043

0.01015 <2e−16 0.453; 0.493
0.00653 <2e−16 0.240; 0.266
0.00586 <2e−16 0.315; 0.338
0.00551 <2e−16 0.101; 0.123
– – –
0.00759 7.57e−07 −0.052; −0.023
0.00684 2.00e−01 −0.022; 0.005
0.00988 4.91e−03 0.00008; 0.039
0.01407 6.02e−04 0.021; 0.076
0.01133 <2e−16 0.236; 0.281
0.00589 1.42e−05 0.014; 0.037
0.00938 <2e−16 −0.530; −0.439
0.00428 <2e−16 0.411; 0.428
0.00453 <2e−16 −0.393; −0.375
0.0000179 <2e−16 −0.00211; −0.00204
0.00125 <2e−16 0.061; 0.066
0.00709 1.85e−07 −0.051; −0.023
0.00492 <2e−16 0.099; 0.118
0.00577 <2e−16 0.169; 0.192
0.0255 1.53e−06 −0.174; −0.074
0.0339 3.59e−02 0.005; 0.138
0.0383 2.98e−06 0.106; 0.256
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ractices and building codes are the likely reasons that can explain
his result.

The regression model predicts similar NL for homes in all dry
limate zones of US. These homes tend to be quite airtight relative
o those in the humid and marine climate zones. The coefficient
stimate of climate zone B 4–5 is not statistically significant (see
able 1), meaning that NL of homes in B 4–5 tend to be less than in

 6–7, but the difference is small, and our analysis cannot exclude
he possibility that this apparent difference occurs only by chance
n the data. We  tried grouping homes from the two climate zones

 4–5 and A 6–7 together and performed the regression again, but
his did not change the overall model fit or other coefficients sig-
ificantly. Since the two climate zones are geographically far apart,

or completeness all twelve climate zones are kept in the model.

.2. Weatherization assistance programs (WAPs)

The regression model suggests that homes that participated in
APs tend to have NL 50% higher per-weatherization than compa-

able homes. This is computed by the coefficient estimate ˇIL from
able 1.

NLWAP

NLnon−WAP
= exp(ˇIL − 1) = 0.522 (9)

Eligibility to WAPs is based on household income. In 2009, WAPs
sed 200% of the poverty line as the eligibility criteria [25], but
ver the years this had varied between 125% and 150%. It is rea-
onable to assume that the coefficient estimate ˇIL applies more
roadly to homes that are occupied by low-income households in
eneral, where the construction quality and maintenance is limited
y resources to a greater extent. Compared to previous analyses
1,2] where the NL of WAP  homes are twice the values of other sim-
lar homes, the current result is likely more representative of the
S because it includes data from 11 other states instead of solely

rom Ohio.

.3. Energy efficient homes

Homes that are rated for energy efficiency tend to have NL 30%
ower than comparable homes. Again, the current result is expected
o be more representative of the US because it is based on data from

any states, and not just from Alaska alone. Energy efficiency rat-
ng guidelines for new homes have changed over time. For example,
etween 1995 and 2006, ENERGY STAR Version 1 was  used [26].
ersion 2 became effective in 2007. The current Version 3 specifies
CH50 to be less than 3–6, depending on the climate zone. Follow
oughly this timeline when the different versions of ENERGY STAR
ere adopted, we introduced additional indicator variables to rep-

esent energy efficiency program implemented in these three time
eriods: pre-1995, 1995–2007, and post-2007. However, we  found
hat this refinement does not improve the model fit compared to
sing a single variable as in Eq. (4). Further, the coefficient estimates
or the three indicator variables, ranging from −0.36 to −0.40, are
ery similar in magnitude compare to the single-parameter model
ˇe = −0.38, see Table 1). It appears that homes that are rated for
nergy efficiency continue to be built with a more airtight building
nvelope than the average housing stock.

.4. Floor area and house height

Even though NL is already normalized by both Area and H, there
s a correlation between Area and H with NL that is roughly the

ame as estimated from previous analyses [1,2]. Area is negatively
orrelated with NL, while H is positively correlated with NL. For
xample, the regression model predicts that homes that are 100 m2

arger in floor area tend to have NL 20% lower than comparable
ldings 66 (2013) 616–625 621

homes; homes that are two-story instead of one-story (i.e., H to
increase by 2.5 m)  tend to have NL 17% higher than comparable
homes. These results suggest that air leakage scales more strongly
than linear with Area−1 and H as used in the normalization (Eq. (2)).

4.5. Foundation type

Homes built on a concrete slab are common in warmer climates
of US. Nationally, 38% of single-family detached homes have a slab
foundation, followed by 34% having a basement (20% heated and
14% unheated), and 28% have a crawlspace [27]. Our regression
results suggest that homes with either a conditioned basement
or an unvented crawlspace tend to have NL 16% (95% confidence
interval: 14–18%) higher than homes on slab. Homes with either
an unconditioned basement or a vented crawlspace tend to have
NL 24% (95% confidence interval: 22–27%) higher than homes on
slab. Other combinations of foundation types are possible, as pre-
vious analyses [1,2] combined slab and conditioned basement as
having no floor leaks, and the all other foundation types as hav-
ing floor leaks. Here, these three categories of foundation types are
selected to give the best-fit model with the highest R2 value using
Eq. (6).

4.6. Duct location

The data on whether a home has duct or not was found not
to be a useful indicator variable in previous analyses [1,2]. This is
likely because knowing the presence or absence of ducts alone is
insufficient to explain meaningful relationships with air leakage.
There are other characteristics of the duct systems that matter,
such as if the ducts are located within or outside of the conditioned
space. The current regression suggests homes with ducts inside the
conditioned space tend to have NL 18% lower (95% confidence inter-
val: 11–24%) compared to ducts located in unconditioned attic or
basement. Homes with ducts in vented crawlspace tend to have
NL 12% higher (95% confidence interval: 1–23%) than houses with
ducts located in unconditioned attic or basement. The uncertain
estimates are large because the regression is based on only 526
homes. Half of these homes are from just two  states, South Carolina
and Minnesota, and the remaining half are mostly from these five
states: Utah, Indiana, Illinois, Massachusetts, and Virginia. More
data and better spatial coverage would improve the confidence of
this analysis.

4.7. Model prediction and measurement comparison

The regression analysis suggests that much of the variability
observed in NL is associated with (a) year built, (b) climate zone,
and whether the houses are participants in (c) WAPs or are (d)
energy efficiency rated homes. The remaining factors, namely (e)
floor area and house height, (f) foundation type, and (g) duct loca-
tion, each explain minor differences in NL in the 10–20% range.
Thus in comparison, their importance is secondary for predicting
NL. Fig. 6 shows the observed and predicted geometric mean of NL
for homes separated by the four characteristics (a–d) that are the
most important for predicting air leakage of US homes. Separate
comparisons are plotted for homes in these three types: (i) homes
that are neither WAP  nor energy efficiency rated (37% of the data),
(ii) WAP  homes (39%), and (iii) energy efficiency rated homes (14%).
In each of the three plots, the observed and predicted geometric
mean of NL are calculated for 72 possible groups of homes from the
combinations of six year built categories and twelve climate zones.

Only groups with at least ten homes or more are included in Fig. 6.

It is clear that the regression model can capture the differences
between the three types of homes (note the difference in scale of the
three plots), where the NL predictions for (ii) WAP  homes are the
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are increasing in popularity, their number remains few as a frac-
tion of the whole housing stock [28]2. At the time of this analysis,
RECS 2009 has not yet released data on floor area of homes, so the
ig. 6. Comparison of the observed geometric mean (GM) of normalized leakage (
oint  represents the GM of a group of homes from a given year-built and climate zo
ypes  of homes as a function of the number of houses represented by each data poi

ighest, and lowest for (iii) energy-efficient homes. Within each of
he three types of homes, the regression model also describes the
ifferences as a result of year built and climate zone reasonably
ell, where the R2 is roughly 0.7. Overall, there is a slight tendency

or the regression model to underpredict the geometric mean of
L, as shown in the bottom-right of Fig. 6. The agreement between
bservation and prediction is better when more homes are repre-
ented in the data. About 90% of observed and predicted geometric
ean of NL agrees within ±30% of each other. This shows that using

he housing characteristics that are available for this analysis, the
egression model captures their influences on the air leakage of US
omes reasonably well.

. Estimates of US air leakage distribution

The NL distribution of US houses can be estimated by applying
he resulted regression model using housing data that are repre-
entative of the housing stock.

n(NL) = ˇareaArea + ˇhH+
↔

ˇyear

↔
Iyear +ˇLIILI + ˇeIe

+
↔
ˇcz

↔
Icz +ˇslabIslab + ˇfloor1Ifloor1 + ˇfloor2Ifloor2

+ ˇcondIcond + ˇduct1Iduct1 + ˇduct2Iduct2 + e (10)

here e is the residual term that is roughly normal distributed
(� = 0, �2 = 0.2).
The 2009 RECS microdata [27] is an example of US housing data
hat can be used for this analysis. RECS provides detailed survey
ata from 7771 single-family detached homes, representing 71.6
illion of this type of housing units in the US. This information
) and the corresponding values predicted by the regression model (NLpred). Each
e bottom-right plot shows the difference between NLpred and NLobs for the three

is collected by the US Energy Information Administration to esti-
mate the energy costs and usage for heating, cooling, appliances,
and other end uses in homes. We  extracted the relevant housing
characteristic data from each of the single-family detached homes
surveyed, and applied the regression model to predict NL. Predic-
tions from the individual homes are aggregated using weights from
RECS to give a NL distribution that is representative for the US  hous-
ing stock. We  also present the distributions for homes in selected US
states to illustrate the differences in NL estimates as a comparison.

Table 2 provides the names and brief descriptions of the RECS
variables used for estimating NL. Many of the housing charac-
teristics from RECS are readily available for this estimation after
straightforward adjustments, as described below. In cases where
additional information is needed, they are provided in Supplemen-
tary Data.

The year built ranges reported in RECS correspond directly to

the regression variable
↔

Iyear . Climate zones are determined by the
states and climate regions given in RECS (see Table S1 in Supple-
mentary Data). IIL is set to 1 if RECS indicates that household income
is at or below 150% of poverty line. Energy efficiency rated homes
are not modeled because even though programs like ENERGY STAR
2 As of November 2009, the total number of ENERGY STAR certified homes built is
one million, which is less than 1% of the 113.6 million housing units in US. However,
its  market share is increasing among new homes, and has reached 25% by September
2011.



W.R. Chan et al. / Energy and Buildings 66 (2013) 616–625 623

Table  2
Use of RECS 2009 data to estimate NL distribution using the regression model.

Regression variable RECS 2009 variable and descriptions

(a) Year built
↔

Iyear YEARMADERANGE: 8 year ranges when housing unit was built (before 1950, 50–59, 60–69,
70–79, 80–89, 90–99, 2000–04, 04–09)

(b)  Climate zone
↔
Icz REPORTABLE DOMAIN: 27 reportable states and groups of states CLIMATE REGION PUB:

Building America climate region (1–5)
(c)  WAP  homes ILI POVERTY150: household income at or below 150% of poverty line (yes/no)
(d)  Energy efficiency rated homes Ie Assumed negligible
(e) Floor area Area (m2) TOTROOMS: total number (1–25) of rooms in the housing unit

House height H (m)  STORIES: number of stories in a single-family home (1, 2, 3, 4+, split-level, others, n/a)
TE: ho
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(f)  Foundation type: Islab , Ifloor1, Ifloor2 CONCRE
unit; BA

(g)  Duct location: Icond , Iduct1, Iduct2 Weighte

egression variable Area is approximated from the total number of
ooms (see Tables S2–S4). House height is approximated from the
umber of stories (excluding basement and attic if present): H = 3 m

or 1-story, 5.5 m for 2-story or split-level, 8 m for 3-story, and 10 m
or 4+ stories. RECS provides data on the presence of concrete slab
Islab = 1 if yes), basement, and crawlspace. The regression variable
floor1 is set to 1 if a basement is heated, and Ifloor2 = 1 if not. All houses

ith a crawlspace are assumed vented (i.e., Ifloor2 = 1), which is more
ommon among US homes than unvented crawlspaces.

RECS only reports if ducts are used for space heating and cool-
ng, but it does not report duct locations. The Home Energy Saver
HES) [29] is a tool developed at Lawrence Berkeley National Lab-
ratory to provide “asset-based” analysis for single-family homes.
his tool has been widely used in home inspections and energy
udits. We  obtained data from 1427 inspection records and 44,584
nergy audit records to determine the state-by-state prevalence of
uct locations. Inspection records entered by certified professionals
re used as the primary source of data. Energy audit records, many
re entered by homeowners, are used only if there is insufficient
ome inspection records (<30 homes). From these data records (see
able S5), there are clear geographical differences in the prevalence
f duct locations. Homes with ducts inside the conditioned space
Icond = 1) are common in the colder areas, such as Michigan and

isconsin. Ducts are more commonly located in the attic or base-
ent (Iduct1 = 1) among the Northeast states (e.g., Massachusetts

nd New York), and also in Arizona, California, Florida, and Texas.
omes with ducts located in the crawlspace are common only in a

ew states, e.g., Tennessee and Washington. Using this HES dataset,
he effect of duct locations on NL is estimated by the sum of the
egression coefficients (ˇcond, ˇduct1, and ˇduct2) weighted by the

ercentages of home having ducts in each of the three locations, as
hown in Table S5.

Estimates of the US air leakage distribution are shown in Fig. 7
ationwide, and for selected states as examples. The predicted
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ig. 7. Estimated NL distributions for single-family detached homes in the US
ationwide and in selected states.
using unit over a concrete slab (yes, no, n/a); CELLAR: basement in housing
T: heating used in basement; CRAWL: housing unit over a crawlspace

rages computed based on REPORTABLE DOMAIN

median NL is 0.67, which corresponds roughly to 12 ACH50.
The regression model, together with housing characteristics
based primarily on RECS 2009, predicts that most US homes
have NL between 0.22 and 1.95 (5th to 95th percentiles, roughly
corresponding to ACH50 between 4 and 35).

There are some between-state differences that can be explained
by the climate zones that the modeled homes are located in. For
example, homes in Florida (climate zone A 1–2) are predicted to
have NL higher than homes in Arizona (B 2–3 and 4–5) because
ˇcz,A 1–2 is greater than the coefficient estimates in other climate
zones. Moreover, homes in Arizona also tend to be newer (median
year built = 1990, based on RECS 2009) than in Florida (median
year built = 1980). As a result, NL predictions for homes in Ari-
zona are among the lowest in US from the regression model. On
the other hand, homes in Arkansas–Louisiana–Oklahoma are rela-
tively older (median year built = 1975). In addition, there is a large
fraction (26%) of housing units that would be eligible for WAPs in
those three states, as determined based on the household income
criteria from RECS 2009. In comparison, the eligibility fraction in
the other five states shown in Fig. 7 ranges between 9% (Colorado)
and 19% (California). As a result, the predicted NL distribution for
Arkansas–Louisiana–Oklahoma is higher than the US average.

6. Discussion

We made a number of assumptions in analyzing air leakage
measurements collected from a wide range of data sources, and
in our evaluation of the relationship between NL and housing char-
acteristics. These include the method used to impute year built, and
also performing the regression analysis step-wise then combining
the coefficient estimates to model the effects of foundation type and
duct location. As a follow-up to this analysis, the uncertainty of our
methodology can be evaluated by using other statistical techniques
to handle missing data, and see if there are significant changes to the
regression results. There are also air leakage measurement errors
[30] and other errors in data reporting that are not considered in
our analysis, that may have impacted the reliability of the regres-
sion model. Because there are very few data on duct location, our
estimate of its relationship with NL is likely the most uncertain. The
coefficient estimates of the effect of foundation type, and in some
climate zones where the number of homes are relatively fewer in
numbers (e.g., A 1–2, B 6, C 3, C 4, and AK 8 all have home counts
between 1000 and 3000), are also relatively uncertain.

Overall, the regression suggests coherent relationships between
air leakage and housing characteristics. Homes that have higher
NL tend to be older, occupied by low-income household, smaller
in floor area, multistory, and with likely air leakage through its

foundation and ducts. Conversely, homes that are newer, rated for
energy efficiency, larger in floor area, single-story, with minimal
leakage through its foundation and ducts located inside the condi-
tioned space have lower NL. These results show that many factors



6 nd Bui

c
s
a
l
t
l
t
i
b

i
v
v
p
f
w
c
a
d
a
a
d
n
e
p

7

i
d
e
w
m
s
d
a
c
e
a
u
f
m
a
h

r
a
o
w
i
w
s
a
o

d
u
m
v
v
t
I
i
s

[

[

[

[

[

[

[

[

[
[

24 W.R. Chan et al. / Energy a

an influence building envelope airtightness, including the con-
truction and design of the homes, and possibly how well the homes
re maintained. The two factors that have the largest impact on air
eakage, year built and climate zones, further point out that air-
ightness may  be impacted by weathering of the building envelope
eading to settling and leaks to develop over time. The longevity of
he different components of a home, such as insulation and air seal-
ng, may  also be a contributing factor that explains the relationship
etween NL and year built.

The linear combination of the explanatory variables considered
n the regression model explains a significant portion (68%) of the
ariability observed in the air leakage measurements. Analysis of
ariance suggests that it is reasonable to treat the variables as inde-
endent of one another. All the variables considered are necessary
or modeling air leakage, leaving out one or more would lead to a
orse regression fit. There are additional air leakage analyses that

an be performed using data from ResDB, such as more detailed
nalyses of the potential differences within states that have many
ata, and the potential seasonal effect on measurement bias. This
nalysis made used of all the available housing characteristics that
re commonly available in ResDB. But, there are subsets of the
ata that can be used to evaluate the improvements in airtight-
ess from retrofit, for example, which will be useful for estimating
nergy savings by WAPs and various residential energy efficiency
rograms.

. Conclusions

Building envelope air leakage is a key factor in determining air
nfiltration, which provides most of the ventilation in existing US
wellings. Drafty homes are uncomfortable to live in, and use more
nergy to heat and cool. On the other hand, homes that are built
ith a very tight envelope may  require mechanical ventilation to
aintain good indoor air quality. To characterize the US housing

tock, we analyzed the air leakage data of 134,000 single-family
etached homes. There are substantial differences in the air leak-
ge of homes that can be explained by these factors: year built,
limate zone, whether homes participated in WAPs or if they are
nergy efficiency rated, floor area, house height, foundation type,
nd duct location. The regression model from this analysis can be
sed to estimate the US distribution, such as by using housing data
rom RECS as performed here. Predicted NL varies by an order of

agnitude among 90% of US homes. The variability is significant,
nd it is important to capture in residential energy analyses and
ealth exposure assessments.

We  discussed and provided plausible explanations for the
elationships between air leakage and a number of housing char-
cteristics. While the relationships examined here appear rational,
ur interpretations on why certain factors tend to be correlated
ith higher or lower NL are speculative. The regression method

s appropriate for identifying variables that are useful to consider
hen estimating NL, but other studies are better suited to demon-

trate cause and effect, such as by comparing the air leakage of
 selective group of homes with just one key difference but are
therwise similar in characteristics.

This work only considered the air leakage of single-family
etached homes in US. ResDB also contains some data on man-
facture homes, and to lesser extent single-family attached and
ultifamily homes as well. Analysis of these data will provide

aluable information on these other types in US homes, where
ery few data exist. Even though these other house types remain in

he minorities for US as a whole, they are important in urban areas.
n terms of energy use and occupant health and comfort, there are
ssues that are of particular concerns in these other home types,
uch as the air leakage to outside versus to adjacent units. Analysis

[

[

ldings 66 (2013) 616–625

of these other home types will likely require the collection of
additional data with more detailed data fields to support the work.
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