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Abstract

This report presents a comprehensive update to an existing collection of dwellings used to
represent the U.S. housing stock [1], reflecting changes and trends up to the year 2024. This
update aims to ensure the collection remains relevant and accurately mirrors the diverse
characteristics of residential buildings across the U.S., facilitating more precise modeling and
analysis of ventilation, indoor air quality, and energy usage. Through a thorough examination of
current data sources, including the most recent U.S. DOE Residential Energy Consumption
Surveys (RECS 2020) and the Department of Housing and Urban Development’s (HUD)
American Housing Survey (AHS 2021), updates relative to the previous 2006 collection were
identified and addressed.

A systematic approach was adopted to select a representative sample of dwellings, considering
various parameters such as year of construction, type of households, number of stories, floor
area, and specific architectural and mechanical features. The report also describes the CONTAM
modeling methodology used to analyze multizone building representations, facilitating detailed
studies on airflow patterns, contaminant dispersion, and energy implications of various
ventilation strategies, building features, and contaminant characteristics.

Key findings underscore the evolving nature of the U.S. housing stock, particularly in terms of
increased energy efficiency, shifts in heating equipment types, and variations in dwelling design
that impact indoor air quality. The updated collection is expected to be a robust resource for
researchers, policymakers, and industry professionals in developing more effective building
codes, standards, and practices that ensure healthier and more sustainable residential
environments.

The report concludes with recommendations for future updates to the collection, suggesting
topics for research and data collection efforts to capture emerging trends, advancements in
building technologies, and changes in occupancy behaviors. This ongoing refinement process is
essential to maintain the relevance and utility of the collection in supporting the design and
evaluation of buildings that meet the changing needs and preferences of the U.S. population.
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1. Introduction

Building ventilation, including mechanical and natural ventilation and infiltration, is a significant
driving factor of not only indoor air quality (IAQ) but also material degradation and energy
usage [2—12]. Ventilation’s impact on IAQ can play a role in occupant health, comfort, and
productivity within a space [5-7, 13—16]. Building ventilation typically carries the vast majority
of all water vapor into and out of buildings relative to any other indoor moisture source [8, 17,
18]. The moisture in buildings, when it gets to the point of dampness, has been shown to
increase the probability of multiple diseases and symptoms [19]. The adverse effects of
excessive indoor dampness are not only limited to health effects; extended dampness or
periodic condensation has also been documented to reduce the load-bearing capacity of wood
framing as well as corrode critical structural fasteners [19, 20]. Building space conditioning
systems are responsible for the most significant proportion of building energy consumption,
making up 38 % of energy usage in buildings, which is equivalent to 12 % of the total energy
used by all sectors [21]. Building heating, ventilation, and air-conditioning (HVAC) systems are
the main components in space conditioning energy use; as such, they have become a prime
target for reducing energy usage [9]. Poor air quality, in both indoor and outdoor environments,
is considered to be one of the leading causes of global non-communicable disease and
mortality [13, 22—-25]. The National Human Activity Pattern Survey (NHAPS) found that people
in the United States spend 87 % of their time in enclosed buildings and 69 % of that time in
their residences [26]. The remaining 18 % of the time in enclosed buildings consists of 5.4 % in
offices/factories, 1.8 % in bars/restaurants, and 11 % in other indoor locations [26]. Given the
time people spend indoors, IAQ can significantly impact human health. IAQ concerns,
specifically residential IAQ and energy conservation, have led to various design approaches and
interventions to control and improve the indoor environment and reduce the energy used. The
understanding of the impacts of ventilation on IAQ, including moisture and energy use, can be
increased through building simulation analysis using tools such as CONTAM [27-29].

1.1. Background

A collection of dwellings and corresponding airflow models to represent the U.S. dwelling stock
was developed in 2006 using data from the 1997 U.S. Department of Energy Residential Energy
Consumptions Survey (RECS). As part of that study, the 1997 RECS database statistics were
compared with the 1999 U.S. Census Bureau’s American Housing Survey (AHS) to assess their
similarity, as shown in Table 1 below. The 1997 RECS database comprised 5686 dwelling units
and was used to develop the collection of dwelling models due to its electronic format's ease of
access and manipulation. The 5686 dwelling units in the survey were categorized using the
following characteristics of the dwellings: building age, floor area, number of floors, foundation
type, forced-air distribution or central heating system, and the existence of a garage. Based on
this categorization, there were 848 unique dwelling types (Single Family Detached and Attached
Dwellings: 432; Apartment Units; 400; and Manufactured Dwellings: 16). These unique dwelling
types were determined by analyzing the RECS data using these six criteria for single-family
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attached and detached dwellings, four of them for apartments, and three for manufactured
dwellings (see column one of Table 2.) The RECS and AHS databases assign a weight for each
survey response and dwelling unit that takes part in the survey. This weighting value is the
estimated number of units the given survey response represents nationwide; this calculated
weighting allowed the 2006 effort to achieve 80 % nationwide representation with the 209
different dwelling models. The 209 different dwelling CONTAM models were also accompanied
by their associated floor plans. The original collection can be found in the CONTAM case studies
section of the NIST multizone modeling website (link: https://www.nist.gov/el/energy-and-
environment-division-73200/nist-multizone-modeling/case-studies/case-11)



https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/case-studies/case-11
https://www.nist.gov/el/energy-and-environment-division-73200/nist-multizone-modeling/case-studies/case-11
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Table 1 Summary of data from AHS and RECS.
. . 1999 1997 2021 2020
Variable Variable Values AHS RECS AHS RECS
Unit Type Single-Family Detached 724% | 62.9% 624% | 624%
Single-Family Attached 5.8% 9.8 % 6.3% 6.0 %
Apartment 16.1% | 21.1% 25.7% | 26.0%
Manufactured Dwelling 5.7% 6.2 % 5.6 % 5.5%
Region Northeast 16.6% | 19.4% 175% | 17.7%
Midwest 260% | 23.7% | 21.6% | 21.9%
South 342% | 354% | 390% | 379%
West 23.0% | 21.5% | 219% | 224%
Forced-Air Distribution Yes 63.2% | 53.4% 748% | 72.6%
No 36.8% | 46.6% | 252% | 274 %
Floor Area, m? (ft?) <93 (1000) 140% | 29.0% | 240% | 24.5%
93 to 186 (1000 to 1999) 46.1% | 451% | 46.2% | 48.5%
186 to 279 (2000 to 2999) 21.7% | 13.0% 199% | 19.3%
> 279(3000) 10.7 % 4.0% 9.9 % 7.7 %
Occupants per Household | 1 243% | 25.2% 303% | 27.2%
2 339% | 325% | 344% | 36.7%
3-4 316% | 322% | 27.5% | 274%
>5 89% | 10.1% 7.7 % 8.8%
Central Air Conditioning Yes 520% | 42.1% 774% | 75.4%
No 480% | 57.9% | 22.6% | 246%
Year Built <1940 173% | 19.9% 143 % N/A
1940-1949 7.4 % 9.3% 4.1% N/A
<1950° 247 % | 29.2% 18.4 % 16.4 %
1950-1959 13.1% | 13.1% 72% | 10.1%
1960-1969 14.4% | 14.9% 9.0% | 10.3%
1970-1979 19.8% | 13.2% 16.0% | 14.8%
1980-1989 6.4 % 6.2% 163% | 13.2%
1990-1997 21.6% | 23.4% N/A N/A
1990-1999 N/A N/A| 142% | 13.9%
2000-2009 N/A N/A| 13.8% | 13.1%
2010-2020 N/A N/A 52% 8.2%
Garage or Carport ° Yes 56.4% | 53.7% 521% | 613%
No 435% | 252% | 47.9% | 38.7%
Foundation Type ¢ Basement 446 % | 32.7% 364% | 37.6%
Crawlspace 258% | 22.2% 339% | 26.0%
Slab 287% | 22.6% | 29.7% | 36.4%
Number of Stories ¢ 1 351% | 55.8% | 429% | 57.3%
2 35.1% | 39.8% 156% | 39.5%
>3 29.6 % 31% | 41.5% 3.2%

@ Value calculated from the <1940 & 1940-1949 values for 1999 AHS, 1997 RECS, & 2021 AHS
b Does not include apartment units.
¢ Does not include apartment units or manufactured dwellings.

9 RECS does not include apartment units or manufactured dwellings.
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Table 2 Variable range or level for each dwelling type.

Variable

Original Variable Range or Level

Current Variable Range or Level

Forced-Air Distribution

No

No

Yes

Yes

Floor Area, m? (ft?) °

< 149 (1600)

<139 (1500)

149 to 223 (1600-2399)

139 to 232 (1500-2500)

> 223 (2400)

> 232 (2500)

T
<
& | Year Built® <1940 <1960
a 1940-1969 1960-1969
j'g 1970-1989 1970-1979
9 >1990 1980-1989
§ 1990-1999
< >2000
= | Garage or Carport No No
E Yes Yes
@ | Foundation Type Slab Slab
2 Crawlspace Crawlspace
@ Basement Basement
Number of Stories 1 1
2 2
>3 >3
# of Units in Building ° 2-4 2-4
5-9 5-9
10-19 10-19
20-39 20-49
>40 >50
w | Floor Area, m? (ft?) <93 (1000) <93 (1000)
c >93 (1000) >93 (1000)
£ | Year Built® <1940 <1960
S 1940-1969 1960-1969
< 1970-1989 1970-1979
>1990 1980-1989
1990-1999
>2000
Central Heating System Yes Yes
No No
Floor Area, m? (ft?) © < 149 (1600) <139 (1500)
é’o > 149 (1600) >139 (1500)
= | Year Built® <1940 <1960
g 1940-1969 1960-1969
S 1970-1989 1970-1979
§ >1990 1980-1989
8 1990-1999
§ >2000
S | Central Heating System Yes Yes
No No

2 The ranges have changed to match the distribution in the AHS databases.

b Year-built ranges were changed to match the Lawrence Berkeley National Laboratory (LBNL) residential

diagnostics database for envelope leakage.
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1.2. Usage of 2006 Collection of Dwellings

The 209 dwelling models and the accompanying report have been used many times since their
development, as reflected in two book sections, fifteen conference papers, seven reports,
thirty-one journal articles, one master’s thesis, six doctoral dissertations, and three unknown
citations; for a total of 65 (66') works citing the report Table 1 (see Appendix A for a complete
list of citations). Seventy-three percent of the cited works focused on ventilation and/or indoor
air quality, twenty-three percent focused on energy modeling and/or usage, and the remaining
four percent focused on fire science and earthquake research. The complete set of 209
dwellings was used in two studies, but only a subset of the models was used in most cases, with
the average number of models used being nineteen. The maximum and average (Max/Avg)
number of models used for each publication type can be seen in the outermost ring in Fig. 1. In
most cases where a subset of the models was used, the number of models used was under ten;
for the cited works where we were able to get the complete text, twenty-six used no models,
nineteen used less than ten but greater than the zero, and twelve used greater than ten
models. There are two primary case types for the works where the models were not used. In
one case type, models were created in a different software program, examples being well-
mixed box models in their preferred code language, flame spread models, etc. In the second
case type, the models and their accompanying report were used as guidance to develop a
similar model set for their project or country.

1 The 66th citation was not included in this report's analysis of the usage of the original collection of dwellings discussed in Section 1.2, Usage of
2006 Collection of Dwellings, as the document was published during the final review process of this report. This 66th citation is a Fire Science
Journal Article in which they utilized 8 of the residential models as references for their fire model training strategy.
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NIST Collection of Dwelling Citation / Usage

B Ventilation/IAQ M Energy M Fire/Other

Fig. 1 NIST Collection of Dwelling Citation / Usage.

Note: The outer ring denotes the maximum and average (Max/Avg) number of models used for each publication
type and the number of publications in that category.
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1.3. Motivation for Collection of Dwellings Update

The motivations for updating the original collection of dwelling models are two-fold. The
primary motivation is to add representation of more current-period dwellings. The original
database's most contemporary category of dwelling was 1990 and later, which at the time was
modeled as a 1998 dwelling with its air leakage determined using the Lawrence Berkeley
National Laboratory’s (LBNL) normalized leakage (NL) rate regression model [1, 30]. The LBNL
NL model has been updated to represent newer dwelling test results that have been added to
the Residential Diagnostics Database (ResDB) since the original database was developed [31].
LBNL's updated NL rate regression model added additional considerations regarding dwelling
layout, features, and location. The second motivation for the update is that the original
CONTAM models are not modeled to scale. The model scale was not an issue as it did not affect
CONTAM's ability to calculate the airflows and indoor contaminant concentrations. However,
when CONTAM is coupled or co-simulated with other modeling programs, such as an energy
modeling program, the scale of the model can be critical to the coupled or co-simulated
analysis.
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2. Data Sources for Update

The most recent versions of the AHS and RECS surveys were used to update the collection of
dwelling models (AHS 2021 and RECS 2020). In the previous study, the RECS dataset was chosen
since the dataset was more accessible and manipulable. However, both datasets had a similar
representation of the U.S. dwelling stock, albeit the AHS dataset was made from about ten
times as many dwelling surveys as the RECS dataset. Like the previous study, the two recent
databases have similar statistical data. However, the number of respondents has increased

(64 141 dwellings for AHS and 18 496 dwellings for RECS), and both datasets are now more
easily accessible digitally. When comparing the same variables used in the previous study (Unit
type, Region, Forced-air distribution, Floor area, Occupants per household, Central air
conditioning, Year built, Garage or carport, Foundation type, and Number of stories) in Table 1,
the representation is very similar between the two surveys. However, some statistical data
from the two surveys is different and has given rise to issues when analyzing the data for this
project. Some of these issues are discussed below in sections 2.1.1 (Gaps with AHS 2021) and
2.2.1 (Gaps with RECS 2020). There are also notable changes to the dwelling stock reflected in
both datasets; one is the shift to apartments from other dwelling types. A second notable
change is the increase in the percentage of dwellings with forced air distribution and central air
conditioning. A third significant change is a decrease in the representation of the dwellings built
before 1950 and an increase in the representation of dwellings constructed between 1980 and
1989. One variable where the RECS 2020 and AHS 2021 datasets are quite different is the
number of stories for dwellings. This difference was also present in the original study, possibly
due to the RECS not including apartment buildings in the reported value of their number of
stories variable.

2.1. American Housing Survey (AHS) Overview

The American Housing Survey (AHS) is a biennial survey conducted by the U.S. Census Bureau
for the Department of Housing and Urban Development (HUD). Since 1973, it has provided
comprehensive data on housing conditions, costs, and demographics across the United States.
The AHS gathers detailed information on the physical condition of homes, housing affordability,
and household characteristics, including income, size, and homeownership status. The survey
covers a broad range of housing types, including single-family homes, apartments, and mobile
homes, and includes both urban and rural areas. The AHS is designed to broadly represent the
U.S. housing stock, using a stratified sampling methodology to ensure diverse geographic and
demographic coverage. This makes it a crucial tool for policymakers, researchers, and housing
advocates, providing essential data to inform housing policy, economic development, and
housing affordability initiatives.

2.1.1. Gaps with AHS 2021

In the case of the AHS dataset, approximately 29 % of the dwelling surveys (apartments: 33.4 %,
attached dwellings: 25.0 %, detached dwellings: 22.5 %, and manufactured dwellings: 33.5 %)
are missing the floor area of the units. Estimating a percentage of the represented U.S. dwelling
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stock would cause problems as units without floor area would need to be removed to
categorize the dwellings into unique classes. An additional issue regarding the floor area
variable is that it includes basement spaces (when a basement is present) regardless of whether
the space is conditioned. Other issues with the AHS dataset are that it does not have variables
for the number of other rooms in the dwelling or the number of windows. While the number of
bedrooms and the number of bathrooms are defined in the dataset when they are removed
from the total rooms variable, it leads to negative numbers of rooms remaining in some cases.
These variables (number of other rooms and number of windows) are less of an issue as they are
not used to classify the dwelling models but only to create each dwelling’s CONTAM model.
Reasonable assumptions can be made from the floor area for the number of other rooms and
room types for the number of windows, though actual data would be preferred. It is also
possible to use the RECS database in concert with the AHS database to estimate missing
variables within the AHS database.

2.2. Residential Energy Consumption Survey (RECS) Overview

The Residential Energy Consumption Survey (RECS) is a national survey conducted by the U.S.
Energy Information Administration (EIA) to collect data on energy use in U.S. households. First
conducted in 1978, the RECS provides detailed information on the types and amounts of energy
consumed in residential buildings, including electricity, natural gas, heating oil, and renewable
sources. It also gathers data on factors influencing energy consumption, such as household size,
building characteristics, and energy-related behaviors. The RECS is designed to represent all
U.S. households, using a stratified sampling approach to capture a diverse range of geographic
locations, home types, and demographic groups. This ensures the survey reflects national
energy consumption patterns and helps policymakers, utilities, and researchers understand
trends in residential energy use, energy efficiency, and the impact of energy policies on
households nationwide.

2.2.1. Gaps with RECS 2020

In the case of the RECS dataset, two key variables are missing: the number of units in an
apartment building and the number of floors in an apartment building. The number of units and
number of floors in apartments are no longer part of the dataset as they are no longer included
in the survey. Removing these variables in 2015 was part of the changes when switching the
survey to a web/mail format. The lack of variables regarding the number of units and number of
floors in apartments is problematic for the present work, as without them, defining the number
of units or floors in an apartment building in the same way as the original study would not be
possible. Unlike the missing number of other rooms and the number of windows in the AHS
dataset, these variables are criteria used to classify the apartment dwelling models.
Fortunately, a data-sharing agreement was established between NIST and the U.S. Energy
Information Administration (EIA) to obtain the number of units. The number of units is
information in the EIA’s Delivery Sequence File (DSF) frame, based on the United States Postal
Service (USPS) postal address information from the survey participants. This variable has some



NIST TN 2329
February 2025

errors due to varying address structures and their derivation, resulting in contradictory values
(for example, the apartment 5+ units home type classification that the DSF lists as having less
than five units). An example of the varying address structures causing an error would be a
townhome community in which all dwellings share the same street address but use unit
numbers for the individual dwellings; these would be considered individual single-family
attached dwellings for RECS but would show up as townhouses with units in the EIA’s DSF.
Unfortunately, despite attempts by the EIA contractor to correct the varying address structures
and home type inconsistencies, these errors still exist in the EIA’s DSF. As the number of units
variable is only used for the apartment dwelling type, this error is not an issue for this project.
EIA was contacted about the number of floors for the apartment’s variable. However, this
variable is no longer available as part of the survey or within the EIA’s DSF. For more details on
how the number of floors variable was handled for this project, see Sec. 5.2 (Number of
Stories).

10
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3. Sample Selection for Updated Collection

Given that the previous U.S. collection of 209 dwellings was rarely used in its entirety, the new
collection described in this report contains fewer dwellings and, therefore, a lower fraction of
coverage of the U.S. dwelling stock. The total number of usable dwelling surveys in the RECS
2020 dataset is 18 496, and in the AHS 2021 dataset is 56 736 (see Table 3 for a more detailed
breakdown by dwelling type). Dwellings that lacked the floor area or were categorized as boat,
RV, etc.?, were removed from the AHS responses pool, leaving the noted number of usable
dwellings. Based on the RECS survey data, 1232 unique dwellings can be identified using the
variable ranges or levels in Table 2, as seen in Table 3. From the AHS 56 736 dwelling surveys,
1616 unique dwellings were identified. The term unique in this context means a combination of
Table 2 elements that define a distinctly different dwelling, for each of the different dwelling
types. Each survey response was assigned to one of these 1232 and 1616 unique RECS and AHS
dwelling models, respectively.

Table 3 Number of survey responses and unique number of dwellings by dwelling type.

Dwelling Types RECS (All) RECS (Unique) AHS (All) AHS (Unique)
Apartments 3452 143° 17547 351
Attached Dwellings 1751 443 4041 475
Detached Dwellings 12 319 628 32 550 769
Manufactured Dwellings 974 23 2598 24

Total Dwellings 18 496 1232 56 736 1616

2 The unique number of apartments in RECS is not a direct comparison to AHS, as there is currently no data for the
number of floors in each apartment complex, and the number of units is based on EIA’s evaluation of the USPS
postal address. Both variables are accounted for in AHS. The RECS’ value is the number of unique dwellings when
not considering the number of floors and using address to account for the number of units.

3.1. Number of Models in the Updated Collection

Given the goal of representing a fixed percentage of the U.S. dwelling stock, as was done in the
2006 effort, a reduction of the total dwelling models to 50 % coverage was pursued (Table 4
and Table 5). A 50 % U.S. coverage required 139 dwelling models to be used to represent the
AHS 2021 or 152 models for the RECS 2020 surveys (see B.2 AHS 2021 Dwelling Characteristics
and B.3 RECS 2020 Dwelling Characteristics), decreasing the number of total models in the
dataset, as compared to the 209 included in the original database. When utilizing a defined
number of models instead of aiming for a specific coverage percentage, such as 50 % of the U.S.
dwelling stock, Table 6, Table 7, Fig. 2, and Fig. 3 provide insight into the potential
representation of the U.S. dwelling stock that can be achieved. Table 6 and Table 7 show the
percentage of building stock representation for seven distinct model counts across four
dwelling types, while Fig. 2 and Fig. 3 display a continuous curve for these dwelling types. The
curves initially rise steeply and then level off, indicating that higher levels of dwelling
representation require an increasing number of models. However, significantly reducing the

2 Boat, RV, etc. is a class of homes in the AHS. As these classes of dwellings are not being considered in the update to the collections of
dwellings they were removed from the response pool.

11
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number of models may lead to problems with the diversity of dwelling characteristics
represented. An example of such a problem can be seen when examining the six most prevalent
apartment models in the AHS database. Three (# of floors, year built, and forced air) of the five
variables for the models are the same, and this type of similarity is common in the different
dwelling category types. If too few models are used, the collection could achieve a given
percentage of U.S. representation but with a low variety of dwelling characteristics within the
model set.

To have a complete representation of all variable levels (Table 2) within each dwelling type, 59
apartment models (if the number of floors is not included in the variables, only 35 models
would be needed?), 36 attached dwellings, 25 detached dwellings, and 15 manufactured
dwellings would be required when considering the AHS 2021 dataset. The original project did
not consider the complete representation of all variable levels for all dwelling types. We chose
not to pursue such a representation for this project as well, as some additional models would
have had a meager representation in the U.S. dwelling stock.

Table 4 Number of dwelling models needed for a given percentage of U.S. coverage (AHS 2021).

Dwelling Type 10% 20% 30% 50 % 60 % 80 %
Apartments 5 11 21 49 67 124
Attached 4 9 15 38 57 128
Detached 4 11 20 48 71 161
Manufactured 1 2 3 4 5 9
Total 14 33 59 139 200 422

Table 5 Number of dwelling models needed for a given percentage of U.S. coverage (RECS 2020).

Dwelling Type 10 % 20 % 30 % 50 % 60 % 80 %
Apartments 3 7 12 27 36 66
Attached 4 12 24 59 84 167
Detached 5 12 24 62 85 177
Manufactured 1 2 3 4 6 10
Total 13 33 63 152 211 420

Table 6 Percentage of U.S. coverage given the number of dwelling models (AHS 2021).

Dwelling Type 1 5 10 20 30 40 50
Apartments 3.65% 11.5% 19.1% 29.6 % 383 % 45.4 % 51.4%
Attached 4.34 % 13.8% 23.0% 36.1% 451 % 51.5% 56.8 %
Detached 3.65% 12.2% 19.6 % 30.7% 38.4% 45.4 % 51.2%
Manufactured 14.4 % 62.9 % 86.2 % 99.3 % n/a n/a n/a

Table 7 Percentage of U.S. coverage given the number of dwelling models (RECS 2020).

Dwelling Type 1 5 10 20 30 40 50
Apartments 4.18 % 16.2 % 26.9 % 42.5% 54.4 % 63.3% 70.5 %
Attached 3.42 % 11.8% 18.3 % 27.4% 345% 40.8 % 463 %

3 Though it was not stated in the original U.S. collection of 209 dwellings, report text, the number of floors of an apartment building was a
determining variable in defining dwelling characteristics, and as such, it was shown in the original report’s modeling details tables and is
discussed in greater detail in Section 5.2 5.2Number of Stories of this report.

12
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Dwelling Type 1 5 10 20 30 40 50
Detached 3.08 % 10.9% 18.3 % 27.6 % 343 % 39.1% 453 %
Manufactured 14.0 % 58.5 % 82.5% 98.9% n/a n/a n/a
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3.2. Defining the Number of Models in the New Collection

All variables that represent differing dwelling characteristics, as listed in Table 2, have
corresponding elements within the CONTAM dwelling models (see Section 5, Multizone
Building Representations, for a more detailed discussion of these elements). This section
discusses how these dwelling characteristics define the number of models needed to achieve a
given percent representation of the U.S. dwelling stock representation for a new collection of
models. While this report lays the groundwork for modeling a new collection of models, the
current modeling completed as part of the report will consist of only the 2000 and later models
that can be used at this time as a starting point for a new collection as well as temporary to fill
in the past collection. See section 3.2.2, Representation of Existing Suite of Dwellings, and
section 4, CONTAM Modeling Methodology, for a more thorough discussion.

3.2.1. Year of Construction

The year of construction (year built in Table 2) variable is used to assign the exterior wall
leakage for the model, as explained below. For the RECS and AHS surveys, this variable is
defined as the year a structure was first constructed, not when it was remodeled, added to, or
converted. The exterior wall leakage defines values in the flow path elements of the CONTAM
models but is not associated with any other changes to the model. A dwelling model with all
other variables in common will have the same CONTAM model, with only the values of the
exterior wall leakage being different. The values within the flow path elements of a model can
easily be edited with a script or other program and do not require creating a whole different
model. When the year of construction is not considered part of the dwelling characteristics,
leaving all other variables the same, there can be a notable decrease in the number of floor
plans and CONTAM models that need to be created, as seen in Table 8 through Table 11. Table
8 and Table 9 show how many unique CONTAM dwelling models would be needed for each
dwelling type and the varying percentages of U.S. dwelling coverage. Table 10 and Table 11
show the total difference between the number of CONTAM models needed with (Table 4 and
Table 5) and without (Table 8 and Table 9) the year of construction as part of the dwelling
characteristics.

Table 8 Number of dwelling models needed for a given percentage of U.S. coverage (AHS 2021) when the year of
construction (year built) is not considered.

Dwelling Type 5% 10 % 15% 20 % 25% 30 % 50 % 60 % 75 % 80 %
Apartments 2 5 8 10 12 15 22 27 33 35
Attached 2 4 5 7 9 10 17 23 40 48
Detached 2 4 6 8 10 12 20 30 45 56
Manufactured 1 1 1 1 1 1 1 2 3 3
Total 7 14 20 26 33 38 60 82 121 142
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Table 9 Number of dwelling models needed for a given percentage of U.S. coverage (RECS 2020) when the year
of construction (year built) is not considered.

Dwelling Type 5% 10% 15% 20% 25% 30 % 50 % 60 % 75 % 80 %
Apartments 1 3 5 6 7 8 10 12 16 17
Attached 2 4 8 9 13 17 28 34 54 59
Detached 2 5 7 9 13 18 33 38 53 59
Manufactured 1 1 1 1 1 1 1 2 3 3
Total 6 13 21 25 34 44 72 86 126 138

Table 10 Comparison of the number of dwelling models needed for a given percentage of U.S. coverage (AHS
2021) when the year of construction (year built) is and is not considered.

Dwelling Type 5% 10% 15% 20% 25% 30% 50 % 60 % 75 % 80 %
Total with Year 7 14 23 33 45 59 139 200 348 433
Total without Year 7 14 20 26 33 38 61 82 121 142

Table 11 Comparison of the number of dwelling models needed for a given percentage of U.S. coverage (RECS
2020) when the year of construction (year built) is and is not considered.

Dwelling Type 5% 10% 15% 20% 25% 30% 50 % 60 % 75 % 80 %
Total with Year 6 13 23 33 47 63 152 211 366 420
Total without Year 6 13 21 25 34 44 72 86 126 138

Reviewing the year-built variable to determine the distribution of dwellings, 25.5 % of all
dwellings in the AHS 2021 are 2000 and later (see Table 12) and 23 % of all dwellings in the
RECS 2020 were built in 2000 and later (see Table 13). The AHS 2000 and later range is made up
of 270 unique dwellings (apartment: 57, attached: 85, detached: 124, and manufactured
dwellings: 4), and the RECS 2000 and later range is made up of 223 unique dwellings
(apartment: 24, attached: 84, detached: 111, and manufactured dwellings: 4). An 80+ %
representation of the 2000 and later dwellings of the AHS dataset can be achieved with only 54
dwellings (apartment: 17, attached: 19, detached: 16, and manufactured dwellings: 2) -- see
Table 14. A 20+ % representation of the full AHS 2021 dataset can be achieved with 61
dwellings (apartment: 16, attached: 13, detached: 30, and manufactured dwellings: 2) -- see
Table 14. An 80+ % representation of the 2000 and later dwellings of the RECS dataset can be
achieved with only 56 dwellings (apartment: 11, attached: 30, detached: 21, and manufactured
dwellings: 2) -- see Table 15. A 20+ % representation of the full RECS 2020 dataset can be
achieved with 119 dwellings (apartment: 15 attached: 26, detached: 86, and manufactured
dwellings: 3) -- see Table 15. The relatively low number of dwellings still provides a good
representation of the 2000 and later group of dwellings. The next step for the project was to
update the original suite of dwelling models with their new representation (see Appendix B
Dwelling Characteristics section) and focus design and modeling efforts on the 2000 and later
dwelling models.

15
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Table 12 Year built dwelling distribution unique dwelling counts and percentage (AHS 2021).

Year Built Apartments Attached Detached Manufactured Total Unique
(# (%)) Dwellings (# (%)) Dwellings (# (%)) Dwelling (# (%)) Dwellings
Before 1960 59 (22.46 %) 95 (19.45 %) 143 (29.36 %) 4(2.36 %) 301
1960 — 1969 59 (10.26 %) 64 (6.17 %) 133 (10.86 %) 4 (6.44 %) 260
1970 - 1979 59 (15.93 %) 78 (14.27 %) 127 (13.55 %) 4(20.44 %) 268
1980 — 1989 60 (15.60 %) 83(19.12 %) 125 (11.63 %) 4 (20.74 %) 272
1990 - 1999 57 (10.33 %) 70 (12.09 %) 117 (12.30 %) 4 (24.50 %) 248
2000 and later 57 (25.42 %) 85 (28.90 %) 124 (22.32 %) 4 (25.53 %) 270
Table 13 Year built dwelling distribution unique dwelling counts and percentage (RECS 2020).
Year Built Apartments Attached Detached Manufactured Total Unique
(# (%)) Dwellings (# (%)) Dwellings (# (%)) Dwelling (# (%)) Dwellings
Before 1960 24 (23.17 %) 75 (20.68 %) 128 (30.47 %) 3 (3.78 %) 230
1960 — 1969 23 (10.96 %) 55 (8.40 %) 106 (10.68 %) 4 (5.44 %) 188
1970 - 1979 24 (17.29 %) 63 (13.06 %) 120 (13.58 %) 4 (19.58 %) 211
1980 — 1989 24 (15.63 %) 74 (16.95 %) 113 (11.26 %) 4 (19.49 %) 215
1990 — 1999 24 (10.88 %) 68 (14.55 %) 114 (13.82 %) 4(28.12 %) 210
2000 and later 24 (22.08 %) 84 (26.36 %) 111 (20.19 %) 4 (23.58 %) 223

Table 14 Number of unique 2000 and later dwellings (AHS 2021).

80+ % Rep. of 2000 and later Dwellings

20+ % Rep. of the Full Dataset

Dwelling Type (# of Dwellings) (# of Dwellings)
Apartment 17 16
Attached Dwelling 19 13
Detached Dwelling 16 30
Manufactured Dwelling 2 2

Total 54 61

Table 15 Number of unique 2000 and later dwel

lings (RECS 2020).

80+ % Rep. of 2000 and later Dwellings

20+ % Rep. of the Full Dataset

Dwelling T
welling Type (# of Dwellings) (# of Dwellings)
Apartment 11 15
Attached Dwelling 30 26
Detached Dwelling 21 86
Manufactured Dwelling 2 3
Total 64 130

3.2.2. Representation of Existing Suite of Dwellings

By evaluating the current AHS 2021 (AHS21) and RECS 2020 (RECS20) datasets with the same
parameters (where possible) as was done with the RECS 1997 (REC97) dataset, the U.S. dwelling
stock representation (% Rep.) and weight of the existing suite of dwellings can be updated (See
Table 16 for a summary and Appendix B Dwelling Characteristics for Table 23, Table 24, Table
25, and Table 26 for a complete breakdown). Due to the changes in the U.S. dwelling stock
since the 209 dwelling models were developed in 2006, the existing model set now represents
38.5 % of the AHS 2021 U.S. dwelling stock (detached dwellings: 37.7 %, attached dwellings:
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27.5 %, apartments: 39.6 %, and manufactured dwellings: 49.1 %) and 44.1 % of the RECS 2020
U.S. dwelling stock (detached dwellings: 42.4 %, attached dwellings: 32.4 %, apartments:

50.2 %, and manufactured dwellings: 51.5 %). While a smaller collection of models might be
preferred, our focus has been on the strategic addition of more recent models (2000 and later)
to complement the original collection of dwelling models. By concentrating on dwellings built in
2000 and later, we can better address the project's stated goals.

Table 16 Summary of the original RECS 1997 selected dwelling percent of representation.

Type of Dwelling Sample Size RECS97 % Rep. AHS21 % Rep. ? RECS20 % Rep. ®
Detached Dwelling 83 80.2 37.7 42.4
Attached Dwelling 53 80.2 27.5 32.4
Apartments 69 80.4 39.6 50.2°¢
Manufactured Dwelling 4 80.4 49.1 51.5

Total 209 80.2 38.5 42.1

@ AHS21 does not have the number of other rooms variable as noted previously; as such, the mean number of
rooms for a given Dwelling Number as shown in B.1 Original Dwelling Characteristics Update cannot be verified to
match.

b RECS20’s mean number of rooms for a given Dwelling Number as shown in B.1 Original Dwelling Characteristics
Update may not match the RECS97 survey.

¢ The RECS 2020 database does not have a number (#) of floors variable for apartments as it did in the past. This
means there was no way to directly compare the RECS 2020 data to the RECS 1997 data. The technique used to
compute the number for Table 26 was as follows. The Dwelling Variables minus the # of floors variable were used
to group survey responses. The resulting group of values was then broken out into the final values for this table
using the AHS 2021 survey distribution. Example: APT-1 and APT-2 have the same Dwelling Variables, excluding the
# of floors. The calculated row of values for the Number (#) of Dwellings (DWLG), Weight, and % representation for
RECS 2020 was multiplied by the ratio of the AHS 2021 Weight for APT-1 (344 295) and APT-2 (190 458).

It's worth noting that in instances where only one or two models from a specific dwelling type
have been used in previous research projects (see section 1.2, Usage of 2006 Collection of
Dwellings), the most commonly used models were those with the highest single model
representation. For the AHS 2021 datasets, the most common models would be those from the
2000 and later year-built variable group. However, in the case of the RECS 2020 dataset, the
2000 and later year built variable group may not always be the most common; nevertheless,
they still rank among the top of the highest-representing models.
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4. CONTAM Modeling Methodology

The original intent of this effort was to use a portion of the original suite of 209 dwelling
models in the new collection of models. These original models were not updated for three
reasons. First, the floor area category change accommodates the AHS and RECS datasets (i.e.,
numerical floor area values that fit into a given category). Second, the past CONTAM models
are not built to scale (which is needed when coupled for energy modeling). Third, the changes
in the average floor area, as discussed in 5.3 Floor Area, which was driven by both survey
responses as well as changed to the floor area range categories of the surveys. Instead, the 209
original models are left as they are (other than correcting models with errors), and their
representation/statistics and documentation are updated for the current database(s) (see
section Appendix B Dwelling Characteristics for this information). The models that needed
corrections are DH-6, DH-63, DH-77, and AH-27. DH-6 needed the model's exterior wall leakage
corrected so that the normalized leakage area was 1.29 (dwelling built before 1940) instead of
0.65 (dwelling built 1970 - 1989). DH-63 needed floor leakage paths to be added between the
first floor and the basement level, as well as a closed door between the basement and the first
floor. DH-77 needed an open door added to bathroom 2, and AH-27 needed an open door
added to bathroom 1.

This report describes and documents a 50 % U.S. representation with the most common
dwellings from 2000 and later in the AHS database, constituting eighteen additional models
(apartment: 6, attached: 6, detached: 5, & 1 manufactured dwellings). These models were
selected because they represent a slight majority of their given variable range (apartment:
52.2 %, attached: 50.9 %, detached: 51.7 %, & manufactured dwellings: 56.5 %) for the AHS
dataset and the original collection of dwelling is lacking homes from this time period. These 18
models also represent the variable range and models with the most significant representation
value for the whole dataset (i.e., AHS detached [top 21 %]: <1960 [22 %] (3 dwellings), 1960-
1969 [0 %] (0 dwellings), 1970-1979 [8 %] (1 dwelling), 1980-1989 [7 %] (1 dwelling), 1990-1999
[7 %] (1 dwelling), >2000 [55 %] (5 dwellings)). See the Tables in the sections B.2 AHS 2021
Dwelling Characteristics and B.3 RECS 2020 Dwelling Characteristics for the full breakdown of
50 % U.S. dwelling stock coverage. The eighteen additional models represent 42.3 %
(apartment: 39.9 %, attached: 37.5 %, detached: 35.4 %, & manufactured dwellings: 56.5 %) of
the 2000 and later variable range in RECS 2020. In addition to the 18 new models, we intend to
develop models to represent net-zero energy dwelling(s) in the future. The description and
documentation of the 18 new models were done similarly to the previous study Once the
description of the eighteen new dwellings was completed, floor plans were developed,
followed by the development of scaled CONTAM models.
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5. Multizone Building Representations

Once the eighteen new dwellings were defined, floor plans were developed to create a
multizone CONTAM model for each dwelling. The floor plans were drafted in Computer-Aided
Design (CAD) software, and individual floor plans were plotted into a single Portable Document
Format (PDF) file. These floor plans were based on the following variables from the AHS and
RECS surveys: dwelling type, number of stories, floor area, year built, foundation type, garage,
type of heating equipment, number of bedrooms, number of bathrooms, and number of other
rooms. The total number of units in each building was also considered for apartment buildings.
The discussion below explains how each variable was considered in developing the multizone
representation. The floor plan names, as well as the dwelling’s variable information and
subsequential CONTAM multizone representation, can be found in Table 17.

19



NIST TN 2329

February 2025
Table 17 2000 and later 18 dwelling representation details and floor plans.
House Variables AHS Data RECS Data Mean # of Rooms .

T < 8
2ol2lpn| B 883 2s| 5§ | 22| 5 | 2|E|2]E (8| 3
s sl8e|gPs|& "B 2% | % 8 | &% & g (8|28 |2 3

b = = - - 3 S| = ©

Detached Dwellings
1 n/a 2 6 1 2 2 1249 | 3018932 3.65 360 2370861 3.08 3 2 0 3 1 DH-A23 (1)
2 n/a 3 6 1 2 2 1079 2190 347 2.65 214 1429 143 1.85 4 3 0 5 1 DH-B23 (2)
2 n/a 3 6 3 2 2 674 1803 856 2.18 253 1275713 1.66 4 3 0 5 1 DH_C23 (1)
2 n/a 2 6 1 2 2 675 1534536 1.86 140 926 219 1.20 3 2 1 3 1 DH-B23 (1)
1 n/a 3 6 1 2 2 462 986 486 1.19 113 720 269 0.93 4 3 0 4 1 DH-A23 (2)
Attached Dwellings
2 n/a 2 6 1 2 2 147 341326 4.34 49 221 891 2.98 3 2 1 2 1 AH-B23 (2)
1 n/a 1 6 1 2 2 74 188 760 2.40 35 125 689 1.69 2 2 0 3 1 AH-A23 (1)
3 n/a 2 6 1 2 2 99 185 326 2.36 17 69 863 0.94 3 2 0 3 1 AH-C23 (1)
2 n/a 1 6 1 2 2 80 169 333 2.15 26 110 647 1.48 2 2 1 2 1 AH-A23 (2)
2 n/a 2 6 3 2 2 62 146 586 1.86 32 92 788 1.25 3 2 1 4 1 AH-C23 (2)
1 n/a 2 6 1 2 2 46 125 667 1.60 43 161 980 2.17 2 2 0 4 1 AH-B23 (1)
Manufactured Dwellings
nfalnfal 1 | 6 |nfalnal 2 | 376 | 1030052 | 1442 | 130 | 843098 [1234| 3 | 2 [ o | 2 | 1 | ™mH-A23(1)
Apartments °

3 5 1 6 n/a | n/a 2 722 1143120 3.65 n/a n/a n/a 1 1 0 2 1 APT-3A23 (10)
3 5 2 6 | nfaln/a| 2 424 703 594 2.25 n/a n/a n/a 2 2 0 2 1 APT-3B23 (5)
3 3 2 6 n/a | n/a 2 230 594 062 1.90 n/a n/a n/a 2 2 0 2 1 APT-3B23 (3)
3 3 1 6 | nfaln/a| 2 277 591377 1.89 n/a n/a n/a 1 1 0 2 1 APT-3A23 (8)
3 4 2 6 | nfaln/a| 2 233 565 690 1.81 n/a n/a n/a 2 2 0 2 1 APT-3B23 (4)
3 4 1 6 | nfaln/a| 2 259 554 337 1.77 n/a n/a n/a 1 1 0 2 1 APT-3A23 (9)

2 Floor plans and floor plan numbers are based on similar floor plans from the original collection of dwellings.

® The RECS 2020 database does not have a number (#) of floors variable for apartments as it did in the past. This means there was no way to directly compare
the RECS and AHS data.
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The key for Table 17:

# of floors: 1 = 1 story; 2 = 2 story; 3 = 3 to 5 stories; 4 = 6+ stories

# of units: 1 =2 to 4 (modeled as 4); 2 =5 to 9 (modeled as 6); 3 =10 to 19 (modeled as 16); 4 = 20 to 49 (modeled as 32); 5 = 50+
units in building (modeled as 20 units per floor)

Detached and Attached Dwelling Floor Area: 1 = less than 139.3 m (1499 ft ); 2 =139.4 m to 232.2 m (1500 ft to 2499 ft );
3=232.1m (2500 ft ) or more

Manufactured Dwelling Floor area: 1 = less than 139.3 m? (1499 ft?); 2 = 139.4 m? (1500 ft?) or more

Apartment Floor area: 1 = less than 92.8 m? (999 ft?); 2 = 92.9 m? (1000 ft?) or more

Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer

Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage

Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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5.1. Type of Household

The household types used match those used in the previous NIST study, the AHS database, and
the RECS database, which consists of detached, attached apartment buildings and
manufactured dwellings. The detached and manufactured dwellings were modeled as free-
standing structures exposed to the outdoor environment on all sides of the building. The
attached dwellings were modeled as single townhouses with no leakage paths in the sidewalls
between the adjoining units. This arrangement is consistent with an interior unit where the
outdoor environment only interacts with the front and back walls, with no significant airflow or
contaminant transport to or from the adjacent units. While having no leakage between
adjacent units is not necessarily a reasonable assumption in all cases, it is a practical necessity
given the lack of data describing the airtightness of such walls. Apartment buildings were
modeled as entire buildings made up of identical apartment units, with leakage between units
included.

5.2. Number of Stories

For the AHS 2021 database, all dwelling types are listed in the surveyas 1, 2, 3,4, 5, 6, and 7+
stories, whereas in the RECS 2020 database, only the attached and detached homes have the
number of stories listed as 1, 2, 3, 4+, and split-level. As with the original study’s models of
split-level homes, it is necessary to include an extra level in the CONTAM model that is one-half
story high. Each room is then modeled at its full height using phantom zones, a CONTAM
feature that allows a zone to extend through multiple building levels. No split-level homes are
among the additional models as they are not sufficiently representative of homes built in 2000
and later. If more dwellings are added in the future, then the split-level story type may need to
be used. The RECS 2020 has no story information for apartments or manufactured homes. For
all building types, one-story and two-story buildings were modeled as such. The 3 to 5-story
dwellings were modeled as 4-story buildings. The 6+ story dwellings were modeled as ten-story
buildings. All floors of multistory apartment buildings were modeled as identical, except for
minor differences related to entrances on the first floors. All apartment buildings with four or
more stories were modeled as having elevators, except for the six-story building, which only
had one unit per floor. In the case of six-story buildings which only had one unit per floor, the
buildings were modeled without elevators.

5.3. Floor Area

Floor area data for the 2021 AHS and 2020 RECS datasets are like the 1997 RECS dataset, with a
small number of defined category ranges representing the survey response's floor area. Still,
each of the three surveys has different floor area ranges. See Table 18, column number one for
1997 RECS floor area ranges, column two for 2021 AHS floor area ranges, and column three for
2020 RECS floor area ranges. The differences in the floor area ranges for the 2021 AHS and
2020 RECS, when compared to the floor area ranges from the 1997 RECS, mean a direct one-to-
one comparison of the weighted floor areas is impossible. However, the percent change was
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still calculated and can be found in Table 19, columns four and six for 2021 AHS and 2020 RECS,
respectively. This calculation was done to help determine if a change to the weighted floor
areas defined for the models was needed. Table 19 notes that the floor area category in Table
19 and Table 20 is different due to the change in the floor area ranges of the datasets.

The floor areas used for the model floor plans are calculated as the weighted average of the
category ranges in the datasets that make up a floor area category for each dwelling type. A
given category range is represented by the mean of the upper and lower bound for each floor
area category (see Table 18 columns three and five for 2021 AHS and 2020 RECS, respectively).
To match the methods used in the original report, categories with only an upper or lower
bound were represented by values 10 % less than the upper bound and 10% greater than the
lower bound. The resulting weighted average floor areas for AHS 2021 and RECS 2020 datasets
can be seen in Table 19 columns three and five, respectively, and the percent change from the
original study in columns four and six. The percent change of the floor area from the original
research to the newer datasets shows that, in most cases, there has been a shift to larger
dwellings in each floor area category. This increase in model floor area for a given dwelling type
is even more notable because the ranges for floor area categories for attached dwellings,
detached dwellings, and manufactured dwellings were shifted down to fit the current survey
floor area ranges.

In addition to the defined categories for floor area, the 2020 RECS also contains a unique floor
area value for each survey response. The weighted average for floor area was also calculated
using these unique floor area values, see Table 20 column four. Using the unique floor area
response allows for the use of the same floor area category ranges that were defined in the
original project report (see Table 20 column two). Table 20’s weighted average floor areas
(column four) are more representative of the survey data since all dwellings in a category would
not be considered the mean of the category, as was discussed above, and instead, the unique
floor area from each survey response was used. While this method accurately represents the
floor area of the given dwelling type and floor area category, it is not a one-to-one comparison
to the original report’s values. When the weighted average floor area is calculated for each
category range with the unique floor areas for dwellings, the percent change for floor area
shows an increase for all dwelling types other than the 92.9 m? (1000 ft2) or more apartments.
There is a notable decrease in the 92.9 m? (1000 ft?) or more apartments.

For this project, the floor areas that were used for the 2000 and later models are based on the
2021 AHS survey results (Table 19 column three). The 2021 AHS weighted floor area results
were used for two reasons. First, the 2021 AHS survey comprises nearly 3.5 times as many
responses as the 2020 RECS database. The second reason is that in the 2021 AHS database, the
2000 and later year-built variable group possesses the highest number of individually
representative dwellings (as discussed in Section 3.2.1 Year of Construction and 3.2.2
Representation of Existing Suite of Dwellings).
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Table 18 Floor area ranges of the AHS and RECS datasets with the floor area used for the weight average floor

area calculations.

RECS97 Floor Area
Ranges m? (ft?)

AHS21 Floor Area

Range m? (ft?)

Floor Area Used for
AHS21 Range m?

RECS20 Floor Area

Ranges m? (ft?)

Floor Area Used for
RECS20 Range m?

(1600 to 1999)

(1000 to 1499)

(1000 to 1499)

(ft?) (ft?)

Less than 55.7 (600) | Less than 46.5 (500) 41.8 (450.0) Less than 55.7 (600) 50.2 (540.0)
55.7t092.8 46.5 to 69.6 58.0 (624.5) 55.7 to 74.2 65.0 (699.5)
(600 to 999) (500 to 749) (600 to 799)
92.9to0 148.6 69.71t092.8 81.2 (874.5) 74.31t092.8 83.5(899.0)

(1000 to 1599) (750 to 999) (800 to 999)
148.6 to 185.7 92.9t0 139.3 116.1 (1249.5) 92.9to0 139.3 116.1 (1249.5)

185.8 t0 222.9
(2000 to 2399)

139.4 to0 185.7
(1500 to 1999)

162.5 (1749.5)

139.4 to 185.7
(1500 to 1999)

162.5 (1749.5)

222910 278.6
(2400 to 2999)

185.8 to 232.2
(2000 to 2499)

209.0 (2249.5)

185.8 to0 232.2
(2000 to 2499)

209.0 (2249.5)

278.7 (3000) or

232.3t0 278.6

255.4 (2749.5)

232.3t0 278.6

255.4 (2749.5)

more (2500 to 2999) (2500 to 2999)
278.7to 371.5 325.1 (3499.5) 278.7 (3000) or (3300.0)
(3000 to 3999) more
371.6 (4000) or 408.8 (4400.0)
more

Table 19 Weighted average floor area by dwelling type and category for 2021 AHS and 2020 RECS.

Dwelling Type Floor Area Category m? AHS21 Floor Change | RECS20 Floor | Change

(ft?) Area m? (ft?) (%) ® Area m? (ft?) (%) ®

Apartment, 2-4 Units Less than 92.9 (1000) 69.4 (747) 6.2 % 70.8 (762) 8.2%
92.9 (1000) or more 144.0 (1550) 13% 131.2 (1412) -7.7 %

Apartments, 5+ Units Less than 92.9 (1000) 67.1(722) 26% 69.3 (746) 59%
92.9 (1000) or more 132.3 (1425) 1.8% 126.2 (1359) -29%

Attached Dwelling @ Less than 139.4 (1500) 99.1 (1066) 29% 102.9 (1119) 7.9%
139.4 to 232.3 (1500-2500) 177.2 (1907) 0.9% 174.2 (1875) -0.8%

232.3 (2500) or more 310.6 (3344) 18.9 % 278.9 (2999) 6.6 %

Detached Dwelling ? Less than 139.4 (1500) 105.2 (1132) -1.7% 107.2 (1154) 0.2%
139.4 to 232.3 (1500-2500) 181.9 (1958) 0.8% 181.3 (1952) 0.5%

232.3 (2500) or more 312.9 (3368) 13.6 % 283.1(3048) 2.8%
Manufactured DWLG ?® Less than 139.4 (1500) 92.8 (999) 7.5% 95.1 (1024) 10.2 %

139.4 (1500) or more 190.4 (2049) N/A 178.5 (1822) N/A

2 The floor area category ranges (column two) for these dwelling types were shifted to match the data distribution
in the AHS databases.

® The percent change is a comparison between the 1997 RECS original study’s floor area categories (seen in Table
20 column two) and the floor area categories shown (column two).
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Table 20 Weighted average floor area by dwelling type and category for 1997 RECS and 2020 RECS.

Dwelling Type Floor Area Category m? RECS97 Floor Aream? | RECS20 Floor Area | Change
(ft?) (ft?) m? (ft?) (%)
Apartment, 2-4 Units Less than 92.9 (1000) 65.4 (704) 68.3 (735) 45%
92.9 (1000) or more 142.1 (1530) 122.0 (1314) -14.1%
Apartments, 5+ Units Less than 92.9 (1000) 65.4 (704) 67.4 (726) 3.1%
92.9 (1000) or more 130.0 (1399) 117.9 (1269) -9.3%
Attached Dwelling Less than 148.5 (1600) 96.3 (1037) 105.9 (1140) 10.0%
148.5 to0 222.9 (1600-2399) 175.6 (1891) 177.1 (1906) 0.9 %
222.9 (2400) or more 261.3 (2813) 287.0 (3089) 9.8%
Detached Dwelling Less than 148.5 (1600) 107.0 (1152) 109.7 (1181) 26%
148.5 t0 222.9 (1600-2399) 180.4 (1942) 181.4 (1953) 0.6 %
222.9 (2400) or more 275.5 (2966) 313.8 (3377) 13.9%
Manufactured DWLG Less than 148.5 (1600) 86.3 (929) 96.7 (1041) 12.1%
148.5 (1600) or more N/A 178.5 (1921) N/A

5.4. Exterior Wall Leakage

The exterior wall leakage in the models is based on data from the references of the original
study as well as the updates and additions to the ResDB that the Residential Building Systems
(RBS) group at LBNL compiled [32, 30, 33-36, 31, 37, 38]. Currently, the ResDB contains exterior
wall leakage data from about 147 000 dwellings and duct leakage data from 28 000 dwellings
[38]. The exterior wall leakage, expressed as normalized leakage (NL), is defined in ResDB as a
function of the dwelling’s floor area, ceiling height, year built, pre-weatherization for
Weatherization Assistance Program (WAP) dwellings, energy efficiency rated dwellings?, climate
zone, foundation type, and HVAC duct location. These NL calculations are described in
Appendix C Exterior Leakage Values using LBNL Database and presented in Table 21. Appendix C
documents how the LBNL database was used to estimate NL values for the new collection of
dwellings and describes how users can modify these values.

Table 21 Normalized leakage by construction year and floor area.

Year Built Floor Area Less Than 148.5 m? | Floor Area Between 148.5to | Floor Area Greater Than
(1600 ft?) 222.9 m? (1600 to 2399 ft?) 222.9 m? (2400 ft?)
Before 1960 1.19 1.02 0.79
1960 - 1969 0.99 0.85 0.66
1970 - 1979 0.97 0.83 0.65
1980 - 1989 0.79 0.68 0.53
1990 - 1999 0.61 0.52 0.41
2000 and later 0.53 0.45 0.35

The NL values from Table 21 are converted to effective leakage areas (ELA) using Eq. (1) [39—
41], as the latter are used in the dwelling CONTAM models. The effective leakage area (ELA)
divided by the surface area of a dwelling envelope yields a unique leakage area for each

4 Energy efficiency rated dwellings is a term used by the LBNL report. This calcification is used to identify a home that have participated in any
type or version of an energy efficiency rating system. One of the most common of which is the ENERGY STAR program.
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dwelling. For dwelling models that have an attached garage, the ELA of the exterior garage
walls was set to be double that of the dwelling's exterior wall leakage. This was the same
approach used in the original collection of dwelling models. See Section 5.6 for more
information. The leakage area is the specified term for the one-way flow using the powerlaw
model used for the airflow path in CONTAM.

NL = 1000 ( ELA ) (H )M (1)
Afloor Hr
Where:
NL = normalized leakage
ELA = effective leakage area, m?, using 4 Pa reference pressure (ft?)
Afioor = floor area, m? (ft?)
H; = reference height, 2.5 m (8.2 ft)
H = vertical distance from the lowest above-grade floor to the highest ceiling, m (ft)

5.5. Foundation Type

In the AHS and RECS databases, the foundations used are slab-on-grade (commonly called a
concrete slab) foundations, crawlspace foundations, and basement foundations (both finished
and unfinished). For this project, the attached and detached dwellings are classified using these
three foundation types. For apartments, all dwellings are classified with slab-on-grade/concrete
slabs, and all manufactured dwellings are classified with a crawlspace foundation.

5.5.1. Slab-on-grade Foundations

The dwelling models with a concrete slab-on-grade were modeled with no leakage paths to the
outdoors through the floor. The first floor of the CONTAM model was modeled at ground level.

5.5.2. Crawlspace Foundations

The dwelling models with crawlspaces were modeled similarly to the past study, with a 0.9 m

(3 ft) high crawlspace underneath the dwelling with ventilation openings to outdoors (ambient).
Four total openings are used for each dwelling, located at the corners, and outdoor openings
totaling 1/150 of the crawlspace floor area. The 1/150 floor area is consistent with the
International Building Code (IBC) section 1202.4.1.1 on the ventilation area of crawlspaces with
open earth floors [43]. The leakage between the crawlspace and the dwelling is the same as the
exterior wall leakage per unit area for the dwelling, as defined in 5.4 Exterior Wall Leakage
above.

5.5.3. Unfinished and Finished Basement Foundations

The dwelling models with basements are modeled with 2.4 m (8 ft) high spaces with the same
footprint as the dwelling. Unfinished basements are modeled as unconditioned spaces and are
closed off from the upper part of the dwelling with a closed door. If unfinished, they are
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assumed to have leakage to the outdoors at the top 0.6 m (2 ft) of each wall and to the floor of
the conditioned dwelling above. This leakage is the same as the exterior wall leakage for the
exterior walls of the dwelling as defined in 5.4 Exterior Wall Leakage above.

Finished basements are modeled with an open staircase to the upper floors, and the leakage
per area of the basement-dwelling interface is the same as the interior walls. Finished
basements are modeled with leakage at the top 1.2 m (4 ft) of walls without doors to attached
garages and with leakage on the entire 2.4 m (8 ft) of walls with garage doors. This leakage is
the same as the exterior wall leakage of the dwelling, as defined in 5.4 Exterior Wall Leakage
above.

5.6. Garage

Some original detached (68.7 %) and attached (43.4 %) dwellings have attached garages,
whereas all the identified 2000 and later detached and attached dwellings have attached
garages. The attached garages are located beside or under a dwelling floor and are considered
unconditioned spaces. Detached dwellings are modeled with a two-car garage, either 45.0 m?
or 53.5 m? (484 ft2 or 576 ft?) in size, depending on the house floor plan, attached to the
home's first story. The attached homes are modeled with one or two-car garages, which are
35.7 m?,53.5 m?, or 59.1 m? (384 ft?, 576 ft?, or 636 ft?) depending on the floor plan, on the
lowest ground level story of the home. The modeled garage floor areas are consistent in size
and placement with the past study. Garage exterior walls are modeled with leakage values two
times that of the dwelling’s exterior walls. This is based on two studies of the leakage between
attached garages and living spaces of the dwellings [42, 44]. Unfortunately, limited research
exists on the leakage rates of exterior garage walls or garage doors that can be used to inform
the leakage rates in relation to the garage zone.

5.7. Number of Rooms

The AHS and RECS datasets include information on the number of rooms in each dwelling. For
each unique dwelling definition, the percentage of dwellings with each number of the following
room types was determined: bedrooms, bathrooms, half baths, and others. Since each unique
dwelling definition is a combination of survey responses, a weighted average of the number of
each room type for each of the unique dwelling definitions was calculated. The weighted
average for each room type was rounded to the nearest whole number and used to define the
modeling parameters. The tables in Appendix B summarize the number of rooms and other key
modeling variables for the dwelling definitions. Note that tables for the original 209 dwellings
(B.1 Original Dwelling Characteristics Update) had the number of rooms removed to fit the AHS
2021 and RECS 2020 surveys’ representation values for the dwellings. When translating the
number of rooms that are presented in the dwelling characteristics tables in Appendix B,
residential building construction conventions were used to model floor plans.

Several of these conventions are as follows: The first full bathroom in a dwelling has access
from the main living space. An additional half or full bathroom was modeled as a primary
bathroom near the largest bedroom. When there are more than two full bathrooms in a
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dwelling, one bathroom was modeled as a primary bathroom, the second full bathroom was
located near additional bedrooms, and the following half or full bathroom was located with
access from the main living space.

With the AHS and RECS datasets only defining room types as bedrooms, bathrooms, half baths,
and others, the construction conventions used in the original study were utilized to determine
the other room(s) type variable. The number of other rooms in the models varies from one to
five. The naming convention for other rooms is as follows: the first other room is labeled as the
kitchen, the second as the living room, the third as the dining room, the fourth as the den, and
the fifth as storage. For the floor plans and CONTAM models, all rooms are defined spaces with
walls and doorways (with or without doors) separating the spaces. This approach was done to
enable the rooms to be specified separately in CONTAM. For contemporary dwellings, it is
typical for the kitchen, living room, and dining room to be open spaces with no or limited
physical separation. The large doorways between the kitchen, living room, and dining room
enable users to model the spaces separately and change the opening area between them if
they choose.

5.8. Attics

An unconditioned attic space was included for the attached, detached, and manufactured
dwellings. An unconditioned attic space was also included in the models of one and two story
apartment buildings with four units or fewer per building. The attic of the dwellings is modeled
with vents to the outdoors, with a free area equal to 1/150 of the area of the attic. The 1/150
value is in line with the International Building Code (IBC) section 1202.2.1 ventilated attics and
rafter spaces [43].

5.9. Doors

The effect of closed exterior doors on exterior wall leakage is included in the exterior wall
leakage values discussed in section 5.4 Exterior Wall Leakage. Since the effect of closed exterior
doors on the building envelope is included in the NL of the exterior wall, there is no need in
most cases to include closed exterior doors in the models as was done in the original 2006
collection of dwellings. The closed door leakages that were included in the original collection
were a single exterior door with an effective leakage area of 12 cm? (1.9 in?), a closed door
connecting the garage and house (when a garage was present) with a leakage area of 21 cm?
(3.3 in?), and a closed basement door (when an unfinished basement was present) also with a
leakage area of 21 cm? (3.3 in?). The above effective air leakage areas are the “Best Estimated”
values from Table 1 Effective Air Leakage Areas (Low-Rise Residential Applications Only) of the
2001 ASHRAE Fundamentals Handbook’s chapter Ventilation and Infiltration for single doors
weather-stripped and not weather-stripped, respectively [45]. (The noted table was removed
from the subsequent versions of the ASHRAE Fundamentals Handbook’s chapter, Ventilation
and Infiltration). These door leakages could be removed from the original collection of
dwellings to align with the updated collection of dwellings discussed in this report.
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Doors are addressed in the updated collection of dwellings as follows. For attached, detached,
and manufactured dwellings, as well as individual apartments in apartment buildings, open
interior doors connecting interior zones conditioned in the same manner (including conditioned
basements) are included. These open doors are modeled as a one-opening, two-way flow
model with a cross sectional area equal to the fully opened door of its given size. This one-
opening, two-way flow model is not the same model used for the original collection of
dwellings’ interior doors, the one-way flow using powerlaw model was used instead. The one-
way flow using powerlaw model is more suited for small orifice leakage like would be present
with a closed door, as such it would be recommended that modelers that used the original
collection of dwellings could edit the open interior doors to align with the updated collection of
dwellings discussed in this report. For apartment buildings, in addition to interior doors linking
the interior zones of individual apartments, for apartment buildings that include elevators, the
elevator doors are modeled with a leakage area of 226 cm? (35 in?). This effective leakage area
is the average leakage from a study of eight multi-story buildings [46]. All closed door leakages
discussed here and modeled in the collection of dwellings are only used to account for the
effects of a closed door where not accounted for in the NL. Any closed door that needs to be
opened will need to be scheduled in the model. For all models, modelers are responsible for
adding other doors, i.e., exterior doors to be used with an opening and closing schedule, as
needed for a project.

5.10. Windows

As mentioned in Section 5.9 Doors, the impact of closed windows on exterior wall leakage is
accounted for in the exterior wall leakage values discussed in Section 5.4 Exterior Wall Leakage.
Consequently, windows are not included in the dwelling models. Modelers can incorporate
windows into their models and implement an appropriate opening and closing schedule if
required for their project.

5.11. Number of Units

Like the previous study, the apartment buildings are assigned a number of units. Unlike in the
past, the number of units is not stored similarly in the most recent RECS and AHS databases. In
the past study, the RECS database and NIST modeling effort had a variable for the number of
apartments in each apartment building with five categories: 2to 4, 5t0 9, 10 to 19, 20 to 39,
and 40+ units. The 2021 AHS database does report the number of units in a building; however,
the categories' range is slightly different compared to the prior NIST study. The AHS 2021
category ranges for the number of unitsare 2to 4,5t0 9, 10 to 19, 20 to 49, and 50+. The
number of units variable is no longer included in the publicly available RECS database. A data-
sharing agreement was established between NIST and EIA to acquire the number of unitsin a
building for the RECS respondents. However, as noted previously in this document, this data is
not directly acquired from survey respondents but is generated from a USPS database based on
the address of a survey respondent. The resulting number of units generated this way is a
unique value for each survey response. These unique values were then used to assign the 2020
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RECS survey responses into the 2to 4,5t0 9, 10 to 19, 20 to 49, and 50+ ranges that appearin
the 2021 AHS database.

The defined values representing the number of units from the RECS database’s frame file made
it possible to calculate the average number of units for each home type category and the
number of unit groups (see Table 22). Though using the average number of units with current
data, as opposed to the past values assigned for each category, was possible, this was not done
due to a lack of confidence as to the quality of the number of units variable. Based on further
discussions with EIA, neither the home type nor the number of units are variables in which EIA
has a high degree of confidence. This issue potentially becomes apparent when reviewing U.S.
representation weight and percentage of weight for the 2 to 4-unit apartments. In the 2 to 4
units apartment home type group, only 49 % fall within that 2 to 4 units category (see Table
22).
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Table 22 RECS 2020 number of units.

# of Units Avg. # of Weight (U.S. % Weight % Weight

Home Type Group Units # of Surveys Rep.) (Home Type) (Whole

Survey)
1 1 774 5184 977 75.9% 4.2 %
2to4 3 23 187 768 2.7 % 0.2%
Manufactured 5t09 9 5 45 259 0.7% 0.0%
Dwellings 10to 19 15 13 93 205 1.4% 0.1%
20to 49 33 32 238767 3.5% 0.2%
>50 210 127 1082 522 15.8 % 0.9 %

1 1 12129 75902 080 98.5 % 61.4 %
2to4 2 168 1061710 1.4% 0.9 %
Detached 5t09 6 8 30 866 0.0 % 0.0 %
Dwellings 10to 19 11 4 14916 0.0 % 0.0 %
20to 49 29 7 36 056 0.0% 0.0 %
>50 416 3 22 062 0.0% 0.0%
1 1 1261 5208 762 69.9 % 4.2 %
2to4 3 266 1228422 16.5 % 1.0%

Attached 5to9 7 70 311338 4.2 % 0.3%
Dwellings 10to 19 13 44 217 245 29% 0.2%
20to 49 32 40 169 693 2.3% 0.1%

>50 165 70 315718 42 % 03%

1 1 160 1273176 13.6 % 1.0%

2to4 3 488 4600174 492 % 3.7%

Apartment, 2- 5t09 7 111 1048 790 11.2 % 0.8%
4 Units 10to 19 13 69 608 757 6.5 % 0.5%
20to 49 32 54 534 288 5.7% 0.4%

>50 199 131 1276 610 13.7% 1.0%

1 1 137 1062 834 4.7 % 0.9%

2to4 3 52 558 461 2.4 % 0.5%

Apartment, 5+ 5to9 7 308 2961 126 13.0% 2.4%
Units 10to 19 13 325 3072518 13.5% 2.5%
20to 49 32 488 4520 955 19.8 % 3.7%

>50 191 1129 10 659 970 46.7 % 8.6 %

Generally, the >50 units category for this project is modeled as a building with 20 units per
floor. The 20 to 49 category has 32 units; the 10 to 19 category has 16 units; the 5 to 9 category
has six; and the 2 to 4 category has four. These values were selected to match the previous
study and to provide conveniently divisible numbers of units, ensuring most buildings could be
modeled with identical floors. In cases where this modeling convention was not possible, for
example, in a four-story building with six total units, the building was modeled with two
identical lower floors with two units each and two identical upper floors with one unit each.

5.12. Conditioned and unconditioned spaces

Every defined zone in the CONTAM models is classified as either a conditioned or
unconditioned zone. In this project, attics, unfinished basements, crawlspaces, and garages are
considered unconditioned zones. Within a CONTAM model, a designation of unconditioned
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means that when the building air change rate is calculated, these zones and their associated
volumes are not included in that calculation and are considered part of the ambient zone
(outdoors). This approach means that only the conditioned zones are included in the building
volume, and only outdoor air flows into and out of these conditioned zones. The outdoor air, in
this case, includes air from both the outdoors and from the non-conditioned spaces with both
being included in the outdoor air change rate calculation. For the apartment building models,
corridors, stairs, and elevators are considered part of the conditioned space and designated as
conditioned zones. All defined conditioned or unconditioned zones of the CONTAM models
have the zone temperature set to be the same as the indoor temperature. This temperature
value is user-changeable if desired.

5.13. Type of Heating Equipment

The dwelling definitions in the current and past studies had HVAC equipment classifications.
These classifications are either a central system, which signifies a central forced air distribution
system, or other, which is assumed not to include forced air fans or outdoor air ventilation. The
latter are not included in the airflow models as they would alter the temperature in a zone
without altering the zone pressure. A simple air-handling system (AHS) is modeled for dwellings
with central systems with a balanced supply and return airflows of 5 L/s ® m? (1 cfm/ft?) of floor
area. The 5 L/s ® m? (1 cfm/ft?) airflow rate is based on the standard rule of thumb estimates
for schematic design [47—-49] as well as being 1.25 L/s ® m? (0.25 cfm.ft?) over the ASHRAE
airflow estimates for schematic design minimum value of 3.75 L/s ® m? (0.75 cfm/ft?) air supply
for interior spaces [50]. This airflow rate of 5 L/s ® m? (1 cfm/ft?) has been reduced from the
original study’s 6.1 L/s ® m? (1.2 cfm/ft?) of floor area to reduce the potential of over-ventilating
spaces. The typical 54 L/s per kW (400 cfm/ton) air supply for all-air systems that ASHRAE
estimates for schematic designs was not utilized due to the need to first calculate a thermal
design load, which would differ based on the climate region, number of occupants, dwelling
square footage, ceiling height, insulation, windows, and external walls [48, 50]. Utilizing a
varied thermal design load would necessitate a drastic increase in the number of models
required for the collection of dwellings. No outdoor air ventilation was added to any of the
single-family building models. Outdoor air ventilation was not included in the dwelling models
because many states and localities within the United States have not adopted an outdoor air
ventilation requirement into their building codes. Some U.S. states currently have outdoor air
ventilation requirements for new construction, but most contemporary models for this study
are made up of dwellings from 2000 and later. There were even fewer states with an outdoor
air ventilation requirement in 2000.

5.13.1. Air-Handling System (AHS) Duct leakage for Detached, Attached, and Manufactured
Dwellings

Depending on the features of a given dwelling, duct leakage was added to the CONTAM
models. Since the CONTAM models utilize a simple air-handling system (AHS) instead of a
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detailed duct system, the modeled duct leakage is only the duct leakage to the outdoor
(ambient) environment. While total duct leakage (duct leakage to both the indoor and outdoor
environment on both the supply and return side of the system) influences dwelling energy
usage, duct leakage to and from the outdoors influences the pressure difference and, in turn,
the airflow between the dwelling and the outdoors. The outdoor duct leakage was achieved by
adding a supply and/ or return register to a given zone that is not included in the CONTAM
conditioned building volume and depends on the features of a given dwelling. The original NIST
collection of dwellings assumed that dwellings with unconditioned basements had return duct
leakage that was 10 % of the total AHS flow and dwellings with a crawlspace or a slab-on-grade
foundation had a supply duct leakage of 10 % of the AHS flow. Dwellings with a garage had a
return duct leakage of 10 % of the AHS flow. These values gave dwellings with HVAC systems
between 10 % and 20 % duct leakage to the outside, depending on the features of the dwelling.

5.13.1.1. Modeled Outdoor Duct Leakage Locations

The duct leakage assumptions were changed from the original NIST collection of dwellings for
location-based leakage and the leakage amounts. For dwellings with basements, it was
assumed that a portion of the dwelling’s HVAC system is in the basement. If the basement for a
dwelling is unconditioned, then the duct leakage in the zone would be outdoor duct leakage.
No duct leakage (supply or return) was added for dwellings with conditioned basements due to
the widespread practice of placing ductwork in the floor plenum between the basement and
the first floor. In this case, all duct leakage would be entering conditioned space(s) and,
therefore, unable to leak outside the dwelling envelope. For dwellings with slab-on-grade
foundations, the HVAC system was modeled with leakage in the attic due to portions of the
HVAC system being in the attic. The HVAC system was also modeled with leakage in the attic for
dwellings with a crawlspace foundation, other than manufactured dwellings. For manufactured
dwellings with a crawlspace foundation, the HVAC system was modeled with leakage in the
crawlspace due to portions of the HVAC system being in the crawlspace. When a dwelling
model has a garage, it was assumed that some of the HVAC systems are located in the garage;
in that case, 25 % of the system’s (supply and return) leakage was modeled in the garage.

5.13.1.2. Duct Leakage Research Studies and Standards

Duct leakage amounts for residential dwellings, though becoming an area of greater interest as
codes and standards related to them have become more prevalent, have a high degree of
variation based on in-situ testing. There are an ever-growing number of ways in which building
scientists, researchers, and consultants evaluate the leakage of both the building envelope and
HVAC duct systems. These test methods include but are not limited to blower door or duct
blaster pressurization, depressurization, or both methods, with varying requirements
depending on the test standard, the DeltaQ method, the Zone DeltaP method, and the tracer
gas method. All the different test methods have their advantages and disadvantages. A study
from 2005 indicated that between 10 % and 30 % of the total duct flow of an HVAC system
escapes from the ductwork [51]. A report from 2008 stated that existing residential HVAC
systems typically lose 40 % of the total air supply due to duct leakage, though this was based on
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a review of papers from the early to late 1990s [52]. An article from 2014 and revised in 2015
reported tests of thirty residential dwellings with ten each in Champaign, IL, Minneapolis, MN,
and Atlanta, GA, and found an average total duct leakage of 121 % of blower fan flow at 25 Pa,
48 % of which was leakage to the outside environment [53]. What is meant by 121 % of blower
fan flow is that when the duct system is sealed at the diffusers and the duct system is
pressurized with a duct pressurization system, the flow required from the duct pressurization
system to maintain 25 Pa was 121 % of the flow that the HVAC systems blower fan is capable of
supplying. The average found for each city varied quite a bit, with the duct leakage from the ten
dwellings in Champaign, IL, being 72 % total and 56 % outdoors, Minneapolis, MN, being 110 %
of total and 9 % outdoors, and Atlanta, GA, being 181 % total and 80 % to outdoors. Note that
the age of the dwellings was not given in the report, as the focus was on the repeatability of the
test methods. Five of the HVAC systems achieved less than 6 % leakage to the outside during a
pressurization test. Twelve of the HVAC systems achieved less than 6 % leakage, including four
of the five systems previously noted, during duct testing under the DeltaQ method. These
twelve HVAC systems had an average total pressurized leakage of 91 % of blower flow and 14 %
of leakage to outside. California State University at Chico (CSUC) and LBNL completed a
program of field testing over 100 duct systems in California that were between 5 and 20 years
old at the time (2002) and found that some duct systems were so leaky that they were unable
to pressurize the systems to 25 Pa as required by the test procedure [54, 55]. This left the CSUC
project with results from 87 of the 110 dwellings to be analyzed, and from these dwellings, they
found that average duct leakage to the outside was 20 % (11 % supply and 9 % return); this was
not total duct leakage but only the leakage to the outdoor environment. A California Energy
Commission (CEC) 2009 report examined 108 new single-family detached dwellings and found
that 86 % had duct leakage that exceeded the California Title 24 maximum of 6 % total duct
leakage [56]. The median duct leakage for the 108 dwellings was 10 % and ranged from 1.9 % to
73 % of blower fan flow. A 2017 study presented the results of the first 16 dwellings of their 70
planned California dwellings built from 2002 through 2004. These dwellings were measured
from 2005 through 2007 and found that the mean duct leakage was 8 % of blower fan flow,
ranging from 1.5 % to 38 % [57]. Only 13 of the 16 dwellings had valid duct leakage tests, 9 of
which met the maximum allowable 6 % duct leakage. The mean duct leakage is much higher
due to the single 38 % duct leakage outlier.

In the early 2000s, more progressive standards related to the total acceptable duct leakage
were put in place, though these standards were not implemented in all states simultaneously, if
at all. There was no mention of duct leakage in the ASHRAE Standard 62-2001 Ventilation and
Acceptable Indoor Air Quality nor its later addendum [58, 59]. Following the publication of
ASHRAE Standard 62.2 Ventilation and Acceptable Indoor Air Quality in Residential Buildings in
2004, there were criteria for low duct leakage [60]. ASHRAE-compliant HVAC systems
(sometimes referred to as "low leakage”) are defined as systems with total air leakage that is
less than 6 % of the blower fan flow. These low leakage duct system requirements were also
included in the California Energy Commission’s AB970 energy code in 1998 [54] which made its
way into the 2005 California Energy Code [61]. The 2014 study noted above examined thirty
residential dwellings in Champaign, IL, Minneapolis, MN, and Atlanta, GA. The initial goal of that
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study was to focus on the repeatability of different test methods on systems that met the low
leakage standards (less than 6 % total leakage of blower fan flow during pressurization testing),
but they found that no duct systems met the 6 % total leakage requirement; instead, the group
pivoted to evaluating the repeatability of test methods on systems that leaked 6% or less to the
outdoors during pressurization testing [53].

5.13.1.3. Modeled Duct Leakage Amounts

For this project, the amount of leakage to the outdoors was assumed to be related to the age of
the dwelling. For dwellings built before 2000, the outdoor duct leakage should be updated in
the original models to be 13 % supply leakage and 7 % return leakage to the outdoors. This
update was not completed as part of this report and is only a recommendation if models from
the original 2006 collection of dwellings are used. For dwellings built after 2000, the outdoor
duct leakage was set to 5 % supply leakage and 3 % return leakage to the outdoors. These
values would make the models more aligned with the research reviewed above. In the future, if
the 2000 and later dwelling group is categorized with more detailed resolution (which would
also depend on the LBNL ResDB NL model being updated), the duct leakage values could be
updated as the prevalence of dwellings that have HVAC systems that perform to code standards
would increase. For a net-zero (future) dwelling, the duct leakage outdoors would be set to
zero, as it is standard practice in dwellings of that kind to have the HVAC duct system
completely within the dwelling’s envelope.

5.13.2. Modeled Air-Handling Systems (AHS) for Apartment Building

In the previous study (existing collection of dwellings), the large apartment buildings (32 units
and greater) with central HVAC systems, the buildings were modeled with simple air handling
systems that supply the apartments with balanced supply and return airflows of 6.1 L/s ® m?
(1.2 cfm/ft?) of floor area and no outdoor air or duct leakage. The air handling systems for the
large apartment building were shared, with all units on a given floor sharing the same system.
Per the original study, large apartment buildings were only part of the first three Year Built
categories (of the original research) (<1940, 1940-1969, and 1970-1989), meaning that no
apartment was newer than 1989. In the current AHS and RECS data, there is no need or
recommendation to add apartment dwelling models from the 1990-1999 Year Built categories
as they have meager representation in the surveys. The previous study's apartment buildings
were also modeled with kitchen and bathroom exhaust fans in addition to the HVAC system(s)
that remove 47 L/s (100 cfm) per kitchen and 22 L/s (50 cfm) per bathroom. These exhaust
systems were modeled using single simple air handling units with only returns to the given
apartment building locations; these returns are scheduled as “off” in the models but can be
scheduled to operate as desired. The make-up air for these exhaust systems was achieved by
building and/ or corridor leakage. For the apartments with corridors, the corridors have 100 %
outdoor air systems that supply 21 L/s (45 cfm) per apartment unit serviced from the corridor.
The corridor airflow is used to help maintain the pressurization of the building and provide
make-up air for the kitchen and bathroom exhaust systems within the units. This method of
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ventilating apartment buildings is not practical for the 2000 and later dwelling models due to
explicit standards that are part of the International Code Council’s (ICC) 2012 International Fire
Code (IFC) [62] and unit compartmentalization standards as part of ASHRAE 62.2-2007 [63].

For this project, all 2000s and later Year Built apartment buildings are modeled with a simple air
handling system dedicated to each unit. Like the other dwelling types, the simple air-handling
system (AHS) for an apartment was modeled with a balanced supply and return airflows of

5 L/s ® m? (1 cfm/ft?) of unit floor area as discussed above and is based on common rule of
thumb estimates for schematic design [47—-49] A balanced AHS is also used for all the shared
apartment corridors, with matching 5 L/s ® m? (1 cfm/ft?) of airflow per corridor floor area. The
previous study's models would be improved by updating their AHS’s to 5 L/s ® m? (1 cfm/ft?) of
unit floor area. This update was not completed as part of this report and is only a
recommendation when models from the 2006 collection of dwellings are used in the future.

5.13.2.1. Compartmentalization

Compartmentalization in dwellings refers to the separation(s) between different spaces within
a building, including a separation between different living or occupied spaces and interstitial
spaces like framing cavities and shafts, as well as from other living or occupied spaces.
Compartmentalization in apartment buildings is important for controlling the flow of odors, air,
smoke, airborne contaminants, and pests between units and adjoining spaces within the
building. The concept of compartmentalization dates back to the Empire State Building during
the Great Depression and was described in Handegord’s 2001 conference proceeding “A New
Approach to Ventilation of High Rise Apartments.” [64, 65]. Lstiburek, in “Multifamily Buildings:
Controlling Stack Effect-Driven Airflows,” proposed a series of performance metrics that were
later adopted into ASHRAE Standard 189.1-2009 [66], with aspects also being included in
ASHRAE 62.2-2007 [63]. Comparable performance metrics were later adopted by both the 2012
International Code Council’s International Energy Conservation Code [67] and the 2010 U.S.
Green Building Council’s LEED for Homes Rating System Multifamily Mid-Rise [68]. The
performance metrics were then improved and tightened in the ASHRAE Standard 62.2-2013
[69] and have remained relatively unchanged to the present. There are also similar
Compartmentalization requirements in the International Code Council’s (ICC) 2012
International Fire Code (IFC) [62] as well as in the National Fire Protection Association (NFPA)
codes and standards (namely codes 92, 101, and 105) [70, 71]. This means, like the duct leakage
above, it is challenging to select a single compartmentalization value for the Year Built category
of 2000 and later as different standards existed for buildings built from 2000-2010 compared to
buildings constructed during the later 2010s.

Field studies of existing low-rise multifamily dwelling buildings have been shown to have a
typical compartmentalization leakage rate of 5.1 L/s ® m? (1.0 cfm/ft?) at 50 Pa with current
practice (building code compliant) rates being around a third of that (1.5 L/s per m?

(0.3 cfm per ft?) at 50 Pa) [72-75]. In the previous study, the compartmentalization leakage
rates were the same as the exterior Normalized Leakage (NL) rate. This past leakage
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assumption resulted in variation based on the year and size of the dwellings. The authors
recommend that the apartment models for the Year Built categories before 2000 be updated
with the compartmentalization leakage rate of 5.1 L/s ® m? (1.0 cfm/ft?) at 50 Pa. The
compartmentalization leakage rate for the 2000 and later models is set to 2.55 L/s per m?

(0.5 cfm/ft?) at 50 Pa. This value was chosen because most of the dwellings were built after a
time in which the dwellings should conform to the current practice leakage rate of

1.5 L/s per m? (0.3 cfm/ft?) at 50 Pa, while also factoring in those 2000 and later Year Built
dwellings constructed prior to the implementation of the current practice and reports that the
ASHRAE Standard 62.2-2013 requirement was difficult to meet when it was implemented [64].

5.13.2.2. Ventilation

Ventilation in residential dwellings is used to control indoor air quality by diluting and displacing
indoor-generated pollutants with outdoor air. The amount or rate at which outdoor air is
recommended or required to be supplied to dwellings has been an aspect of building design
that has changed as building airtightness and indoor and outdoor contaminant generation have
changed. The codes that influence building ventilation for a given U.S. state are developed from
the implementation of the International Code Council (ICC) [76], the American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) [77], and the National Fire
Protection Association (NFPA) [78] codes and standards. Like most of the other concepts
discussed above, these codes have changed over the years. The ventilation codes that were in
effect in the U.S. at the start of the 2000s are different than they are today and vary throughout
the country. For this project, we used a blend of current practice(s) and what was prevalent
during the last twenty years for the 2000 and later Year Built category of apartments.

For the apartment common corridors, a dedicated supply outdoor air rate of 0.3 L/s per m?
(0.06 cfm/ft?) through a central system was used. This outdoor air rate is from the ASHRAE
62.1-2022 minimum ventilation rate in the breathing zone table for common corridors in the
residential occupancy category [79]. Dwelling unit ventilation was defined by ASHRAE 62.2 total
ventilation rate in section 4.1.1 [80].

Qtot = O'OSAfIOOT' + 75(Nbr + 1)

Where:

Quot = total required ventilation rate, cfm

Afioor = dwelling-unit floor area, ft2

Npr = number of bedrooms (not to be less than 1),

and when evaluated using Sl units,
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Qtot = 0.1545150r + 3.5(Npr + 1)

Where:

Quot = total required ventilation rate, L/s

Afioor = dwelling-unit floor area, m?

Nbr = number of bedrooms (not to be less than 1).

A continuous bathroom exhaust central shaft system is capable of providing this level of
ventilation. This style of ventilation system, however, is not used to meet the current building
codes of some progressive U.S. states, but it was in common practice into the 2010s in these
states and is still used in many other states [81-85]. The continuous bathroom exhaust central
shaft system was modeled as a single simple air handling unit with only returns; these returns
are scheduled as “on” in the model.

5.13.3. Modeled Air-Hander System (AHS) Volumes

The air-handler system (AHS) volumes were calculated in the following way. For each air
handling system, the supply ducts are assumed to be 20 cm (8 in.) in diameter and to be twice
the length of the longest dimension of the dwelling, building, or apartment unit. The return
duct volume of each air handling system is calculated assuming its ductwork is 20 cm (8 in.) in
diameter and only half the length of the longest dimension of the dwelling, building, or
apartment unit.

5.14. Exhaust fan(s)

All dwellings are modeled with kitchen and bathroom exhaust fans that remove 47 L/s

(100 cfm) per kitchen and 24 L/s (50 cfm) per bathroom. For apartment buildings, these
exhausts are modeled using a single simple air handling unit (per building) with only returns;
these returns are scheduled as “off” in the model but can be scheduled to operate if desired.
For all other dwelling types, these exhausts are modeled using a constant mass flow fan airflow
element; these fan flow elements are also scheduled as “off” in the model but can be scheduled
to operate if desired. This approach was used for kitchen and bath fan usage and is intermittent
and very occupant-dependent in most cases.
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6. CONTAM Project Files

The CONTAM project files for the original 209 dwelling and their associated floor plans are
available for download at the NIST Multizone modeling CONTAM website under the A
Collection of Homes Representing U.S. Housing Stock Case Study page. These original dwellings
are summarized in Appendix B.1 Original Dwelling Characteristics Update. The tables identify
the corresponding project file name, associated floor plan, and current U.S. dwelling stock
representation (AHS and RECS). The CONTAM project files for the 2000 and later home category
identified and documented in this update, along with their associated floor plans, are available
for download at A Collection of Dwellings to Represent the U.S. Housing Stock Case Study page.
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7. Summary and Discussion

This report describes an update to the 2006 NIST collection of dwellings, which was developed
to allow analyses of ventilation and IAQ issues in residential buildings using documented
building models that represented 80 % of the U.S. housing stock as of 1997. The motivation for
updating the original collection of dwelling models was to add a representation of more
current-period dwellings. The report lays out the framework used for the development of a new
collection of dwellings. The significant additions include a complete analysis of the current 2020
RECS and 2021 AHS databases for the development of a new national collection of dwellings, a
framework/plan for a new collection of dwellings that could be developed with additional
resources, and the development of 18 new CONTAM models that will be added to the 2006
collection of dwellings to represent dwellings built after the year 2000. This update is available
for researchers and others to conduct nationwide analyses and risk assessments of residential
ventilation and IAQ issues and coupled energy IAQ-related issues for dwellings built after 2000.

40



NIST TN 2329
February 2025

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Persily AK, Musser A, Leber D (2006) A collection of homes to represent the U.S. housing
stock. (National Institute of Standards and Technology, Gaithersburg, MD), NIST IR 7330.
https://doi.org/10.6028/NIST.IR.7330

Do H, Cetin KS (2022) Mixed-Mode Ventilation in HVAC System for Energy and Economic
Benefits in Residential Buildings. Energies 15(12):4429.
https://doi.org/10.3390/en15124429

Ascione F (2017) Energy conservation and renewable technologies for buildings to face the
impact of the climate change and minimize the use of cooling. Solar Energy 154:34-100.
https://doi.org/10.1016/j.solener.2017.01.022

Ben-David T, Waring MS (2016) Impact of natural versus mechanical ventilation on
simulated indoor air quality and energy consumption in offices in fourteen U.S. cities.
Building and Environment 104:320-336. https://doi.org/10.1016/j.buildenv.2016.05.007

Allen JG, MacNaughton P, Satish U, Santanam S, Vallarino J, Spengler JD (2016)
Associations of Cognitive Function Scores with Carbon Dioxide, Ventilation, and Volatile
Organic Compound Exposures in Office Workers: A Controlled Exposure Study of Green
and Conventional Office Environments. Environmental Health Perspectives 124(6):805—
812. https://doi.org/10.1289/ehp.1510037

Arata S, Kawakubo S (2022) Study on productivity of office workers and power
consumption of air conditioners in a mixed-mode ventilation building during springtime.
Building and Environment 214:108923. https://doi.org/10.1016/j.buildenv.2022.108923

Ben-David T, Rackes A, Lo LJ, Wen J, Waring MS (2019) Optimizing ventilation: Theoretical
study on increasing rates in offices to maximize occupant productivity with constrained
additional energy use. Building and Environment 166:106314.
https://doi.org/10.1016/j.buildenv.2019.106314

Persily AK, Emmerich SJ (2009) Effects of Air Infiltration and Ventilation. Moisture Control
in Buildings: The Key Factor in Mold Prevention, eds Trechsel HR, Bomberg MT (ASTM
International, West Conshohocken, PA), 2nd Edition, pp 110-116.
https://doi.org/10.1520/MNL11548M

Persily AK, Emmerich SJ (2012) Indoor air quality in sustainable, energy efficient buildings.
HVAC&R Research 18(1-2):4-20. https://doi.org/10.1080/10789669.2011.592106

Emmerich SJ, Persily AK (2014) Analysis of U.S. Commercial Building Envelope Air Leakage

Database to Support Sustainable Building Design. International Journal of Ventilation
12(4):331-344. https://doi.org/10.1080/14733315.2014.11684027

41



NIST TN 2329
February 2025

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Persily AK (2016) Field measurement of ventilation rates. Indoor Air 26(1):97-111.
https://doi.org/10.1111/ina.12193

Persily AK (2022) Evaluating Ventilation Performance. Handbook of Indoor Air Quality, eds
Zhang Y, Hopke PK, Mandin C (Springer Singapore, Singapore), pp 1-39.
https://doi.org/10.1007/978-981-10-5155-5_20-1

Hoffmann B, Boogaard H, de Nazelle A, Andersen ZJ, Abramson M, Brauer M, Brunekreef
B, Forastiere F, Huang W, Kan H, Kaufman JD, Katsouyanni K, Krzyzanowski M, Kuenzli N,
Laden F, Nieuwenhuijsen M, Mustapha A, Powell P, Rice M, Roca-Barceld A, Roscoe CJ,
Soares A, Straif K, Thurston G (2021) WHO Air Quality Guidelines 2021—-Aiming for
Healthier Air for all: A Joint Statement by Medical, Public Health, Scientific Societies and
Patient Representative Organisations. International Journal of Public Health 66:1604465.
https://doi.org/10.3389/ijph.2021.1604465

Toyinbo O (2023) Indoor Environmental Quality, Pupils’ Health, and Academic
Performance—A Literature Review. Buildings 13(9):2172.
https://doi.org/10.3390/buildings13092172

Clark JD, Less BD, Dutton SM, Walker IS, Sherman MH (2019) Efficacy of occupancy-based
smart ventilation control strategies in energy-efficient homes in the United States.
Building and Environment 156:253-267. https://doi.org/10.1016/j.buildenv.2019.03.002

Chen C-F, Yilmaz S, Pisello AL, De Simone M, Kim A, Hong T, Bandurski K, Bavaresco MV,
Liu P-L, Zhu Y (2020) The impacts of building characteristics, social psychological and
cultural factors on indoor environment quality productivity belief. Building and
Environment 185:107189. https://doi.org/10.1016/j.buildenv.2020.107189

U.S. Department of Energy (DOE) (2024) Moisture Control. Office of Energy Saver.
Available at https://www.energy.gov/energysaver/moisture-control

Harriman LG, Brundrett GW, Kittler R (2001) Humidity Control Design Guide for
Commercial and Institutional Buildings (American Society of Heating, Refrigerating and Air
Conditioning Engineers). Available at
https://books.google.com/books?id=RmA9PQAACAA)

Lew Harriman, Mark J. Mendell, Carl Grimes, Rick Peters, Rick Frey, George DuBose,
Robert Maglievaz (2020) Damp Buildings, Human Health, and HVAC Design. ASHRAE
Multidisciplinary Task Group: Damp Buildings. (American Society of Heating, Refrigerating
and Air-Conditioning Engineers, Inc., Atlanta, GA 3032). Available at
https://www.ashrae.org/file%20library/technical%20resources/bookstore/dampbldgs-
humanhealth-hvacdesign.pdf

Institute of Medicine (2004) Damp Indoor Spaces and Health (National Academies Press,
Washington, D.C.). https://doi.org/10.17226/11011

42



NIST TN 2329
February 2025

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Gonzalez-Torres M, Pérez-Lombard L, Coronel JF, Maestre IR, Yan D (2022) A review on
buildings energy information: Trends, end-uses, fuels and drivers. Energy Reports 8:626—
637. https://doi.org/10.1016/j.egyr.2021.11.280

Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu N (Nil), Baldé AB, Bertollini R,
Bose-O’Reilly S, Boufford JI, Breysse PN, Chiles T, Mahidol C, Coll-Seck AM, Cropper ML,
Fobil J, Fuster V, Greenstone M, Haines A, Hanrahan D, Hunter D, Khare M, Krupnick A,
Lanphear B, Lohani B, Martin K, Mathiasen KV, McTeer MA, Murray CJL, Ndahimananjara
ID, Perera F, Potocnik J, Preker AS, Ramesh J, Rockstrém J, Salinas C, Samson LD, Sandilya
K, Sly PD, Smith KR, Steiner A, Stewart RB, Suk WA, van Schayck OCP, Yadama GN,
Yumkella K, Zhong M (2018) The Lancet Commission on pollution and health. The Lancet
391(10119):462-512. https://doi.org/10.1016/5S0140-6736(17)32345-0

Matz CJ, Egyed M, Xi G, Racine J, Pavlovic R, Rittmaster R, Henderson SB, Stieb DM (2020)
Health impact analysis of PM2.5 from wildfire smoke in Canada (2013-2015, 2017-2018).
Science of The Total Environment 725:138506.
https://doi.org/10.1016/j.scitotenv.2020.138506

Reid CE, Brauer M, Johnston FH, Jerrett M, Balmes JR, Elliott CT (2016) Critical Review of
Health Impacts of Wildfire Smoke Exposure. Environmental Health Perspectives
124(9):1334-1343. https://doi.org/10.1289/ehp.1409277

Morantes G, Jones B, Molina C, Sherman MH (2023) Harm from Indoor Air Contaminants
(Rochester, NY), 4409736. https://doi.org/10.2139/ssrn.4409736

Klepeis NE, Nelson WC, Ott WR, Robinson JP, Tsang AM, Switzer P, Behar JV, Hern SC,
Engelmann WH (2001) The National Human Activity Pattern Survey (NHAPS): a resource
for assessing exposure to environmental pollutants. Journal of Exposure Science &
Environmental Epidemiology 11(3):231-252. https://doi.org/10.1038/sj.jea.7500165

National Institute of Standards and Technology (2012) CONTAM | NIST. NIST. Available at
https://www.nist.gov/services-resources/software/contam

National Institute of Standards and Technology (2018) NIST Multizone Modeling. NIST.
Available at https://www.nist.gov/el/energy-and-environment-division-73200/nist-
multizone-modeling

Dols WS, Polidoro BJ (2015) CONTAM User Guide and Program Documentation Version
3.2. (U.S. Dept. of Commerce, National Institute of Standards and Technology,
Gaithersburg, MD), NIST TN 1887, p NIST TN 1887. https://doi.org/10.6028/NIST.TN.1887

Chan WR, Price PN, Sohn MD, Gadgil AJ (2003) Analysis of U.S. residential air leakage
database. (Lawrence Berkeley National Lab. (LBNL), Berkeley, CA (United States)), LBNL-
53367. https://doi.org/10.2172/816784

43



NIST TN 2329
February 2025

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Chan WR, Joh J, Sherman MH (2013) Analysis of air leakage measurements of US houses.
Energy and Buildings 66:616—625. https://doi.org/10.1016/j.enbuild.2013.07.047

Sherman MH, Dickerhoff DJ (1998) Airtightness of U.S. dwellings. ASHRAE Transactions
104:1359-1367.

Chan WR, Nazaroff WW, Price PN, Sohn MD, Gadgil AJ (2005) Analyzing a database of
residential air leakage in the United States. Atmospheric Environment 39(19):3445—-3455.
https://doi.org/10.1016/j.atmosenv.2005.01.062

Chan WR, Sherman MH (2011) Preliminary Analysis of U.S. Residential Air Leakage
Database v.2011. (Brussels, Belgium). Available at
https://homes.lbl.gov/publications/preliminary-analysis-us-residential

Chan WR, Joh J, Sherman MH (2012) Air Leakage of US Homes: Regression Analysis and
Improvements from Retrofit., LBNL--5966E, 1172697, p LBNL--5966E, 1172697.
https://doi.org/10.2172/1172697

Chan WR, Joh |, Sherman MH (2012) Analysis of Air Leakage Measurements from
Residential Diagnostics Database. (Lawrence Berkeley National Lab. (LBNL), Berkeley, CA
(United States)), LBNL-5967E. https://doi.org/10.2172/1163524

Chan WR, Walker IS, Sherman MH (2015) Durable Airtightness in Single-Family Dwellings:
Field Measurements and Analysis. (Lawrence Berkeley National Laboratory, Environmental
Energy Technologies Division), LBNL-1005748, p 16. Available at https://eta-
publications.lbl.gov/sites/default/files/1005748.pdf

Lawrence Berkeley National Laboratory Residential Diagnostics Database. Residential
Diagnostics Database. Available at https://resdb.lbl.gov/

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2017)
2017 ASHRAE® Handbook - Fundamentals (S| Edition) (American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE)). Available at
https://nist.summon.serialssolutions.com/2.0.0/link/0/eLvHCXMwtV1NT-
MwELWgXJA4gAAtn8oFxCrKCsep7Rw4hBloEhe2VCAuUVRzbEgICgsLP4kfwy5hp7KbOwC4HLI
FiJXHsGdnPk3nPhLD4z340NSZwKdF_hCyVxUwiHfOIELFNaUG5UMgbvrxODq_FWV-
cuHOMKRrTFP605aEMbIOM2mOYf_xSKIBz8AE4ghfAcQogjyorBAASVARZr_s3y3c68U6Wh92i
OnhTGIXHSACpdf1HYdfeaZjrUfbWZGjA_83xqZ0Y9EeMOcrYs7CuR0OVmz3LMbp6izkNVvwUL
vdTh8zjZ0kUXqJiKLnxRUe0OC_1-XH_OwUa7xrkF-NQtYMsUgI5uBP8tgY_cMbh_ri8_plLigj3-
ubcnhgqajfmyWzMLKOyFx2dNXP_YjCMAtPNP91YTOuGGsEyBigkzZPODL-
fOVOIgn5GMAmMt9XDq7mbAB4Xi2TOIBtlicyYapnE2HdB_XHvb4G3ZxAFk_YM9ngngbPm7xX
SP84vOt3IbXoRqVSC77Z1marSAE7jiUotpYzFOgAyTRNVMGIFrPalkkghcWMDwLUGUSgOLE_
bJTxh2CpZKIACUQLHIEr9iwTMxsrohGkDy2drrdRUAUZWIjLLjZBrZLtudeCxljgZTPX2-
rou2CDzjfdsktbw6cVskRakKP287m3wAuEQ93Q

44



NIST TN 2329
February 2025

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2021)
Ventilation and Acceptable Indoor Air Quality in Residential Buildings (ASHRAE, 180
Technology Pkwy., Peachtree Corners, GA 30092), 62.2. Available at
https://ashrae.iwrapper.com/ASHRAE_PREVIEW_ONLY_STANDARDS/STD_62.2 2022

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc., Air-
Conditioning Engineers (2021) 2021 ASHRAE Handbook: Fundamentals (ASHRAE).
Available at https://handbook.ashrae.org/Handbook.aspx#

Emmerich SJ, Gorfain JE, Huang M, Howard-Reed C (2003) Air and Pollutant Transport
from Attached Garages to Residential Living Spaces. NIST Interagency/Internal Report
(NISTIR). (National Institute of Standards and Technology, Gaithersburg, MD), 7072, pp 1-
28. Available at https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=860939

International Code Council (ICC), Inc. (2021) Chapter 12 Interior Environment | Section
1202 Ventilation. International Building Code (IBC), Second. Available at
https://codes.iccsafe.org/content/IBC2021P2/chapter-12-interior-environment

Nirvan G, Haghighat F, Wang L (Leon), Akbari H (2012) Contaminant transport through the
garage — House interface leakage. Building and Environment 56:176—183.
https://doi.org/10.1016/j.buildenv.2012.02.030

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2001)
2001 ASHRAE® Handbook - Fundamentals (SI Edition) (American Society of Heating,
Refrigerating and Air-Conditioning Engineers, Inc. (ASHRAE)). Available at
https://archive.org/details/ashrae-handbook-2001/page/2614/mode/2up

Tamura GT, Shaw CY (1976) Air leakage data for the design of elevator and stair shaft
pressurization systems. ASHRAE Transactions 82(2):179-190.

Christopherson (2001) Rules of Thumb for Troubleshooting | ACHR News. The Air-
Conditioning | Heating | Refrigeration News. Available at
https://www.achrnews.com/articles/86221-rules-of-thumb-for-troubleshooting

Wilson M (2023) Basic Ductwork Guide: How to Design Your Duct System. Pinpoint Air.
Available at https://www.pinpointair.com/post/how-to-design-a-duct-system

Engineering Pro Guides (2024) HVAC Rule of Thumb Calculator - Quickly determine
cooling/heating loads and equipment sizing. Available at
https://www.engproguides.com/hvac-rule-of-thumb-calculator.html

ASHRAE Press (2007) Air-Conditioning System Design Manual ed Grondzik WT (Elsevier
Science), Second. Available at https://www.energy-ind.com/wp-
content/uploads/2019/02/Air-Conditioning-System-Design-Manual-Ashrae-Special-
Publications.pdf

45



NIST TN 2329
February 2025

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Srinivasan K (2005) Measurement of air leakage in air-handling units and air conditioning
ducts. Energy and Buildings 37(3):273-277. https://doi.org/10.1016/j.enbuild.2004.06.014

Moujaes SF, Nassif N, Teeters K, Gundavelli R, Selvaraj D, Novosel D (2008) Duct Leakage
Measurements In Residential Buildings. (National Center for Energy Management and
Building Technologies), NCEMBT-080215. Available at
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=306e36d6e9c7fca459
68e35f2141dbb7f1fd17ec

Walker IS, Sherman MH (2014) Duct Leakage Repeatability Testing., LBNL 175563rev2.
Available at https://eta-publications.lbl.gov/sites/default/files/Ibnl-175563rev2.pdf

Sherman MH, Walker IS (2002) Residential HVAC and Distribution Research
Implementation - CIEE/PG&E Final Report. (Lawrence Berkeley National Laboratory,
Berkeley (California)), LBNL 47214, p 90. Available at
https://escholarship.org/content/qt7kt682n7/qt7kt682n7_noSplash_1f7ec9ab392295a2a
€b2e498143f40c5.pdf

Walker IS, Dickerhoff DJ, Sherman MH (2002) The Delta Q Method of Testing the Air
Leakage of Ducts. Residential Buildings: Technologies, Design, Performance Analysis, and
Building Industry Trends (American Council for an Energy-Efficient Economy), p 1.327-
1.338. Available at
https://www.aceee.org/files/proceedings/2002/data/papers/SS02_Panell_Paper26.pdf

Offermann FJ (2009) Ventilation And Indoor Air Quality in New Homes. PIER Energy-
Related Environmental Research Program. Collaborative Report. (California Air Resources
Board and California Energy Commission), CEC-500-2009-085, pp 1-229.

Walker IS, Singer BC, Chan WR, Kim Y (2017) Assessing Occupant and Outdoor Air Impacts
on Indoor Air Quality in New California Homes. https://doi.org/10.20357/B7MW28

Mclvor AE, Hewett MJ, Borges DS, Clements WS, Domanski PA, Evans RA, Hegberg MC,
Hogan JF, Knebel DE, Kohloss FH, Landman W/, Leslie NP, Lewis RH, Lovvorn NC, Meitz AK,
Novosel D, Pietsch JA, Ranfone JA, Townsend TE, Vallort JK, Watson TE, Wilcox BA, Wright
JR, Cummings SD, Patenaude RE, Ramspeck CB (2001) ANSI/ASHRAE Standard 62-2001
(American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.
(ASHRAE)). Available at
https://www.caee.utexas.edu/prof/Novoselac/classes/ARE389H/Handouts/Std62-
2001.pdf

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2003)
Addendum n to ANSI/ASHRAE Standard 62-2001, Ventilation for Acceptable Indoor Air
Quality. Available at
https://www.ashrae.org/File%20Library/Technical%20Resources/Standards%20and%20Gu
idelines/Standards%20Addenda/62-2001/62-2001_Addendum-n.pdf

46



NIST TN 2329
February 2025

[60] American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2004)
ASHRAE® Standard 62.2-2004 Ventilation and Acceptable Indoor Air Quality in Low-Rise
Residential Buildings (American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc. (ASHRAE)), 62.2.

[61] Wong A (2024) California Energy Commission - Title 24 - Duct Leakage allowance.

[62] International Code Council (ICC), Inc. (2012) 2012 International Code (IFC) | ICC Digital
codes. Chapter 11 - Construction Requirements for Exiting Buildings. Available at
https://codes.iccsafe.org/content/IFC2012/chapter-11-construction-requirements-for-
existing-buildings

[63] American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2007)
ANSI/ASHRAE Standard 62.2-2007 -- Ventilation and Acceptable Indoor Air Quality in
Residential Buildings (American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Inc.), 62.2. Available at https://webstore.ansi.org/preview-
pages/ASHRAE/preview ANSI+ASHRAE+62.2-2007.pdf

[64] Ueno K, Lstiburek JW (2015) Field Testing of Compartmentalization Methods for
Multifamily Construction. (Building Science Corporation, Westford, MA), 1506, pp 1-71.
Available at https://buildingscience.com/sites/default/files/migrate/pdf/BA-
1506_Field%20Testing%20Compartmentalization%20Methods%20Multifamily.pdf

[65] Handegord GO (2001) A New Approach to Ventilation of High Rise Apartments. (Ontario
Building Envelope Council, Toronto, Ontario,).

[66] American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2009)
ANSI/ASHRAE/USGBC/IES Standard 189.1-2009Standard for the Design of High-
Performance Green Buildings Except Low-Rise Residential Buildings (American Society of
Heating, Refrigerating and Air Conditioning Engineers, Inc, Atlanta, GA), 189.1.

[67] International Code Council (ICC), Inc. (2012) 2012 International Energy Conservation Code
(International Code Council, Inc., Country Club Hills, IL).

[68] U.S. Green Building Council (2010) LEED® for Homes Rating System Multifamily Mid-Rise
(U.S. Green Building Council, Washington, DC), 2010.

[69] American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2013)
ANSI/ASHRAE Standard 62.2-2013: Ventilation and Acceptable Indoor Air Quality in
Residential Buildings (American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Inc.), 62.2.

[70] Cleary TG (2024) National Fire Protection Association (NFPA) Codes.

47



NIST TN 2329
February 2025

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

National Fire Protection Association (NFPA) (2024) The List of 300+ Codes and Standards.
List of Codes and Standards. Available at https://www.nfpa.org/for-professionals/codes-
and-standards/list-of-codes-and-standards

Walker IS, Less BD, Lozinsky CH, Lorenzetti D, Casquero-Modrego N, Sohn MD (2024)
Compartmentalization and ventilation system impacts on air and contaminant transport
for multifamily buildings. International Journal of Ventilation 0(0):1-28.
https://doi.org/10.1080/14733315.2024.2333669

Ricketts L (2014) A Field Study of Airflow in a High-Rise Multi-Unit Residential Building.
Master of Applied Science in Civil Engineering (University of Waterloo, Waterloo, Ontario,
Canada). Available at https://www.uwspace.uwaterloo.ca/handle/10012/8190

Bohac DL, Hewett MJ, Fitzgerald JE, Grimsrud D (2007) Measured Change in Multifamily
Unit Air Leakage and Airflow Due to Air Sealing and Ventilation Treatments. In Proceedings
of the Buildings X: Thermal Performance of the Exterior Envelopes of Whole Buildings.

Bohac DL, Sweeny L, Davis R, Olson C, Nelson G (2020) Energy Code Field Studies: Low-Rise
Multifamily Air Leakage Testing. (U.S. Department of Energy, Office of Energy Efficiency &
Renewable Energy (EERE)), pp 1-335.

International Code Council (ICC), Inc. (2014) Who We Are | International Code Council.
ICC. Available at https://www.iccsafe.org/about/who-we-are/

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. ASHRAE
And Industry History. Available at https://www.ashrae.org/about/mission-and-
vision/ashrae-industry-history

The National Fire Protection Association Learn More about NFPA | The National Fire
Protection Association. Available at https://www.nfpa.org/about-nfpa

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2022)
ANSI/ASHRAE Standard 62.1-2022 -- Ventilation and Acceptable Indoor Air Quality
(American Society of Heating Refrigeration and Air-Conditioning Engineers, Peachtree
Corners, GA), 62.1. Available at
https://staticl.squarespace.com/static/6320b844c3820725e4d5688f/t/6372af076022e56f
815dc7f5/1668460297956/ASHRAE+62.1-2022+%281%29.pdf

American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (2022)
ANSI/ASHRAE Standard 62.2-2022 -- Ventilation and Acceptable Indoor Air Quality in
Residential Buildings (American Society of Heating Refrigeration and Air-Conditioning
Engineers, Peachtree Corners, GA), 62.2.

Goebes M (2024) Multifamily ventilation practices.

48



NIST TN 2329
February 2025

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

Springer D, Goebes M (2017) Residential Indoor Air Quality — Final Report. (California
Energy Codes & Standards, California), 2019-RES-IAQ-F, p 74. Available at
https://title24stakeholders.com/wp-content/uploads/2017/09/2019-T24-CASE-
Report_Res-IAQ_Final_September-2017.pdf

Goebes M, Grindrod R, McLaughlin G, Nakajima M, Perry N, McCollum E, Springer D,
German A, Peralta J, Dichter N, Harrington C, Young N (2020) Multifamily Indoor Air
Quality. Codes and Standards Enhancement (CASE) Initiative 2022 California Energy Code.
(California Statewide Codes and Standards Enhancement (CASE), California), 2022-MF-IAQ-
F, p 268. Available at https://title24stakeholders.com/wp-content/uploads/2020/10/MF-
IAQ_Final-CASE-Report_Statewide-CASE-Team_Final.pdf

Goebes M, Nakajima M, McCollum E (2022) Multifamily Indoor Air Quality — Results
Report. Codes and Standards Enhancement (CASE) Initiative 2022 California Energy Code.
(California Statewide Codes and Standards Enhancement (CASE), California), 2022-MF-IAQ-
F, p 268. Available at https://title24stakeholders.com/wp-content/uploads/2022/12/T24-
2022-CASE-Study-Results-Reports-Multifamily-Indoor-Air-Quality.pdf

Vijayakumar G (2024) Multifamily ventilation practices.

Persily AK, Musser A, Emmerich SJ (2010) Modeled infiltration rate distributions for U.S.
housing. Indoor Air 20(6):473—-485. https://doi.org/10.1111/j.1600-0668.2010.00669.x

U.S. Department of Energy (DOE) (2023) Weatherization Assistance Program (WAP).
Weatherization Assistance Program (WAP). Available at
https://www.energy.gov/scep/wap/weatherization-assistance-program

U.S. Census Bureau (2021) U.S. Census Bureau QuickFacts: United States. US Census
Bureau QuickFacts: United States. Available at
https://www.census.gov/quickfacts/fact/table/US/HSG010221#HSG010221

ENERGY STAR® (2021) Scope and Influence. ENERGY STAR Impacts. Available at
https://www.energystar.gov/about/impacts

International Code Council (2024) Chapter 3 CE General Requirements - 2024 International
Energy Conservation Code (IECC) (International Code Council, Country Club Hills, IL).
Available at https://codes.iccsafe.org/content/IECC2024P1/chapter-3-ce-general-
requirements

49



NIST TN 2329
February 2025

Appendix A. Selected Bibliography

This section documents all known citations for 65 (66°) works citing the report, which are listed
below. This bibliography below does not list the citations of reference [86] (Persily A, Musser A,
Emmerich SJ (2010) Modeled infiltration rate distributions for U.S. housing. Indoor Air
20(6):473-485), which is known to be cited 154 times.

[1] AbdallaT, Peng C (2021) Evaluation of housing stock indoor air quality models: A review
of data requirements and model performance. Journal of Building Engineering
43:102846. https://doi.org/10.1016/j.jobe.2021.102846

[2] Adamkiewicz G, Fabian P, Stout N, Geggel A, Ren C, Sandel M, Spengler JD, Levy JI (2012)
Simulation of energy usage and asthma-related health effects associated with changes in
residential air exchange. (Brisbane, Australia, Queensland).

[3] Andrew K. Persily, Amy Musser, Steven J. Emmerich (2010) Modeled infiltration rate
distributions for U.S. housing. Indoor Air 20(6):473—-485. https://doi.org/10.1111/j.1600-
0668.2010.00669.x

[4] Andrew Persily, Steven Emmerich, Yanling Wang, Brian Polidoro (2014) Simulating Study
of Carbon Monoxide Exposure from Portable Generator in U.S Residences. 13th
International Conference on Indoor Air Quality and Climate (Hong Kong). Available at
https://tsapps.nist.gov/publication/get pdf.cfm?pub id=915775

[5] Babich M, Hatlelid K, Matheson J (2009) CPSC Staff Preliminary Evaluation of Drywall
Chamber Test Results., p 1-35. Available at
https://www.cpsc.gov/PageFiles/114768/TabB.pdf

[6] Babich M, Hatlelid K, Saltzman L (2010) CPSC Staff Preliminary Evaluation of Drywall
Chamber Test Results Reactive Sulfur Gases 1.

[7] Bourgeron P (2011) Aspects of energy modelling for urban districts. A scalable model:
through the eyes of complexity.

[8] Brown KW, Minegishi T, Allen JG, McCarthy JF, Spengler JD, Maclntosh DL (2014)
Reducing patients’ exposures to asthma and allergy triggers in their homes: an evaluation

of effectiveness of grades of forced air ventilation filters. Journal of Asthma 51(6):585—
594. https://doi.org/10.3109/02770903.2014.895011

[9] Buonomano A, Sherman M (2009) ANALYSIS OF RESIDENTIAL HYBRID VENTILATION
PERFORMANCE IN U.S. CLIMATES.

5The last citation was not included in this report's analysis of the usage of the original collection of dwellings discussed in Section 1.2, Usage of
2006 Collection of Dwellings, as the document was published during the final review process of this report.

50


https://doi.org/10.1016/j.jobe.2021.102846
https://doi.org/10.1111/j.1600-0668.2010.00669.x
https://doi.org/10.1111/j.1600-0668.2010.00669.x
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=915775
https://www.cpsc.gov/PageFiles/114768/TabB.pdf
https://doi.org/10.3109/02770903.2014.895011

NIST TN 2329
February 2025

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Carvallo CM (2019) A data analysis of the Chilean housing stock and the estimation of
uncertainty in indoor air quality in Chilean houses. Dissertation (The University of
Nottingham).

Chen W, Persily AK, Hodgson AT, Offermann FJ, Poppendieck D, Kumagai K (2014) Area-
specific airflow rates for evaluating the impacts of VOC emissions in U.S. single-family
homes. Building and Environment 71:204-211.
https://doi.org/10.1016/j.buildenv.2013.09.020

Dillon MB, Dillon CF (2019) Regional Shelter Analysis - Inhalation Exposure Methodology.
(Lawrence Livermore National Lab. (LLNL), Livermore, CA (United States)), LLNL-TR-
786042. https://doi.org/10.2172/1569167

Dillon MB, Sextro RG (2020) Reducing Exposures to Airborne Particles Through Improved
Filtration: A High-Level Modeling Analysis. (Occupational and Environmental Health).
https://doi.org/10.1101/2020.05.14.20101311

Dillon MB, Sextro RG, Delp WW (2022) Protecting building occupants against the
inhalation of outdoor-origin aerosols. Atmospheric Environment 268:118773.
https://doi.org/10.1016/j.atmosenv.2021.118773

Durschlag H (2012) Air Leakage of Insulated Concrete Form Houses. Thesis
(Massachusetts Institute of Technology). Available at
https://dspace.mit.edu/bitstream/handle/1721.1/72627/806323627-
MIT.pdf?sequence=2&isAllowed=y

Emmerich SJ, Polidoro B (2022) CONTAM Simulations of Extended Generator Run Time
Supplementing NIST Technical Note 2202. (National Institute of Standards and
Technology, Gaithersburg, Maryland 20899), p 1-6. Available at
https://tsapps.nist.gov/publication/get pdf.cfm?pub id=935197

Emmerich SJ, Polidoro BJ, Dols WSS (2016) Simulation of Residential Carbon Monoxide
Exposure Due to Generator Operation in Enclosed Spaces. (National Institute of
Standards and Technology), NIST TN 1925, p NIST TN 1925.
https://doi.org/10.6028/NIST.TN.1925

Fabian MP, Stout NK, Adamkiewicz G, Geggel A, Ren C, Sandel M, Levy JI (2012) The
effects of indoor environmental exposures on pediatric asthma: a discrete event
simulation model. Environmental Health 11(1):66. https://doi.org/10.1186/1476-069X-
11-66

Fabian P, Adamkiewicz G, Levy JI (2012) Simulating indoor concentrations of NO2 and
PM2.5 in multi-family housing for use in health-based intervention modeling. Indoor Air
22(1):12-23. https://doi.org/10.1111/.1600-0668.2011.00742.x

51


https://doi.org/10.1016/j.buildenv.2013.09.020
https://doi.org/10.2172/1569167
https://doi.org/10.1101/2020.05.14.20101311
https://doi.org/10.1016/j.atmosenv.2021.118773
https://dspace.mit.edu/bitstream/handle/1721.1/72627/806323627-MIT.pdf?sequence=2&isAllowed=y
https://dspace.mit.edu/bitstream/handle/1721.1/72627/806323627-MIT.pdf?sequence=2&isAllowed=y
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=935197
https://doi.org/10.6028/NIST.TN.1925
https://doi.org/10.1186/1476-069X-11-66
https://doi.org/10.1186/1476-069X-11-66
https://doi.org/10.1111/j.1600-0668.2011.00742.x

NIST TN 2329
February 2025

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Fazli T (2020) Development and Application of a Nationally Representative Model Set to
Predict the Impacts of Climate Change on Energy Consumption and Indoor Air Quality
(IAQ) in U.S. Residences. Dissertation (lllinois Institute of Technology, Chicago, lllinois).
Available at
https://www.proquest.com/openview/b256d806ba3981be6c012276332bf71f/1?pg-
origsite=gscholar&cbl=18750&diss=y

Fazli T, Dong X, Fu JS, Stephens B (2021) Predicting U.S. Residential Building Energy Use
and Indoor Pollutant Exposures in the Mid-21st Century. Environmental Science &
Technology 55(5):3219-3228. https://doi.org/10.1021/acs.est.0c06308

Fazli T, Stephens B (2018) Development of a nationally representative set of combined
building energy and indoor air quality models for U.S. residences. Building and
Environment 136:198-212. https://doi.org/10.1016/j.buildenv.2018.03.047

Gao Xiaowen, Zhang Jiyang, Cao Guangzhong (2012) Review of domestic and foreign
research on urban residential energy consumption. Urban Insight 2(Urban Watch).
Available at https://www.gzsk.org.cn/URBAN-INSIGHT/Magazine/2012/201202/201202-
168 split 1.pdf

Huangfu Y, Lima NM, O’Keeffe PT, Kirk WM, Lamb BK, Pressley SN, Lin B, Cook DJ,
Walden VP, Jobson BT (2019) Diel variation of formaldehyde levels and other VOCs in
homes driven by temperature dependent infiltration and emission rates. Building and
Environment 159:106153. https://doi.org/10.1016/j.buildenv.2019.05.031

Kneifel J (2012) Prototype Residential Building Designs for Energy and Sustainability
Assessment. (National Institute of Standards and Technology, Gaithersburg, MD), NIST
TN 1765, 0 Ed., p NIST TN 1765. https://doi.org/10.6028/NIST.TN.1765

Kneifel JD, Lavappa PD, Greig AL, Suh S (2015) Building Industry Reporting and Design for
Sustainability (BIRDS) New Residential Database Technical Manual. (National Institute of
Standards and Technology), NIST TN 1878, p NIST TN 1878.
https://doi.org/10.6028/NIST.TN.1878

Kyriacou A, Timotheou S, Michaelides MP, Panayiotou C, Polycarpou M (2017)
Partitioning of Intelligent Buildings for Distributed Contaminant Detection and Isolation.
IEEE Transactions on Emerging Topics in Computational Intelligence 1(2):72-86.
https://doi.org/10.1109/TETCI.2017.2665119

Lima NM (2022) An Examination of Indoor Air Quality in Residential Homes Using Fine-
Scale Temporal Measurements and Future Climate Model Simulations. Dissertation
(Washington State University, Pullman, WA). Available at
https://www.proguest.com/openview/975cbdf830bc026b3190b2a201cd17c0/1.pdf?pa-
origsite=gscholar&cbl=18750&diss=y

52


https://www.proquest.com/openview/b256d806ba3981be6c012276332bf71f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/b256d806ba3981be6c012276332bf71f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://doi.org/10.1021/acs.est.0c06308
https://doi.org/10.1016/j.buildenv.2018.03.047
https://www.gzsk.org.cn/URBAN-INSIGHT/Magazine/2012/201202/201202-168_split_1.pdf
https://www.gzsk.org.cn/URBAN-INSIGHT/Magazine/2012/201202/201202-168_split_1.pdf
https://doi.org/10.1016/j.buildenv.2019.05.031
https://doi.org/10.6028/NIST.TN.1765
https://doi.org/10.6028/NIST.TN.1878
https://doi.org/10.1109/TETCI.2017.2665119
https://www.proquest.com/openview/975cbdf830bc026b3190b2a201cd17c0/1.pdf?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/975cbdf830bc026b3190b2a201cd17c0/1.pdf?pq-origsite=gscholar&cbl=18750&diss=y

NIST TN 2329
February 2025

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Lima NM, Huangfu Y, Walden VP, Kirk WM, Lamb BK, Jobson BT, Pressley SN, O’Keeffe
PT, Musser A, Nolte CG, Spero TL, Toombs K (2018) Simulations of indoor air quality
based on future climate conditions. (Philadelphia, PA).

Maclntosh DL, Minegishi T, Kaufman M, Baker BJ, Allen JG, Levy JI, Myatt TA (2010) The
benefits of whole-house in-duct air cleaning in reducing exposures to fine particulate
matter of outdoor origin: A modeling analysis. Journal of Exposure Science &
Environmental Epidemiology 20(2):213-224. https://doi.org/10.1038/jes.2009.16

McDevitt JJ, MacIntosh DL, Myatt TA (2008) Removal of influenza viral aerosols by high
efficiency electrostatic air cleaner and implications for household infection transmission.
(Copenhagen, Denmark).

Milando CW, Carnes F, Vermeer K, Levy JI, Fabian MP (2022) Sensitivity of modeled
residential fine particulate matter exposure to select building and source characteristics:
A case study using public data in Boston, MA. Science of The Total Environment
840(156625). https://doi.org/10.1016/j.scitotenv.2022.156625

Molina C, Jones B, Kent M, Hall IP (2017) The Development of Archetypes to Represent
the Chilean Housing Stock. (Nottingham, UK), p 1-10. Available at
https://www.aivc.org/sites/default/files/37 0.pdf

Molina C, Kent M, Hall I, Jones B (2020) A data analysis of the Chilean housing stock and
the development of modelling archetypes. Energy and Buildings 206:109568.
https://doi.org/10.1016/j.enbuild.2019.109568

Moschetti R, Carlucci S (2017) The impact of design ventilation rates on the indoor air
quality in residential buildings: An Italian case study. Indoor and Built Environment
26(10):1397-1419. https://doi.org/10.1177/1420326X16643147

Myatt TA, Kaufman MH, Allen JG, Maclntosh DL, Fabian MP, McDevitt JJ (2010) Modeling
the airborne survival of influenza virus in a residential setting: the impacts of home
humidification. Environmental Health 9(1):55. https://doi.org/10.1186/1476-069X-9-55

Myatt TA, Kaufman MH, Allen JG (2013) Home Humidification and Influenza Virus
Survival. Environmental Health (Apple Academic Press), 1st Ed.

Myatt TA, Minegishi T, Allen JG, MacIntosh DL (2008) Control of asthma triggers in indoor
air with air cleaners: a modeling analysis. Environmental Health 7(1):43.
https://doi.org/10.1186/1476-069X-7-43

Myatt TA, Minegishi T, Allen JG (2016) Asthma Triggers in Indoor Air. Environmental
Health (Apple Academic Press), 1st Ed., pp 126—149. https://doi.org/10.1201/b14596-12

53


https://doi.org/10.1038/jes.2009.16
https://doi.org/10.1016/j.scitotenv.2022.156625
https://www.aivc.org/sites/default/files/37_0.pdf
https://doi.org/10.1016/j.enbuild.2019.109568
https://doi.org/10.1177/1420326X16643147
https://doi.org/10.1186/1476-069X-9-55
https://doi.org/10.1186/1476-069X-7-43
https://doi.org/10.1201/b14596-12

NIST TN 2329
February 2025

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Ng LC, Musser A, Persily AK, Emmerich SJ (2013) Multizone airflow models for calculating
infiltration rates in commercial reference buildings. Energy and Buildings 58:11-18.
https://doi.org/10.1016/j.enbuild.2012.11.035

Ng L, Zimmerman S, Good J, Toll B, Emmerich SJ, Persily AK (2019) Estimating real-time
infiltration for use in residential ventilation control. (National Institute of Standards and
Technology, Gaithersburg, MD), NIST TN 2046, p NIST TN 2046.
https://doi.org/10.6028/NIST.TN.2046

Parker ST, Williamson S (2016) Visual assessment of contaminant impacts in multizone
buildings. Building and Environment 102:39-53.
https://doi.org/10.1016/j.buildenv.2016.03.007

Parker S, Coffey C, Gravesen J, Kirkpatrick J, Ratcliffe K, Lingard B, Nally J (2014)
Contaminant ingress into multizone buildings: An analytical state-space approach.
Building Simulation 7(1):57-71. https://doi.org/10.1007/s12273-013-0136-5

Parker ST (2011) Modelling contaminant transport in enclosed spaces — a state-space
approach. (Defence Academy of the United Kingdom, Swindon), p 6. Available at
https://cdn.ima.org.uk/wp/wp-content/uploads/2011/10/Modelling-contaminant-
transport-in-enclosed-spaces-%E2%80%93-a-state-space-approach.pdf

Parker ST, Lorenzetti DM, Sohn MD (2014) Implementing state-space methods for
multizone contaminant transport. Building and Environment 71:131-139.
https://doi.org/10.1016/j.buildenv.2013.09.021

Persily A (2008) Building Air Change Rate Estimates for CBR Analysis. (Building and Fire
Research Laboratory - National Institute of Standards and Technology, Gaithersburg,
Maryland 20899), p 1-13. Available at

https://tsapps.nist.gov/publication/get pdf.cfm?pub id=861623

Persily AK, Wang Y, Polidoro B, Emmerich SJ (2013) Residential carbon monoxide
exposure due to indoor generator operation : effects of source location and emission
rate. (National Institute of Standards and Technology), NIST TN 1782, p NIST TN 1782.
https://doi.org/10.6028/NIST.TN.1782

Porter KA (2021) Should we build better? The case for resilient earthquake design in the
United States. Earthquake Spectra 37(1):523-544.
https://doi.org/10.1177/8755293020944186

Qian J, Tavakoli B, Goldasteh |, Ahmadi G, Ferro AR (2014) Building removal of particulate
pollutant plume during outdoor resuspension event. Building and Environment 75:161—
169. https://doi.org/10.1016/j.buildenv.2014.02.002

Rogers D, Salustri FA, Hoeller N A Parametric Model for Homeowner Evaluation of Major
Household Systems Performance.

54


https://doi.org/10.1016/j.enbuild.2012.11.035
https://doi.org/10.6028/NIST.TN.2046
https://doi.org/10.1016/j.buildenv.2016.03.007
https://doi.org/10.1007/s12273-013-0136-5
https://cdn.ima.org.uk/wp/wp-content/uploads/2011/10/Modelling-contaminant-transport-in-enclosed-spaces-%E2%80%93-a-state-space-approach.pdf
https://cdn.ima.org.uk/wp/wp-content/uploads/2011/10/Modelling-contaminant-transport-in-enclosed-spaces-%E2%80%93-a-state-space-approach.pdf
https://doi.org/10.1016/j.buildenv.2013.09.021
https://tsapps.nist.gov/publication/get_pdf.cfm?pub_id=861623
https://doi.org/10.6028/NIST.TN.1782
https://doi.org/10.1177/8755293020944186
https://doi.org/10.1016/j.buildenv.2014.02.002

NIST TN 2329
February 2025

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Rogers D, Salustri FA, Hoeller N (2009) Toward a Parametric Model for Major Household
Systems Performance. (University of Technology, Mauritius), p 1-11. Available at
https://www.researchgate.net/profile/Filippo-

Salustri/publication/200568533 Toward a Parametric Model for Major Household S
ystems Performance/links/0deec5203f1f33867b000000/Toward-a-Parametric-Model-
for-Major-Household-Systems-Performance.pdf

Simunich KL, Perkins TK, Bailey DM, Brown D, Sydelko P (2009) Demonstration of CBR
Modeling and Simulation Tool (CBRSim) Capabilities.

Swan LG (2010) Residential Sector Energy and GHG Emissions Model for the Assessment

of New Technologies. Dissertation (Dalhousie University, Halifax, Nova Scotia). Available

at

https://dalspace.library.dal.ca/bitstream/handle/10222/12998/Swan Lukas PhD MECH
August 2010.pdf?sequence=3

Swan LG, Ugursal VI (2009) Modeling of end-use energy consumption in the residential
sector: A review of modeling techniques. Renewable and Sustainable Energy Reviews
13(8):1819-1835. https://doi.org/10.1016/j.rser.2008.09.033

Swan LG, Ugursal VI, Beasuoleil-Morrison | (2022) CANADIAN HOUSING STOCK DATABASE
FOR BUILDING ENERGY SIMULATION.

Swan L, Ugursal VI, Beasuoleil-Morrison | (2008) A NEW HYBRID END-USE ENERGY AND
EMISSIONS MODEL OF THE CANADIAN HOUSING STOCK. (Fredericton, NB), p 1-8.
Available at
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=856c751e60a0bb6a2
decc4db956fc2da2e937c3a

Tam WG, Fu EY, Li J, Huang X, Chen J, Huang MX (2022) A spatial temporal graph neural
network model for predicting flashover in arbitrary building floorplans. Engineering
Applications of Artificial Intelligence 115:105258.
https://doi.org/10.1016/j.engappai.2022.105258

Tam WG, Fu EY, Reneke P, Peacock R, Cleary T (2021) A generic flashover prediction
model for residential buildings using graph neural network. Proceedings of the 12th Asia-
Oceania Symposium on Fire Science and Technology (AOSFST 2021) (The University of
Queensland, Brisbane, Australia, Online). https://doi.org/10.14264/b26097e

Taylor J, Shrubsole C, Davies M, Biddulph P, Das P, Hamilton |, Vardoulakis S, Mavrogianni
A, Jones B, Oikonomou E (2014) The modifying effect of the building envelope on
population exposure to PM2.5 from outdoor sources. Indoor Air 24(6):639-651.
https://doi.org/10.1111/ina.12116

55


https://www.researchgate.net/profile/Filippo-Salustri/publication/200568533_Toward_a_Parametric_Model_for_Major_Household_Systems_Performance/links/0deec5203f1f33867b000000/Toward-a-Parametric-Model-for-Major-Household-Systems-Performance.pdf
https://www.researchgate.net/profile/Filippo-Salustri/publication/200568533_Toward_a_Parametric_Model_for_Major_Household_Systems_Performance/links/0deec5203f1f33867b000000/Toward-a-Parametric-Model-for-Major-Household-Systems-Performance.pdf
https://www.researchgate.net/profile/Filippo-Salustri/publication/200568533_Toward_a_Parametric_Model_for_Major_Household_Systems_Performance/links/0deec5203f1f33867b000000/Toward-a-Parametric-Model-for-Major-Household-Systems-Performance.pdf
https://www.researchgate.net/profile/Filippo-Salustri/publication/200568533_Toward_a_Parametric_Model_for_Major_Household_Systems_Performance/links/0deec5203f1f33867b000000/Toward-a-Parametric-Model-for-Major-Household-Systems-Performance.pdf
https://dalspace.library.dal.ca/bitstream/handle/10222/12998/Swan_Lukas_PhD_MECH_August_2010.pdf?sequence=3
https://dalspace.library.dal.ca/bitstream/handle/10222/12998/Swan_Lukas_PhD_MECH_August_2010.pdf?sequence=3
https://doi.org/10.1016/j.rser.2008.09.033
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=856c751e60a0bb6a2decc4db956fc2da2e937c3a
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=856c751e60a0bb6a2decc4db956fc2da2e937c3a
https://doi.org/10.1016/j.engappai.2022.105258
https://doi.org/10.14264/b26097e
https://doi.org/10.1111/ina.12116

NIST TN 2329
February 2025

[60] Ted A. Myatt, Taeko Minegishi, Joseph G. Allen, David L. MacIntosh (2011) Control of
PM2.5 infiltration in high-rise residential buildings: a modelling analysis. (International
Society of Indoor Air Quality and Climate (ISIAQ), Austin, Texas).

[61] Wan Jiao (2013) Assessment of Population and Microenvironmental Exposure to Fine
Particulate Matter (PM2.5). Dissertation (North Carolina State University, Raleigh, North
Carolina). Available at
https://repository.lib.ncsu.edu/bitstream/handle/1840.16/9050/etd.pdf?sequence=2&is

Allowed=y

[62] Wang K-F, Tseng C-H, Liu S-Y, Wang H-C, Kang Y (2014) INDOOR AIR QUALITY
DIAGNOSTIC EXPERT SYSTEM FOR OPTIMAL IMPROVEMENT MEASURES. (Hong Kong).

[63] Wang L (Leon), Emmerich SJ, Lin C-C (2014) Study of the impact of operation distance of
outdoor portable generators under different weather conditions. Indoor and Built
Environment 23(8):1092-1105. https://doi.org/10.1177/1420326X13482318

[64] XiangJ, Huang C-H, Shirai J, Liu Y, Carmona N, Zuidema C, Austin E, Gould T, Larson T,
Seto E (2021) Field measurements of PM2.5 infiltration factor and portable air cleaner
effectiveness during wildfire episodes in US residences. Science of The Total Environment
773:145642. https://doi.org/10.1016/j.scitotenv.2021.145642 Zerroug A (2019)
Rationalization of the consumption of electrical and thermal energy in the building case
of Setif. Dissertation (Université Ferhat Abbas — Sétif 1- Sétif). Available at
http://dspace.univ-
setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20A
bdellah%20ZERROUG.pdf

[65] Zerroug A (2019) Rationalization of the consumption of electrical and thermal energy in
the building case of Setif. Dissertation (Université Ferhat Abbas — Sétif 1- Sétif). Available
at http://dspace.univ-
setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20
Abdellah%20ZERROUG.pdf

[66] Fan L, FangH, Liang T, Tam WC, Zhang Q (2024) A Cost-Effective Data-driven Approach to
Flashover Prediction across Diverse Residential Layouts for Enhanced Firefighters
Situational Awareness. Journal of Building Engineering:111728.
https://doi.org/10.1016/j.jobe.2024.111728°

6 The last citation was not included in this report's analysis of the usage of the original collection of dwellings discussed in Section 1.2, Usage of
2006 Collection of Dwellings, as the document was published during the final review process of this report.

56


https://repository.lib.ncsu.edu/bitstream/handle/1840.16/9050/etd.pdf?sequence=2&isAllowed=y
https://repository.lib.ncsu.edu/bitstream/handle/1840.16/9050/etd.pdf?sequence=2&isAllowed=y
https://doi.org/10.1177/1420326X13482318
https://doi.org/10.1016/j.scitotenv.2021.145642
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
http://dspace.univ-setif.dz:8888/jspui/bitstream/123456789/3101/1/Th%C3%A8se%20de%20Doctorat%20Abdellah%20ZERROUG.pdf
https://doi.org/10.1016/j.jobe.2024.111728

NIST TN 2329
February 2025

Appendix B. Dwelling Characteristics

B.1. Original Dwelling Characteristics Update

This section contains four tables that define the 209 dwellings from the original 2006 report, with one table for each dwelling type:

detached (Table 23), attached (Table 24), manufactured dwelling (Table 25), and apartment (Table 26). The dwelling model with the
highest representation for each of the AHS 2021 and RECS 2020 is identified with a superscript a and b for each respective database.
The dwelling definitions in the table are in terms of the variables discussed in the body of the original report and this document
(note: the mean number of rooms value of the original tables has been removed for space). Other information related to the

dwelling models, including the number of dwellings and weight in the RECS 1997 survey represented by the model and the floor plan
code for that dwelling, the number of dwellings, weight, and % or representation in the AHS 2021 and RECS 2020 survey represented
by the model, are also listed in the tables.

Table 23 RECS 1997 modeling details updated — Detached Dwellings (83 total).

Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data
DWLG # of Floor | Year | Found- Forced # of Floor # of % # of %
Number | Floors | a2 | Built | ation | ©€% | A | pwig | Weisht Plan pwic | Ve | pep | Dwic | WEEM | Rep.
DH-1 1 2 3 1 2 2 109 2185179 DH-B(1) 613 1400324 | 1.69 234 1730712 | 2.25
DH-2 1 1 2 3 2 2 111 1930684 DH-A(8) 52 134218 0.16 165 1095128 | 1.45
DH-3 1 1 2 2 1 1 114 1730307 DH-A(1) 177 527976 0.64 107 783559 1.02
DH-4 1 1 2 2 2 2 83 1491818 DH-A(7) 810 2059814 | 2.49 97 817618 1.06
DH-5 1 1 3 1 2 2 65 1306058 DH-A(2) 407 975017 1.18 113 975007 1.27
DH-6 2 1 1 3 2 2 66 1140420 DH-D(3) 73 192319 0.23 N/A N/A N/A
DH-7 1 2 2 3 2 2 61 1107980 DH-B(5) 35 106580 0.13 129 779738 1.01
DH-8 1 1 2 1 2 2 56 1029268 DH-A(2) 1059 2215133 | 2.68 65 552823 0.72
DH-9 2 1 2 3 2 2 53 1022407 DH-D(3) 570 1570428 | 1.90 44 256946 0.33
DH-10 2 2 3 3 2 2 55 1016922 DH-E(8) 224 627547 0.76 138 771517 1.00
DH-11 1 1 2 2 2 1 57 1016685 DH-A(7) 265 645247 0.78 43 347994 0.45
DH-12 2 3 3 3 2 2 59 1013802 DH-F(4) 106 305894 0.37 116 574486 0.75
DH-13 1 2 2 2 2 2 56 997221 DH-B(1) 627 1689006 | 2.04 96 780487 1.01
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG # of Floor | Year | Found- Forced # of Floor # of % # of %

Number | Floors | ea | Built | ation | ®"%8% | A pwig | Weisht Plan pwic | WeEN | pen | pwic | WEBN | gep.
DH-14 2 2 1 3 2 2 55 970354 DH-E(5) 72 173516 0.21 N/A N/A N/A
DH-15 2 3 4 3 2 2 36 947526 DH-F(5) 135 435299 0.53 129 778514 1.01
DH-16 1 1 2 2 1 2 56 838556 DH-A(7) 326 883924 1.07 253 191127 2.48
DH-17 2 2 2 3 2 2 43 803384 DH-E(6) 539 1576919 | 1.91 98 587555 0.76
DH-18 2 1 1 3 1 2 45 742844 DH-D(3) 68 160631 0.19 N/A N/A N/A
DH-19 1 1 3 3 2 2 40 727963 DH-A(8) 14 42412 0.05 95 499515 0.65
DH-20 2 2 1 3 2 1 39 720815 DH-E(7) 20 61194 0.07 N/A N/A N/A
DH-21 1 1 2 1 1 2 47 708504 DH-A(7) 337 765524 0.93 101 775848 1.01
DH-22 2 3 3 1 2 2 27 690163 DH-F(1) 104 225497 0.27 61 419740 0.54
DH-23 2 1 1 3 2 1 44 684661 DH-D(3) 25 74213 0.09 N/A N/A N/A
DH-24 2 2 3 1 2 2 31 645193 DH-E(3) 149 318239 0.39 93 669157 0.87
DH-25 1 1 2 3 2 1 45 642330 DH-A(8) 12 40112 0.05 34 198320 0.26
DH-26 1 1 2 1 1 1 39 635246 DH-A(1) 138 336535 0.41 39 334141 0.43
DH-27° 1 1 2 3 1 2 38 601468 DH-A(8) 17 32837 0.04 312 2164564 | 2.81
DH-28 2 3 4 1 2 2 19 580448 DH-F(2) 334 594226 0.72 74 570810 0.74
DH-29 1 1 1 2 1 1 39 574063 DH-A(3) 75 216239 0.26 N/A N/A N/A
DH-30 1 2 3 2 2 2 31 571692 DH-B(1) 209 640745 0.78 71 439917 0.57
DH-31 1 1 3 2 2 2 32 565329 DH-A(2) 188 584012 0.71 55 364260 0.47
DH-32 1 1 4 1 2 2 20 552255 DH-A(6) 247 581955 0.70 48 421165 0.55
DH-33 1 3 3 1 2 2 27 549619 DH-C(1) 112 254973 0.31 44 360474 0.47
DH-34 1 1 3 1 1 2 31 524933 DH-A(7) 88 186868 0.23 80 645090 0.84
DH-35°2 1 2 2 1 2 2 29 520116 DH-B(1) 1233 2577732 | 3.12 85 729765 0.95
DH-36 2 2 4 1 2 2 20 519749 DH-E(3) 295 604392 0.73 52 406361 0.53
DH-37 1 2 3 3 2 2 27 511492 DH-B(4) 8 19510 0.02 134 645137 0.84
DH-38 1 1 3 2 1 2 30 497620 DH-A(7) 69 216582 0.26 70 445855 0.58
DH-39 1 2 2 2 1 2 30 469257 DH-B(1) 109 343954 0.42 96 744428 0.97
DH-40 2 2 3 2 2 2 22 447207 DH-E(3) 83 213463 0.26 53 308300 0.40
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG # of Floor | Year | Found- Forced # of Floor # of % # of %

Number | Floors | ea | Built | ation | ®"%8% | A pwig | Weisht Plan pwic | WeEN | pen | pwic | WEBN | gep.
DH-41 2 2 1 3 1 2 32 446950 DH-E(1) 25 52901 0.06 N/A N/A N/A
DH-42 1 1 3 2 1 1 27 442268 DH-A(4) 28 95806 0.12 44 249062 0.32
DH-43 2 2 2 3 2 1 26 410024 DH-E(2) 121 372734 0.45 54 295276 0.38
DH-44 1 1 1 3 2 2 26 409001 DH-A(9) 10 25887 0.03 N/A N/A N/A
DH-45 2 2 3 4 2 1 30 398786 DH-E(3) 21 65877 0.08 29 126768 0.16
DH-46 1 1 2 1 2 1 24 380772 DH-A(1) 247 564912 0.68 23 198380 0.26
DH-47 1 1 3 2 2 1 25 376507 DH-A(7) 52 157494 0.19 18 103263 0.13
DH-48 1 1 4 2 1 2 17 368757 DH-A(2) 40 125561 0.15 26 172403 0.22
DH-49 1 1 2 3 1 1 26 361389 DH-A(8) 10 23150 0.03 46 275840 0.36
DH-50 2 1 1 3 1 1 23 351778 DH-D(3) 19 43907 0.05 N/A N/A N/A
DH-51 2 3 3 2 2 2 19 348213 DH-F(3) 62 158941 0.19 40 233423 0.30
DH-52 2 3 1 4 2 2 22 347787 DH-F(3) 9 18643 0.02 N/A N/A N/A
DH-53 1 2 3 1 1 2 18 327779 DH-B(1) 69 178512 0.22 61 465676 0.60
DH-54 1 1 1 2 1 2 19 323291 DH-A(3) 84 195031 0.24 N/A N/A N/A
DH-55 1 1 4 2 2 2 14 320900 DH-A(6) 66 219787 0.27 29 162220 0.21
DH-56 2 1 2 3 1 2 21 314026 DH-D(3) 119 254213 0.31 183 1298533 | 1.68
DH-57 1 2 2 2 2 1 18 309112 DH-B(3) 93 270148 0.33 12 74587 0.10
DH-58 2 2 4 3 2 2 17 299726 DH-E(6) 146 435323 0.53 89 619884 0.80
DH-59 2 3 2 3 2 1 17 293015 DH-F(4) 59 153739 0.19 25 176523 0.23
DH-60 1 1 3 4 2 1 18 285825 DH-A(7) 5 18726 0.02 9 49037 0.06
DH-61 1 1 1 4 1 2 17 285549 DH-A(1) 11 28531 0.03 N/A N/A N/A
DH-62 2 3 1 3 2 1 18 283742 DH-F(4) 4 5565 0.01 N/A N/A N/A
DH-63 2 1 2 4 2 1 23 282152 DH-D(4) 16 42714 0.05 13 85168 0.11
DH-64 1 2 4 1 2 2 13 276193 DH-B(1) 546 1223836 | 1.48 144 1204034 | 1.56
DH-65 1 1 1 4 1 1 20 273431 DH-A(3) 19 47082 0.06 N/A N/A N/A
DH-66 1 2 2 1 2 1 17 273259 DH-B(2) 114 254537 0.31 27 185878 0.24
DH-67 1 1 1 2 2 2 13 270968 DH-A(7) 132 334026 0.40 N/A N/A N/A
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG # of Floor | Year | Found- Forced # of Floor # of % # of %

Number | Floors | ea | Built | ation | ®"%8% | A pwig | Weisht Plan pwic | WeEN | pen | pwic | WEBN | gep.
DH-68 2 1 2 3 1 1 16 269052 DH-D(3) 47 121431 0.15 52 328487 0.43
DH-69 2 3 3 4 2 1 16 265490 DH-F(3) 7 25448 0.03 25 81481 0.11
DH-70 1 1 3 1 1 1 16 263674 DH-A(1) 33 90856 0.11 27 175797 0.23
DH-71 2 1 3 1 2 2 15 263107 DH-D(1) 36 91816 0.11 9 53505 0.07
DH-72 1 2 1 4 2 2 13 250826 DH-B(3) 12 38980 0.05 N/A N/A N/A
DH-73 2 1 3 4 2 2 13 244715 DH-D(2) 27 78084 0.09 21 103367 0.13
DH-74 1 3 3 4 2 2 13 237998 DH-C(2) 4 5687 0.01 26 172738 0.22
DH-75 3 2 3 1 2 2 11 237637 DH-G(1) 18 46436 0.06 2 15987 0.02
DH-76 1 1 4 4 2 2 11 235564 DH-A(5) 5 15311 0.02 14 101491 0.13
DH-77 3 2 3 4 2 2 12 235357 DH-G(2) 105 264702 0.32 11 48192 0.06
DH-78 1 1 3 1 2 1 12 234540 DH-A(7) 50 134652 0.16 34 266655 0.35
DH-79 1 2 3 2 1 2 14 234475 DH-B(1) 41 155708 0.19 60 386070 0.50
DH-80 1 2 2 4 1 2 12 222802 DH-B(3) 6 15419 0.02 86 589880 0.77
DH-81 2 2 1 4 1 1 13 206578 DH-E(4) 12 30089 0.04 N/A N/A N/A
DH-82 1 2 2 4 2 1 13 205183 DH-B(1) 9 26839 0.03 22 134144 0.17
DH-83 1 1 3 3 1 2 13 204007 DH-A(8) 5 7961 0.01 63 348847 0.45

Key for Table 23:

2 Model with the highest representation in the AHS 2021 database

® Model with the highest representation in the RECS 2020 database

# of floors: 1 = 1 story; 2 = 2 story: 3 = 3 story
Floor area: 1 = less than 148.5 m (1599 ft ); 2 = 148.6 m t0 222.9 m (1600 ft to 2399 ft ); 3 =223.0 m (2400 ft ) or more
AHS21 & RECS20 Floor area less than 139.3 m (1499 ft ); 2 =139.4 m to0 232.2 m (1500 ft to 2499 ft ); 3 =232.1 m (2500 ft ) or

more

Year Built: 1 = before 1940; 2 = 1940-69; 3 = 1970-89; 4 = 1990 and newer

Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = unfinished basement
AHS21 & RECS20 Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage
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Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data
% Rep.: percentage representation of each dwelling number in the survey
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Table 24 RECS 1997 modeling details updated — Attached Dwellings (53 total).
Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG # of Floor | Year | Found- Forced # of Floor Plan # of % # of %

Number | Floors | e | Built | ation | %€ | ar | pwis | Weisht pwic | Ve | pen | pwic | WEEM | Rep.
AH-1 2 1 1 3 1 2 35 578214 | AH-C(11) 5 18001 | 0.23 N/A N/A N/A
AH-2 2 1 3 1 1 2 23 521245 | AH-C(7) 56 88404 | 1.12 35 168024 | 2.25
AH-3 1 1 3 1 1 2 17 459153 | AH-A(2) 92 137929 | 1.75 36 170622 | 2.29
AH-4 1 1 3 1 2 2 13 321363 | AH-A(3) 57 102594 | 1.30 20 87902 | 1.18
AH-5 2 1 2 3 1 1 14 316699 | AH-C(15) 4 10090 | 0.13 9 60673 | 0.81
AH-6 2 1 3 1 2 2 11 268691 | AH-C(4) 43 85057 | 1.08 19 105372 | 1.41
AH-7 2 1 3 3 1 2 11 252037 | AH-C(16) 4 2276 | 0.03 29 126682 | 1.70
AH-8 1 1 2 1 1 1 16 233618 | AH-A(2) 53 78940 | 1.00 16 93098 | 1.25
AH-9 2 1 1 3 2 1 11 231469 | AH-C(17) 1 3262 | 0.04 N/A N/A N/A
AH-10 2 1 1 3 1 1 15 220760 | AH-C(11) 9 14922 | 0.19 N/A N/A N/A
AH-11° 2 1 2 3 1 2 15 212814 | AH-C(15) 17 30591 | 0.39 58 316771 | 4.25
AH-12 1 1 4 1 2 2 5 173022 | AH-A(1) 30 54381 | 0.69 12 51183 | 0.69
AH-13 2 1 2 1 1 2 10 149352 AH-C(6) 105 180475 | 2.29 11 49798 | 0.67
AH-142 1 1 2 1 1 2 13 144284 | AH-A(2) 164 264456 | 3.36 12 51831 | 0.70
AH-15 2 2 3 1 2 2 8 138425 | AH-D(1) 40 86709 | 1.10 15 77496 | 1.04
AH-16 2 1 1 2 1 1 4 114912 | AH-C(2) 6 4879 | 0.06 N/A N/A N/A
AH-17 1 1 2 2 1 1 8 111713 | AH-A(5) 17 28725 | 0.37 6 31353 | 0.42
AH-18 2 1 3 1 1 1 6 107467 | AH-C(2) 13 15511 | 0.20 10 25349 | 0.34
AH-19 2 1 2 1 2 2 6 106839 | AH-C(3) 97 182677 | 2.32 4 25090 | 0.34
AH-20 2 1 1 4 2 2 7 100827 | AH-C(12) 1 1113 | 0.01 N/A N/A N/A
AH-21 2 2 1 4 2 2 7 98706 AH-D(4) 1 3880 | 0.05 N/A N/A N/A
AH-22 2 1 3 1 2 1 4 98643 AH-C(1) 5 10498 | 0.13 6 20090 | 0.27
AH-23 2 1 3 4 2 2 4 94223 | AH-C(13) 3 3669 | 0.05 12 66593 | 0.89
AH-24 2 2 1 3 1 1 6 91427 | AH-D(5) N/A N/A N/A N/A N/A N/A
AH-25 1 1 2 1 2 1 6 91173 AH-A(1) 27 34305 | 0.44 5 35158 | 0.47
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG # of Floor | Year | Found- Forced # of Floor Plan # of % # of %

Number | Floors | a | Built | ation | 528 | ar | pwig | Weisht pwic | VEEM | pep. | pwic | WEEN | Rep
AH-26 2 1 4 1 1 2 3 90212 AH-C(5) 39 84899 | 1.08 9 37914 | 0.51
AH-27 2 2 1 4 2 1 5 89646 AH-D(6) N/A N/A N/A N/A N/A N/A
AH-28 2 2 3 3 1 2 4 85872 AH-D(7) N/A N/A N/A 19 77721 | 1.04
AH-29 2 2 4 1 2 2 2 83853 AH-D(2) 39 81091 | 1.03 9 42052 | 0.56
AH-30 1 1 3 2 2 1 6 80968 AH-A(1) 5 7861 0.10 10999 | 0.15
AH-31 1 1 2 3 1 2 4 80714 | AH-A(7) 1 517 0.01 10 47770 | 0.64
AH-32 1 1 2 4 2 2 5 80666 AH-A(4) 2 3786 0.05 2 14548 | 0.20
AH-33 1 1 1 3 1 2 4 79408 AH-A(6) 1 2570 | 0.03 N/A N/A N/A
AH-34 2 3 3 3 1 2 3 74965 AH-E(1) N/A N/A N/A 6261 | 0.08
AH-35 2 1 2 1 1 1 5 73883 AH-C(2) 35 43528 | 0.55 43384 | 0.58
AH-36 1 1 2 1 2 2 4 71401 AH-A(1) 114 208630 | 2.65 27299 | 0.37
AH-37 1 1 2 2 2 1 4 68914 | AH-A(1) 11 22194 | 0.28 2 4552 | 0.06
AH-38 1 1 1 4 2 1 4 67275 AH-A(4) 1 1933 | 0.02 N/A N/A N/A
AH-39 1 1 4 1 1 2 3 65157 AH-A(2) 33 59959 | 0.76 11 51982 | 0.70
AH-40 2 1 1 1 1 1 3 64445 AH-C(8) 2219 | 0.03 N/A N/A N/A
AH-41 2 2 2 3 1 2 3 63302 AH-D(8) 6 7450 0.09 17 77843 | 1.04
AH-42 2 1 2 4 2 2 3 61601 AH-C(10) 25213 | 0.32 15180 | 0.20
AH-43 1 2 3 1 2 2 3 61587 AH-B(1) 24 38711 | 0.49 30461 | 0.41
AH-44 1 1 3 2 1 1 4 60364 AH-A(5) 3 11987 | 0.15 26231 | 0.35
AH-45 1 1 2 2 1 2 4 60074 | AH-A(2) 24 34332 | 0.44 21 98806 | 1.33
AH-46 2 1 2 2 1 2 2 59507 AH-C(9) 4 9883 0.13 8 46523 | 0.62
AH-47 1 1 3 4 2 2 3 59499 AH-A(8) 1 606 0.01 22369 | 0.30
AH-48 2 1 3 2 1 2 5 54415 AH-C(6) 6 9488 0.12 13 42855 | 0.58
AH-49 1 1 1 2 2 1 3 54145 AH-A(1) 6 16375 | 0.21 N/A N/A N/A
AH-50 2 1 3 2 2 2 3 53687 AH-C(4) 7 8336 0.11 5 21259 | 0.29
AH-51 2 1 3 3 1 1 4 52821 | AH-C(11) N/A N/A N/A 13 49528 | 0.66
AH-52 2 2 3 1 1 2 3 52106 | AH-D(3) 16 28189 | 0.36 9 41767 | 0.56
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data
DWLG # of Fl Y Found Forced # of Floor Plan # of % # of %
Number | Floors | Floor | Year | Found- orce o ) 0 . b o , 6
Area | Built | ation | %8¢ | A | pwic | Vet pwic | WeENt | pen | pwic | WEEN | gep,
AH-53 1 1 4 2 1 2 3 51848 AH-A(2) 3 9177 0.12 4 14917 0.20

2 Model with the highest representation in the AHS 2021 database

® The model with the highest representation in the RECS2020 database

Key for Table 24:

# of floors: 1 = 1 story; 2 = 2 story

Floor area: 1 = less than 148.5 m (1599 ft ); 2 = 148.6 m t0 222.9 m (1600 ft to 2399 ft ); 3 = 223.0 m (2400 ft ) or more
AHS21 & RECS20 Floor area less than 139.3 m (1499 ft ); 2 =139.4 m to 232.2 m (1500 ft to 2499 ft ); 3 =232.1 m (2500 ft ) or

more

Year Built: 1 = before 1940; 2 = 1940-69; 3 = 1970-89; 4 = 1990 and newer

Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = unfinished basement
AHS21 & RECS20 Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey

64



NIST TN 2329

February 2025
Table 25 RECS 1997 modeling details updated — Manufactured Dwellings (4 total).
Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data

DWLG FI Y F d # of Floor # of % # of %

Number oor | Year orce o) . Plan o . 6 o ) b
Area | Built |  Air pwig | Veisht pwic | VBN | pen. | pwic | VEEM | Rep.
MH-1b 1 3 2 171 2664598 | MH-B(1) 351 925701 | 12.96 | 238 1642536 | 24.04
MH-2 1 4 2 56 883158 MH-A(1) 363 1011283 | 14.16 121 955007 | 13.98
MH-3 1 3 1 39 595936 MH-B(1) 118 333710 4.67 85 613064 8.97
MH-42 1 2 2 38 580199 MH-B(1) 474 1236082 | 17.31 44 310600 4.55

Key for Table 25:

@ Model with the highest representation in the AHS 2021 database

® The model with the highest representation in the RECS2020 database

Floor area: 1 = less than 148.5 m (1599 ft ); 2 = 148.6 m (1600 ft ) or more

AHS21 & RECS20 Floor area less than 139.3 m (1499 ft ); 2 =139.4 m (1500 ft) or more
Year Built: 1 = before 1940; 2 = 1940-69; 3 = 1970-89; 4 = 1990 and newer
Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data
% Rep.: percentage representation of each dwelling number in the survey
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Table 26 RECS 1997 modeling details updated — Apartments (69 total).
Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data ©
DWLG # of #of | Floor | Year | Forced # of Floor Plan # of % # of %
Number | Floors | ) ts | Area | Buit | arr | pwig | Weiht pwi | WeEN | pen | pwi | WEEN | Rep.
APT-1 2 3 1 3 2 42 664721 APT-2A(7) 190 344295 | 1.10 27 256411 | 0.80
APT-2 3 3 1 3 2 21 511570 APT-3A(7) 102 190458 | 0.61 15 141842 | 0.44
APT-3 4 5 1 3 1 37 489530 APT-4B(1) 163 134357 | 0.43 75 692584 | 2.15
APT-4 2 1 1 1 1 33 479427 APT-2A(1) 123 273616 | 0.87 N/A N/A N/A
APT-5 2 1 1 2 1 27 459130 APT-2A(1) 186 401002 | 1.28 81 808443 | 2.51
APT-6 2 2 1 3 2 25 441017 APT-2A(4) 188 342343 | 1.09 29 302493 | 0.94
APT-7 2 1 1 2 2 19 389364 APT-2A(2) 298 570043 | 1.82 N/A N/A N/A
APT-8 2 2 2 3 2 22 388484 APT-2B(3) 81 134677 | 0.43 27 253427 | 0.79
APT-9 2 1 1 3 2 19 344153 APT-2A(2) 141 288476 | 0.92 84 781717 | 2.43
APT-10 2 3 1 3 1 17 309964 APT-2A(7) 77 150880 | 0.48 26 229915 | 0.71
APT-11° 2 2 1 2 2 14 285231 APT-2A(5) 366 618619 | 1.98 35 354196 | 1.10
APT-12 3 5 1 3 1 14 267078 APT-3A(10) 79 79973 0.26 44 412248 | 1.28
APT-13 4 5 1 1 1 13 254804 | APT-4B(1) 103 155476 | 0.50 N/A N/A N/A
APT-14 2 1 2 3 2 13 246843 APT-2B(1) 92 187028 | 0.60 73 719000 | 2.23
APT-15 2 2 1 3 1 17 245944 APT-2A(5) 85 158182 | 0.51 38 337039 | 1.05
APT-16 1 1 1 2 1 19 244120 APT-1A(2) 111 197548 | 0.63 40 398268 | 1.24
APT-17 3 4 1 2 1 16 223585 APT-3A(9) 162 252837 | 0.81 50 482071 | 1.50
APT-18 3 1 1 1 1 19 213875 APT-3A(1) 94 234905 | 0.75 N/A N/A N/A
APT-19 3 3 1 3 1 14 213350 APT-3A(7) 57 95434 0.30 16 145425 | 0.45
APT-20 2 3 1 2 2 16 209785 APT-2A(7) 320 525563 1.68 37 371270 | 1.15
APT-21° 2 3 2 3 2 11 205202 APT-2B(6) 64 119415 | 0.38 26 262910 | 0.82
APT-22 2 1 1 3 1 14 204024 APT-2A(2) 67 150361 | 0.48 96 871194 | 2.71
APT-23 3 4 1 3 2 6 199294 APT-3A(9) 97 178512 | 0.57 22 205731 | 0.64
APT-24 5 5 1 2 1 14 174581 APT-5A(1) N/A N/A N/A N/A N/A N/A
APT-25 2 3 1 2 1 10 173628 APT-2A(7) 171 326991 | 1.04 23 225189 | 0.70
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data ©
DWLG # of #of | Floor | Year | Forced # of Floor Plan # of % # of %
Number | Floors |\ s | Area | Built |  Air pwig | Veieht pwic | VeBM | pen. | pwic | VBN | Rep.
APT-26 3 3 1 2 1 11 170140 | APT-3A(8) 135 243543 | 0.78 17 167721 | 0.52
APT-27 3 4 1 2 2 6 169678 | APT-3A(9) 191 319141 | 1.02 36 361247 | 1.12
APT-28 2 1 2 1 1 10 164628 | APT-2B(2) 99 207412 | 0.66 N/A N/A N/A
APT-29 3 2 1 2 1 14 160066 | APT-3A(3) 73 112727 | 0.36 16 155731 | 0.48
APT-30 4 5 1 2 1 12 156932 | APT-4B(1) 275 344677 | 1.10 84 797011 | 2.48
APT-31 2 2 2 2 1 10 155497 | APT-2B(4) 35 58090 | 0.19 10 134535 | 0.42
APT-32 2 1 1 1 2 155420 | APT-2A(3) 136 323162 | 1.03 N/A N/A N/A
APT-33 2 5 1 3 2 135934 | APT-2A(10) 51 77890 | 0.25 18 188992 | 0.59
APT-34 3 4 1 1 1 132732 | APT-3A(9) 83 161067 | 0.51 N/A N/A N/A
APT-35 2 2 2 4 2 129848 | APT-2B(5) 88 187212 | 0.60 6 78778 | 0.24
APT-36 4 5 1 3 2 11 129466 | APT-4B(2) 180 173636 | 0.55 39 421309 | 1.31
APT-37 3 5 1 2 1 5 127308 | APT-3A(10) 151 175221 | 0.56 43 405171 | 1.26
APT-38 2 4 1 3 2 10 121922 | APT-2A(8) 92 119588 | 0.38 15 137823 | 0.43
APT-39 3 4 1 3 1 9 120021 | APT-3A(9) 69 103195 | 0.33 35 344295 | 1.07
APT-40 2 2 1 2 1 11 119872 | APT-2A(5) 148 266465 | 0.85 37 368117 | 1.14
APT-41 1 2 2 3 2 6 116485 | APT-1B(1) 7 7042 | 0.02 1 13251 | 0.04
APT-42 3 2 1 1 1 6 113702 | APT-3A(4) 74 153107 | 0.49 N/A N/A N/A
APT-43 3 3 2 3 1 7 113334 | APT-3B(2) 10 28424 | 0.09 15 152115 | 0.47
APT-44 3 3 1 1 1 7 111144 | APT-3A(8) 79 148882 | 0.48 N/A N/A N/A
APT-45 3 5 2 2 1 5 109309 | APT-3B(5) 21 20713 | 0.07 39 405911 | 1.26
APT-46 3 1 1 2 1 7 106822 | APT-3A(2) 42 100844 | 0.32 20 203306 | 0.63
APT-47 1 1 1 3 2 7 106196 | APT-1A(1) 122 159614 | 0.51 46 432524 | 1.34
APT-48 3 5 1 1 1 8 105582 | APT-3A(10) 58 94644 | 0.30 N/A N/A N/A
APT-49 3 5 1 2 2 6 104279 | APT-3A(10) 233 275671 | 0.88 25 246260 | 0.77
APT-50 3 4 2 3 2 2 100899 | APT-3B(4) 33 45767 | 0.15 24 276332 | 0.86
APT-51 3 1 2 1 1 8 97205 APT-3B(1) 132 233093 | 0.74 N/A N/A N/A
APT-52 4 5 1 2 2 3 96106 APT-4B(3) 308 363824 | 1.16 33 325009 | 1.01
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Dwelling Variable RECS 1997 Data AHS 2021 Data RECS 2020 Data ©
DWLG # of #of | Floor | Year | Forced # of Floor Plan # of % # of %
Number | Floors | bt | Area | Buit | ar | pwig | Weisht pwic | Vet | gen | pwic | WEEM | Rep.
APT-53 2 5 1 2 2 4 91792 | APT-2A(11) 125 | 169536 | 0.54 16 | 151449 | 0.47
APT-54 2 4 1 3 1 6 87866 | APT-2A(9) 47 92827 | 0.30 32 | 309706 | 0.96
APT-55 2 2 2 2 2 4 86579 | APT-2B(3) 182 | 359485 | 1.15 10 83176 | 0.26
APT-56 2 4 1 2 1 5 85183 | APT-2A(8) 95 182901 | 0.58 36 | 348728 | 1.08
APT-57 1 2 1 3 2 5 83830 | APT-1A(3) 40 38458 | 0.12 3 33981 | 0.11
APT-58 2 3 2 2 1 6 80915 | APT-2B(6) 35 71254 | 0.23 11 98097 | 0.30
APT-59 2 2 1 4 2 3 74528 | APT-2A(6) 92 177490 | 0.57 6 67360 | 0.21
APT-60 3 2 1 4 2 1 74274 | APT-3A(5) 23 44260 | 0.14 1 16797 | 0.05
APT-61 3 2 1 2 2 3 73726 | APT-3A(3) 94 156427 | 0.50 9 89564 | 0.28
APT-62 2 2 1 4 1 3 73558 | APT-2A(4) 31 60539 | 0.19 12 | 125090 | 0.39
APT-63 3 5 2 2 2 3 71765 | APT-3B(6) 64 114428 | 0.37 41 | 368446 | 1.15
APT-65 3 5 1 3 2 3 70356 | APT-3A(10) 126 | 178280 | 0.57 40 | 432578 | 1.34
APT-66 3 3 2 1 2 2 70066 | APT-3B(3) 16 38296 | 0.12 | N/A N/A | N/A
APT-67 1 3 1 2 1 3 69529 | APT-1A(4) 20 38682 | 0.12 3 26639 | 0.08
APT-68 3 2 1 3 1 3 66016 | APT-3A(6) 25 63828 | 0.20 15 | 135999 | 0.42
APT-69 4 2 1 4 2 1 64924 | APT-4A(1) N/A N/A | N/A | N/A N/A | N/A

@ The model with the highest representation in the AHS 2021 database
® The model with the highest representation in the RECS2020 database

¢ The RECS 2020 database does not have a number (#) of floors variable for apartments as it did in the past. This means there was no way to directly compare
the RECS 2020 data to the RECS 1997 data. The technique used to compute the number for Table 24 was as follows. The Dwelling Variables minus the # of
floors variable were used to group survey responses. The resulting group of values was then broken out into the final values for this table using the AHS 2021
survey distribution. Example: APT-1 and APT-2 have the same Dwelling Variables, excluding the # of floors. The calculated row of values for the Number (#) of
Dwellings (DWLG), Weight, and % representation for RECS 2020 was multiplied by the ratio of the AHS 2021 Weight for APT-1 (344295) and APT-2 (190458).

Key for Table 26:

# of floors: 1 = 1 story; 2 = 2 story; 3 = 3 to 5 stories (modeled as 4); 4 = 6-15 stories (modeled as 10); 5 = 16+ stories (modeled as 10)
AHS # of floors: 1 =1 story; 2 = 2 story; 3 = 3 to 5 stories; 4 = 6+ stories

# of units: 1 =2 to 4 (modeled as 4); 2 =5 to 9 (modeled as 6); 3 =10 to 19 (modeled as 16); 4 = 20 to 39 (modeled as 32); 5 = 40+
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units in the building (modeled as 20 units per floor)
AHS # of units: 1 =2 to 4 (modeled as 4); 2 =5 to 9 (modeled as 6); 3 =10 to 19 (modeled as 16); 4 =20 to 49 5 = 50+ units in
building
Floor area: 1 = less than 92.8 m (999 ft ); 2 =92.9 m (1000 ft ) or more
Year Built: 1 = before 1940; 2 = 1940-69; 3 = 1970-89; 4 = 1990 and newer
Forced Air: 1 = other; 2 = central system present
# of DWLG: number of dwellings in the survey data
Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data
% Rep.: percentage representation of each dwelling number in the survey
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B.2. AHS 2021 Dwelling Characteristics

This section contains four tables that define the top 50 % of each dwelling type from the AHS 2021 report, with one table for each
dwelling type: detached (Table 27), attached (Table 28), manufactured dwelling (Table 29), and apartment (Table 30). The dwelling
definitions in the table are in terms of the variables discussed in the body of the above document (Note: number of other rooms is
unavailable).

Table 27 AHS 2021 50 % dwelling representation details — Detached (48 total).

va'eI.Ii.ng # of Floor Ye?r Fotfnd— Garage For.ced # of Weight % # of # of # of Half A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths
126122 1 2 6 1 2 2 1249 | 3018932 | 3.65 3 2 0 1
236122 2 3 6 1 2 2 1079 2190347 | 2.65 4 3 0 1
336322 2 3 6 3 2 2 674 1803856 | 2.18 4 3 0 1
226122 2 2 6 1 2 2 675 1534536 | 1.86 3 2 1 1
111222 1 1 1 2 2 2 625 1527419 | 1.85 3 1 0 1
123122 1 2 3 1 2 2 613 1400324 | 1.69 3 2 0 1
321322 2 2 1 3 2 2 429 1226887 | 1.48 3 1 0 1
125122 1 2 5 1 2 2 546 1223836 | 1.48 3 2 0 1
124122 1 2 4 1 2 2 584 1204438 | 1.46 3 2 0 1
211322 1 1 1 3 2 2 427 1090491 | 1.32 3 1 0 1
136122 1 3 6 1 2 2 462 986486 | 1.19 4 3 0 1
113122 1 1 3 1 2 2 407 975017 | 1.18 3 2 0 1
335322 2 3 5 3 2 2 427 970866 | 1.17 4 3 0 1
116122 1 1 6 1 2 2 344 928784 | 1.12 3 2 0 1
311322 2 1 1 3 2 2 321 918155 | 1.11 3 1 0 1
121222 1 2 1 2 2 2 359 911453 | 1.10 3 2 0 1
221322 1 2 1 3 2 2 318 878800 | 1.06 3 1 0 1
111122 1 1 1 1 2 2 430 869120 | 1.05 3 1 0 1
122122 1 2 2 1 2 2 380 849086 | 1.03 3 2 0 1
114122 1 1 4 1 2 2 395 820565 | 0.99 3 2 0 1
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: B 9
I;Devi\"liililtlir:)i Fi)zfrs I:AI;)eOar \E:ilalz F:ttil(r)]: Garage Fol-r\icre ‘ D?NOITG Weight pr. Bedﬁ(());ms Bat:rzl;ms #E(S);ctl;:zlf A/C
236322 1 3 6 3 2 2 227 731106 | 0.88 4 3 0 1
111212 1 1 1 2 1 2 276 686081 | 0.83 2 1 0 1
123222 1 2 3 2 2 2 209 640745 | 0.78 3 2 0 1
223322 1 2 3 3 2 2 224 627547 | 0.76 3 2 0 1
321321 2 2 1 3 2 1 233 617833 | 0.75 3 1 0 2
226322 1 2 6 3 2 2 184 616234 | 0.75 3 2 0 1
112122 1 1 2 1 2 2 276 615214 | 0.74 3 1 0 1
111221 1 1 1 2 2 1 245 611935 | 0.74 2 1 0 2
236222 2 3 6 2 2 2 224 611431 | 0.74 4 3 0 1
331322 2 3 1 3 2 2 220 608228 | 0.74 3 2 0 1
225122 2 2 5 1 2 2 295 604392 | 0.73 3 2 1 1
235122 2 3 5 1 2 2 334 594226 | 0.72 4 3 0 1
122222 1 2 2 2 2 2 212 593373 | 0.72 3 2 0 1
121122 1 2 1 1 2 2 293 584358 | 0.71 3 2 0 1
113222 1 1 3 2 2 2 188 584012 | 0.71 3 1 0 1
111211 1 1 1 2 1 1 196 582422 | 0.70 2 1 0 2
115122 1 1 5 1 2 2 247 581955 | 0.70 3 2 0 1
112222 1 1 2 2 2 2 226 578762 | 0.70 3 1 0 1
126222 1 2 6 2 2 2 159 565652 | 0.68 3 2 0 1
224122 2 2 4 1 2 2 282 549768 | 0.67 3 2 1 1
326322 2 2 6 3 2 2 186 547470 | 0.66 4 2 1 1
321422 3 2 1 4 2 2 188 542778 | 0.66 3 2 0 1
222322 1 2 2 3 2 2 167 506202 | 0.61 3 2 0 1
125222 1 2 5 2 2 2 143 496255 | 0.60 3 2 0 1
212322 1 1 2 3 2 2 156 459204 | 0.56 3 1 0 1
334322 2 3 4 3 2 2 204 458279 | 0.55 4 2 0 1
111112 1 1 1 1 1 2 219 453569 | 0.55 3 1 0 1
325322 2 2 5 3 2 2 160 438492 | 0.53 3 2 1 1
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The key for Table 27:

# of floors: 1 = 1 story; 2 = 2 story: 3 = 3 story

Floor Area: 1 = less than 139.3 m (1499 ft ); 2 = 139.4 m to 232.2 m (1500 ft to 2499 ft ); 3 = 232.1 m (2500 ft ) or more
Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer

Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage

Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 28 AHS 2021 50 % dwelling representation details — Attached (38 total).
Dwelling # of Floor | Year | Found Garage Forced # of Weight % # of Batiroc;com # of Half A/C
Definition | Floors | Area | Built | -ation Air DWLG Rep. | Bedrooms . Baths
226122 2 2 6 1 2 2 147 341326 | 4.34 3 2 1 1
311312 2 1 1 3 1 2 98 199448 | 2.54 3 1 0 1
116122 1 1 6 1 2 2 74 188760 | 2.40 2 2 0 1
326122 3 2 6 1 2 2 99 185326 | 2.36 3 2 0 1
216122 2 1 6 1 2 2 80 169333 | 2.15 2 2 1 1
214122 2 1 4 1 2 2 76 151720 | 1.93 2 2 1 1
114112 1 1 4 1 1 2 79 146814 | 1.87 2 1 0 1
326322 2 2 6 3 2 2 62 146586 | 1.86 3 2 1 1
113112 1 1 3 1 1 2 92 137929 | 1.75 2 1 0 1
311311 2 1 1 3 1 1 72 137888 | 1.75 3 1 0 2
114122 1 1 4 1 2 2 75 137468 | 1.75 2 2 0 1
126122 1 2 6 1 2 2 46 125667 | 1.60 2 2 0 1
214112 2 1 4 1 1 2 66 119681 | 1.52 2 1 1 1
113122 1 1 3 1 2 2 57 102594 | 1.30 2 2 0 1
116112 1 1 6 1 1 2 42 102330 | 1.30 2 1 0 1
224122 2 2 4 1 2 2 53 93455 | 1.19 3 2 1 1
216112 2 1 6 1 1 2 50 90813 1.15 2 2 1 1
213112 2 1 3 1 1 2 56 88404 | 1.12 2 1 1 1
223122 2 2 3 1 2 2 40 86709 | 1.10 3 2 1 1
213122 2 1 3 1 2 2 43 85057 1.08 3 2 1 1
215112 2 1 5 1 1 2 39 84899 | 1.08 2 2 1 1
215122 2 1 5 1 2 2 43 81784 1.04 2 2 1 1
225122 2 2 5 1 2 2 39 81091 | 1.03 3 2 1 1
321312 2 2 1 3 1 2 40 72045 | 0.92 3 1 0 2
325322 2 2 5 3 2 2 30 68352 | 0.87 3 2 1 1
112112 1 1 2 1 1 2 44 66647 | 0.85 2 1 0 1

73



NIST TN 2329

February 2025

Dwelling # of Floor | Year | Found Garage Forced # of Weight % # of Batiroc;com # of Half A/C

Definition | Floors | Area | Built | -ation Air DWLG Rep. | Bedrooms s Baths
336322 2 3 6 3 2 2 26 66568 | 0.85 3 3 0 1
324312 2 2 4 3 1 2 40 63060 | 0.80 3 2 1 1
111112 1 1 1 1 1 2 54 61356 | 0.78 2 1 0 1
115112 1 1 5 1 1 2 33 59959 | 0.76 2 2 0 1
111111 1 1 1 1 1 1 31 55484 | 0.71 1 1 0 2
115122 1 1 5 1 2 2 30 54381 | 0.69 2 2 0 1
316322 2 1 6 3 2 2 15 54239 | 0.69 3 2 1 1
311322 2 1 1 3 2 2 22 53987 | 0.69 3 1 0 1
314312 2 1 4 3 1 2 33 52929 | 0.67 3 1 1 1
226222 2 2 6 2 2 2 18 50210 | 0.64 3 2 1 1
336122 3 3 6 1 2 2 30 49321 | 0.63 3 2 0 1
226322 1 2 6 3 2 2 20 46566 | 0.59 2 2 0 1

Key for Table 28:

# of Floors: 1 = 1 story; 2 = 2 story; 3 = 3 story

Floor Area: 1 = less than 139.3 m (1499 ft ); 2 = 139.4 m to 232.2 m (1500 ft to 2499 ft ); 3 = 232.1 m (2500 ft ) or more
Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer

Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage

Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 29 AHS 2021 50 % dwelling representation details — Manufactured Dwelling (4 total).

Dw-eI.Ii.ng Floor Yeér ForFed # of Weight % # of # of # of Half A/C
Definition | Area | Built Air DWLG Rep. | Bedrooms | Bathrooms Baths
162 1 6 2 376 1030052 | 14.42 3 2 0 1
152 1 5 2 363 1011283 | 14.16 3 2 0 1
132 1 3 2 351 925701 | 12.96 2 1 0 1
142 1 4 2 353 888622 | 12.44 2 2 0 1

Key for Table 29:

Floor area: 1 = less than 139.3 m (1499 ft ); 2 = 139.4 m (1500 ft) or more

Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 30 AHS 2021 50 % dwelling representation details — Apartments (48 total).
Dwelling # of #of | Floor | Year | Forced # of Weight % # of Batirc:om # of Half A/C
Definition | Floors | Units | Area | Built Air DWLG Rep. | Bedrooms . Baths
35162 3 5 1 6 2 722 1143120 | 3.65 1 1 0 1
35262 3 5 2 6 2 424 703594 | 2.25 2 2 0 1
33262 3 3 2 6 2 230 594062 | 1.90 2 2 0 1
33162 3 3 1 6 2 277 591377 | 1.89 1 1 0 1
34262 3 4 2 6 2 233 565690 | 1.81 2 2 0 1
34162 3 4 1 6 2 259 554337 | 1.77 1 1 0 1
21112 2 1 1 1 2 229 515906 | 1.65 2 1 0 1
21111 2 1 1 1 1 209 477219 | 1.52 2 1 0 2
35111 3 5 1 1 1 279 423127 | 1.35 1 1 0 2
35112 3 5 1 1 2 249 397635 | 1.27 1 1 0 1
22142 2 2 1 4 2 201 365653 | 1.17 2 1 0 1
35132 3 5 1 3 2 306 351916 | 1.12 1 1 0 1
23132 2 3 1 3 2 190 344295 | 1.10 1 1 0 1
22132 2 2 1 3 2 188 342343 | 1.09 2 1 0 1
34111 3 4 1 1 1 164 330400 | 1.06 1 1 0 2
23142 2 3 1 4 2 181 330175 | 1.05 2 1 0 1
21211 2 1 2 1 1 146 320813 | 1.02 2 1 0 2
21212 2 1 2 1 2 156 307359 | 0.98 2 1 0 2
31111 3 1 1 1 1 123 305481 | 0.98 2 1 0 2
22162 2 2 1 6 2 117 296292 | 0.95 2 1 0 1
21132 2 1 1 3 2 141 288476 | 0.92 2 1 0 1
21262 2 1 2 6 2 114 287687 | 0.92 3 2 0 1
22262 2 2 2 6 2 135 283093 | 0.90 2 2 0 1
31212 3 1 2 1 2 141 279547 | 0.89 2 1 0 1
31112 3 1 1 1 2 122 275923 | 0.88 2 1 0 2
31211 3 1 2 1 1 152 272291 | 0.87 2 1 0 2
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Dwelling # of #of | Floor | Year | Forced # of . % # of # of # of Half
Definition | Floors | Units | Area | Built Air DWLG Weight Rep. | Bedrooms Bathgoom Baths A/C
33111 3 3 1 1 1 142 267822 | 0.86 1 1 0 2
22242 2 2 2 4 2 129 256990 | 0.82 2 2 0 1
33142 3 3 1 4 2 129 255258 | 0.82 1 1 0 1
21242 2 1 2 4 2 119 246137 | 0.79 2 2 0 1
35152 3 5 1 5 2 175 242765 | 0.78 1 1 0 1
21142 2 1 1 4 2 127 241027 | 0.77 2 1 0 1
35161 3 5 1 6 1 194 241005 | 0.77 1 1 0 1
35142 3 5 1 4 2 249 238723 | 0.76 1 1 0 1
35122 3 5 1 2 2 183 232669 | 0.74 1 1 0 1
33152 3 3 1 5 2 97 216271 | 0.69 1 1 0 1
35131 3 5 1 3 1 242 214330 | 0.68 1 1 0 2
23162 2 3 1 6 2 109 211689 | 0.68 1 1 0 1
33132 3 3 1 3 2 112 203795 | 0.65 2 1 0 1
33252 3 3 2 5 2 94 203529 | 0.65 2 2 0 1
32111 3 2 1 1 1 107 202791 | 0.65 1 1 0 2
23262 2 3 2 6 2 95 200169 | 0.64 2 2 0 1
35121 3 5 1 2 1 158 199462 | 0.64 1 1 0 2
22252 2 2 2 5 2 88 187212 | 0.60 2 2 0 1
21232 2 1 2 3 2 92 187028 | 0.60 2 1 0 1
35242 3 5 2 4 2 119 186669 | 0.60 2 2 0 1
23152 2 3 1 5 2 102 185970 | 0.59 1 1 0 1
34132 3 4 1 3 2 102 182340 | 0.58 1 1 0 1

Key for Table 30:

# of floors: 1 = 1 story; 2 = 2 story; 3 = 3 to 5 stories; 4 = 6+ stories

# of units: 1 =2 to 4 (modeled as 4); 2 =5 to 9 (modeled as 6); 3 =10 to 19 (modeled as 16); 4 = 20 to 49 (modeled as 32); 5 = 50+
units in building (modeled as 20 units per floor)

Floor area: 1 = less than 92.8 m (999 ft ); 2 =92.9 m (1000 ft ) or more

Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
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Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data
% Rep.: percentage representation of each dwelling number in the survey
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B.3. RECS 2020 Dwelling Characteristics

This section contains four tables that define the top (50 %) dwellings from the RECS 2020 report, with one table for each dwelling

type: detached (Table 31), attached (Table 32), manufactured dwelling (Table 33), and apartment (Table 34). The dwelling definitions

in the table refer to the variables discussed in the body of this report.

Table 31 RECS 2020 50 % dwelling representation details — Detached (60 total).

Dw.el'li.ng #of | Floor Ye'ar FOL'lnd- Garage ForFed # of Weight % # of # of # of Half | # of Other A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
126122 1 2 6 1 2 2 360 2370861 | 3.08 3 2 0 4 1
111312 1 1 1 3 1 2 261 1854007 | 2.41 2 1 0 3 1
111212 1 1 1 2 1 2 186 1471211 | 1.91 2 1 0 3 1
236122 2 3 6 1 2 2 214 1429143 | 1.85 4 3 1 5 1
221312 2 2 1 3 1 2 192 1294151 | 1.68 3 1 0 4 1
236322 2 3 6 3 2 2 253 1275713 | 1.66 4 3 1 6 1
211312 2 1 1 3 1 2 173 1227212 | 1.59 3 1 0 3 1
125122 1 2 5 1 2 2 144 1204034 | 1.56 3 2 0 4 1
111412 1 1 1 4 1 2 131 1026111 | 1.33 3 1 0 3 1
226122 2 2 6 1 2 2 140 926219 | 1.20 3 2 1 4 1
123122 1 2 3 1 2 2 124 917610 1.19 3 2 0 4 1
124122 1 2 4 1 2 2 110 813102 1.06 3 2 0 4 1
235322 2 3 5 3 2 2 129 778514 | 1.01 4 3 1 6 1
221412 2 2 1 4 1 2 107 762394 0.99 3 2 0 4 1
136122 1 3 6 1 2 2 113 720269 | 0.93 4 3 1 5 1
111322 1 1 1 3 2 2 99 694391 | 0.90 3 1 0 3 1
126322 1 2 6 3 2 2 147 646282 | 0.84 3 2 0 4 1
111211 1 1 1 2 1 1 83 619980 | 0.80 2 1 0 3 2
225322 2 2 5 3 2 2 89 619884 | 0.80 3 2 1 4 1
111222 1 1 1 2 2 2 67 615532 | 0.80 3 1 0 3 1
226322 2 2 6 3 2 2 128 615184 | 0.80 3 2 1 4 1
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Dw.el_lilng #of | Floor Ye_ar FOL-lnd- Garage ForFed # of Weight % # of # of # of Half | # of Other A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
235122 2 3 5 1 2 2 74 570810 | 0.74 4 3 1 5 1
236422 2 3 6 4 2 2 108 555332 | 0.72 4 3 1 5 1
113122 1 1 3 1 2 2 62 523117 | 0.68 3 2 0 2 1
121212 1 2 1 2 1 2 63 519594 | 0.67 3 2 0 4 1
116122 1 1 6 1 2 2 79 491201 | 0.64 3 2 0 3 1
221422 2 2 1 4 2 2 75 489005 | 0.63 3 2 0 4 1
221311 2 2 1 3 1 1 79 466601 0.61 3 2 0 4 2
121412 1 2 1 4 1 2 64 457732 | 0.59 3 2 0 3 1
111112 1 1 1 1 1 2 57 454544 | 0.59 3 1 0 3 1
211412 2 1 1 4 1 2 62 453222 0.59 3 1 0 3 1
114122 1 1 4 1 2 2 51 451890 | 0.59 3 2 0 3 1
236222 2 3 6 2 2 2 90 451680 | 0.59 4 3 1 6 1
123322 1 2 3 3 2 2 93 447115 | 0.58 3 2 0 4 1
121222 1 2 1 2 2 2 53 442640 | 0.57 3 2 0 4 1
112212 1 1 2 2 1 2 67 440062 | 0.57 3 1 0 3 1
121312 1 2 1 3 1 2 71 428702 | 0.56 3 1 0 3 1
125222 1 2 5 2 2 2 69 428119 0.56 3 2 0 4 1
223422 2 2 3 4 2 2 72 427486 | 0.55 3 2 1 4 1
113112 1 1 3 1 1 2 55 425925 0.55 3 1 0 4 1
115122 1 1 5 1 2 2 48 421165 | 0.55 3 2 0 3 1
122122 1 2 2 1 2 2 50 418129 0.54 3 2 0 3 1
136322 1 3 6 3 2 2 105 415512 | 0.54 4 3 0 5 1
121322 1 2 1 3 2 2 64 413170 | 0.54 3 2 0 4 1
224322 2 2 4 3 2 2 67 411813 | 0.53 3 2 1 4 1
125322 1 2 5 3 2 2 57 406882 | 0.53 3 2 0 4 1
225122 2 2 5 1 2 2 52 406361 | 0.53 4 2 1 4 1
121422 1 2 1 4 2 2 53 404742 | 0.53 3 2 0 4 1
112322 1 1 2 3 2 2 66 400737 | 0.52 3 1 0 3 1
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Dw.el_lilng #of | Floor Ye_ar Fou_md- Garage ForFed # of Weight % # of # of # of Half | # of Other A/C

Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
235422 2 3 5 4 2 2 64 399535 | 0.52 4 3 1 5 1
111411 1 1 1 4 1 1 53 399515 0.52 2 1 0 2 2
224122 2 2 4 1 2 2 53 396954 | 0.52 3 2 1 4 1
225422 2 2 5 4 2 2 57 395479 | 0.51 3 2 1 4 1
221322 2 2 1 3 2 2 59 387191 | 0.50 3 2 1 3 1
126222 1 2 6 2 2 2 88 375025 | 0.49 3 2 0 4 1
226222 2 2 6 2 2 2 81 369289 0.48 3 2 1 4 1
111422 1 1 1 4 2 2 46 367245 | 0.48 3 1 0 2 1
122322 1 2 2 3 2 2 65 366567 | 0.48 3 2 0 3 1
126121 1 2 6 1 2 1 51 361335 0.47 3 2 0 3 1
223322 2 2 3 3 2 2 71 359703 | 0.47 4 2 1 4 1

Key for Table 31:
# of floors: 1 = 1 story; 2 = 2 story: 3 = 3 story
Floor Area: 1 = less than 139.3 m (1499 ft ); 2 = 139.4 m to 232.2 m (1500 ft to 2499 ft ); 3 = 232.1 m (2500 ft ) or more
Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other
Garage: 1 = none; 2 = attached garage

Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data
Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 32 RECS 2020 50 % dwelling representation details — Attached (58 total).
Dw-eI.Ii.ng #of | Floor Ye{.:lr Fou-md- Garage For<.:ed # of Weight % # of # of # of Half | # of Other A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
211312 2 1 1 3 1 2 46 255046 | 3.42 3 1 0 3 1
226122 2 2 6 1 2 2 49 221891 | 2.98 3 2 1 2 1
126122 1 2 6 1 2 2 43 161980 | 2.17 2 2 0 4 1
116122 1 1 6 1 2 2 35 125689 | 1.69 2 2 0 3 1
214112 2 1 4 1 1 2 22 117382 | 1.58 2 2 1 3 1
216122 2 1 6 1 2 2 26 110647 | 1.48 2 2 1 2 1
221311 2 2 1 3 1 1 16 95193 | 1.28 4 1 0 4 2
114112 1 1 4 1 1 2 17 94148 | 1.26 2 1 0 2 1
226322 2 2 6 3 2 2 32 92788 | 1.25 3 2 1 4 1
216112 2 1 6 1 1 2 22 87483 | 1.17 2 2 1 3 1
214122 2 1 4 1 2 2 15 79713 | 1.07 2 2 1 3 1
213312 2 1 3 3 1 2 16 76546 | 1.03 2 1 1 3 1
113112 1 1 3 1 1 2 19 76474 | 1.03 2 1 0 2 1
326122 3 2 6 1 2 2 17 69863 | 0.94 3 2 1 3 1
111212 1 1 1 2 1 2 12 68805 | 0.92 2 1 0 3 2
226422 2 2 6 4 2 2 20 65059 | 0.87 3 2 1 3 1
126322 1 2 6 3 2 2 19 62198 | 0.83 3 2 0 4 1
212312 2 1 2 3 1 2 12 61725 | 0.83 3 1 1 2 1
211311 2 1 1 3 1 1 9 60673 | 0.81 2 1 0 4 2
221312 2 2 1 3 1 2 13 60537 | 0.81 4 1 0 4 1
215122 2 1 5 1 2 2 11 59835 | 0.80 2 2 1 3 1
221411 2 2 1 4 1 1 13 57390 | 0.77 4 1 0 4 2
211411 2 1 1 4 1 1 9 54657 | 0.73 2 1 0 5 2
115112 1 1 5 1 1 2 11 51982 | 0.70 2 2 0 2 1
115122 1 1 5 1 2 2 12 51183 | 0.69 2 2 0 3 1
213112 2 1 3 1 1 2 13 50642 | 0.68 2 1 1 3 1
223312 2 2 3 3 1 2 11 50456 | 0.68 3 1 0 3 1
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Dw_eI.Ii.ng # of Floor Ye?r FOL-lnd- Garage ForFed # of Weight % # of # of # of Half | # of Other A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
214312 2 1 4 3 1 2 13 50135 | 0.67 2 1 1 3 1
111111 1 1 1 1 1 1 8 50019 | 0.67 2 1 0 2 2
116322 1 1 6 3 2 2 12 50006 | 0.67 2 2 0 4 1
211412 2 1 1 4 1 2 10 49662 | 0.67 1 1 0 2 2
115111 1 1 5 1 1 1 8 48599 | 0.65 1 1 0 2 1
125122 1 2 5 1 2 2 13 47156 | 0.63 2 2 0 4 1
114111 1 1 4 1 1 1 8 47138 | 0.63 2 2 0 3 1
113111 1 1 3 1 1 1 46905 | 0.63 2 1 0 3 4
214412 2 1 4 4 1 2 9 46772 | 0.63 2 1 0 4 1
116112 1 1 6 1 1 2 11 46355 | 0.62 2 2 0 3 1
225322 2 2 5 3 2 2 9 46276 | 0.62 2 2 1 4 1
114122 1 1 4 1 2 2 11 45909 | 0.62 2 2 0 2 1
215322 2 1 5 3 2 2 10 45164 | 0.61 2 1 1 3 1
224322 2 2 4 3 2 2 13 43470 | 0.58 3 2 1 3 1
112111 1 1 2 1 1 1 8 43079 | 0.58 1 1 0 2 2
211212 2 1 1 2 1 2 42099 | 0.57 3 1 0 5 1
225122 2 2 5 1 2 2 42052 | 0.56 3 2 1 4 1
113122 1 1 3 1 2 2 9 41993 | 0.56 3 2 0 2 1
236322 2 3 6 3 2 2 14 41241 | 0.55 3 2 1 5 1
223122 2 2 3 1 2 2 7 40563 | 0.54 3 2 1 4 1
214322 2 1 4 3 2 2 9 39600 | 0.53 2 1 1 3 1
215112 2 1 5 1 1 2 9 37914 | 0.51 2 1 1 3 1
211112 2 1 1 1 1 2 8 37638 | 0.51 3 1 0 2 1
213422 2 1 3 4 2 2 6 37479 | 0.50 3 1 0 2 1
326422 3 2 6 4 2 2 9 37041 | 0.50 3 2 1 3 1
224122 2 2 4 1 2 2 8 36933 | 0.50 3 2 1 4 1
224412 2 2 4 4 1 2 9 36766 | 0.49 3 2 0 4 1
221412 2 2 1 4 1 2 8 34339 | 0.46 3 1 1 4 1
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Dw_eI.Ii.ng #of | Floor Ye?r Fou_md- Garage ForFed # of Weight % # of # of # of Half | # of Other A/C
Definition | Floors | Area | Built | ation Air DWLG Rep. | Bedrooms | Bathrooms Baths Rooms
111412 1 1 1 4 1 2 5 34078 | 0.46 1 1 0 1 1
224422 2 2 4 4 2 2 6 33535 | 0.45 3 2 1 3 1
226112 2 2 6 1 1 2 8 33336 | 0.45 3 2 1 4 1
Key for Table 32:

# of Floors: 1 = 1 story; 2 = 2 story; 3 = 3 story
Floor Area: 1 = less than 139.3 m (1499 ft ); 2 =139.4 m to 232.2 m (1500 ft to 2499 ft ); 3 =232.1 m (2500 ft ) or more

Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
Foundation: 1 = concrete slab; 2 = crawlspace; 3 = finished basement, 4 = Other

Garage: 1 = none; 2 = attached garage

Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 33 RECS 2020 50 % dwelling representation details — Manufactured Dwelling (4 total).
Dwelling | Floor | Year | Forced # of Weight % # of # of # of Half | # of Other A/C
Definition | Area | Built Air DWLG g Rep. | Bedrooms | Bathrooms Baths Rooms
152 1 5 2 121 955007 | 13.98 3 2 0 3 1
132 1 3 2 128 878192 | 12.85 2 1 0 2 1
162 1 6 2 130 843098 | 12.34 3 2 0 3 1
142 1 4 2 110 764344 | 11.19 2 2 0 2 1

Key for Table 33:

Floor area: 1 = less than 139.3 m (1499 ft ); 2 = 139.4 m (1500 ft) or more

Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data

Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Table 34 RECS 2020 50 % dwelling representation details — Apartments (8 total).
DDeV:iililtlir:)i Fi)zfrs jn?:s FAI;):ar ;E?I; FoAricre ‘ D?NOLfG Weight % Rep. Bedﬁ(()):;ms Bat:rg]:)ms #E(S);ctizlf ’ ;:)c?r:]ser A/C
n/a5162 n/a 5 1 6 2 154 1344685 4.18 1 1 0 3 1
n/a5161 n/a 5 1 6 1 122 1095376 3.40 1 1 0 2 1
n/al11l n/a 1 1 1 1 109 1067014 | 3.32 1 1 0 2 2
n/a5262 n/a 5 2 6 2 98 859996 2.67 2 2 0 2 1
n/al211 n/a 1 2 1 1 84 836722 2.60 2 1 0 3 2
n/all12 n/a 1 1 1 2 76 767715 2.39 1 1 0 2 2
n/a5111 n/a 5 1 1 1 71 693108 2.15 1 1 0 2 2
n/al212 n/a 1 2 1 2 69 681355 2.12 2 1 0 2 2
n/all32 n/a 1 1 3 2 76 668306 2.08 2 1 0 2 1
n/a5131 n/a 5 1 3 1 73 634200 1.97 1 1 0 2 2
n/a4111 n/a 4 1 1 1 61 607078 1.89 1 1 0 2 2
n/al142 n/a 1 1 4 2 54 545935 1.70 2 1 0 2 1
n/a5142 n/a 5 1 4 2 47 533955 1.66 2 1 0 2 1
n/a5121 n/a 5 1 2 1 56 509074 1.58 1 1 0 2 2
n/a5132 n/a 5 1 3 2 50 508923 1.58 1 1 0 2 1
n/a5261 n/a 5 2 6 1 57 502923 1.56 2 2 0 3 1
n/al141 n/a 1 1 4 1 53 477346 1.48 2 1 0 2 2
n/a5141 n/a 5 1 4 1 46 470632 1.46 1 1 0 2 1
n/all22 n/a 1 1 2 2 46 440441 1.37 2 1 0 2 1
n/al262 n/a 1 2 6 2 58 428866 1.33 3 2 0 3 1
n/a4131 n/a 4 1 3 1 45 425256 1.32 1 1 0 2 2
n/all62 n/a 1 1 6 2 51 401769 1.25 2 1 0 3 1
n/a2111 n/a 2 1 1 1 40 395678 1.23 1 1 0 2 2
n/al131 n/a 1 1 3 1 43 393849 1.22 2 1 0 2 2
n/a5112 n/a 5 1 1 2 42 393327 1.22 1 1 0 2 1
n/al242 n/a 1 2 4 2 39 388875 1.21 2 1 0 2 1
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Dwelling #of | #of | Floor | Year | Forced # of . 0 # of # of #of Half | # of Other
Definition | Floors | Units | Area | Built Air DWLG Weight % Rep. Bedrooms | Bathrooms Baths Rooms A/C
n/a5152 n/a 5 1 5 2 37 383677 1.19 1 1 0 2 1

Key for Table 34:
# of floors: 1 = 1 story; 2 = 2 story; 3 = 3 to 5 stories; 4 = 6+ stories

# of units: 1 =2 to 4 (modeled as 4); 2 =5 to 9 (modeled as 6); 3 =10 to 19 (modeled as 16); 4 = 20 to 49 (modeled as 32); 5 = 50+
units in building (modeled as 20 units per floor)

Floor area: 1 = less than 92.8 m (999 ft ); 2 =92.9 m (1000 ft ) or more
Year Built: 1 = before 1960; 2 = 1960-69; 3 = 1970-79; 4 = 1980-89; 5 = 1990-99; 6 = 2000 and newer
Forced Air: 1 = other; 2 = central system present

# of DWLG: number of dwellings in the survey data
Weight: weighting factor of the dwelling number for all U.S. dwellings for the survey data

% Rep.: percentage representation of each dwelling number in the survey
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Appendix C. Exterior Leakage Values using LBNL Database

Data for exterior envelope leakage as a function of building age have been examined in several
studies as part of the Residential Diagnostics Database (ResDB) curated by the Residential
Building Systems (RBS) group at Lawrence Berkeley National Laboratory (LBNL) [32, 30, 33-36,
31, 37] Currently, the ResDB contains exterior wall leakage data from about 147 000 dwellings
and duct leakage data from 28 000 dwellings. From the ResDB, a regression model has been
developed by LBNL that estimates the Normalized Leakage (NL) rate of U.S. dwellings stock. The
regression model is as follows:

ln(NL) = ﬁareaArea + BhH + ﬁyearlyear + ﬁILIIL + ﬁele + ﬁczlcz + ﬁslablslab
+ .Bfloorllfloorl + .Bfloorzlfloorz + .Bcondlcond + .Bductllductl (2)
+ Bductzlductz te

The NL rate regression model contains variables that account for the floor area (B,reqATea),

ceiling height (B, H), year built (Bycqrlyeqr), pre-weatherization of Weatherization Assistance
Program (WAP) dwellings (5;;1;;), energy efficiency rated dwellings (f.1.), climate zone

(Bezlcz), foundation type (Bsiaplsiap + .Bfloorllfloorl + ﬁfloorzlfloorz)r HVAC duct location
(Beondlcona + Pauctilauctr + Baucezlauct2), and a residual term (e) that is roughly a normal
distribution N(u = 0,02 = 0.2). The different consideration elements in the regression model
make estimating a given dwelling’s NL value worthwhile. The LBNL estimated explanatory
variable coefficient values for the regression model and housing characteristics are shown in
Table 35. For this project, the NL of each specific dwelling was not determined and instead, the
NL for all dwellings in each age range and size was determined (Table 21)

Table 35 Results of regression models that relate In(NL) and various housing characteristics from the LBNL

studies.
Explanatory Variable Coefficient Estimates
Year Built: ,Byear
Before 1960 -0.250
1960 to 1969 -0.433
1970 to 1979 -0.452
1980 to 1989 -0.654
1990 to 1999 -0.915
2000 and after -1.058
Climate Zone: E;
Humid A 1-2 (Moist in Fig. 4) 0.473
A3 0.253
A4 0.326
A5 0.112
A 6-7 0
Dry B 2-3 -0.038
B 4-5 -0.009
B6 0.019
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Explanatory Variable Coefficient Estimates
Marine C 3 0.048
ca 0.258
Alaska AK 7 0.026
AK 8 -0.512
WAP Dwellings (Pre-Weatherization): ;. 0.420
Energy Efficiency Rated Dwellings: 5, -0.384
Floor Area: Bareq (Mm™2) -0.00208
House Height: 8, (m™1) 0.064
Foundation Type
Slab: (Bsiap) -0.037
Conditioned Basement/Unvented Crawlspace: ff150r1 0.109
Unconditioned Basement/Vented Crawlspace: f15or2 0.180
Duct Location
Conditioned Space: S.ona -0.124
Unconditioned Attic/Basement: Bgyce1 0.071
Vented Crawlspace: Bayce2 0.181

C.1. Normalized Leakage (NL) Coefficient and Variable Description

This section discusses each of the LBNL's normalized leakage (NL) model’s coefficients and
variables used to estimate the NL and, in turn, the ELA that will be used in the CONTAM models.
The following calculations and assumptions were intended to account for these factors in the
NL model. To find the geometric mean of the NL for the coefficient and the variables of the NL
model, the residual term (e) was set to zero.

C.1.1. Dwelling Floor Area and Height Coefficient and Variable (f,,.cATea, f,H)

Normalized leakage (NL) is already normalized by both Area and H, the Area and H regression
model variables are used because there is a correlation between Area and H. In the previous
study, the floor area for the NL calculation was described as less than or greater than 148.6 m?
(1600 ft?), but no specific floor area was used for the calculation. The new regression model
requires a particular floor area to perform the calculation. Therefore, the floor area categories
used in Table 20 (<148.5 m? [<1600 ft?], 148.5 m?to 222.9 m? [1600 ft?to 2399 ft?], and

222.9 m? [>2400 ft?]) for the attached and detached dwelling floor areas were used. The
specific floor area variable values used for each category are 104 m? (1119 ft?), 179 m?

(1927 ft?), and 300 m? (3229 ft?) per the respective categories. The LBNL floor area coefficient
was used as stated in Table 35 with no alterations. Regarding height coefficient and variable,
the LBNL height coefficient stated in Table 35 was used with no alterations, and a height
variable of 4.99 m (16.4 ft) was used. The height variable of 4.99 m was calculated by taking the
average number of stories variable from AHS 2021 and RECS 2020 in Table 1 and using a single
floor height that is representative of the housing stock (based on each floor being estimated at
2.89 m (9.5 ft)).
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C.1.2. Year Built Coefficient and Variable (B,¢qr1ycar)

No changes were made to the LBNL coefficients and variables for the year-built coefficients.
The LBNL year-built explanatory variable coefficient for the NL model is the same as the year-
built variable from Table 2, and as such, the coefficients are used directly. The NL model
variable of one (1) or zero (0) for year built is used to set if a given year-built group is being
used. Year built example for dwelling constructed in 1960-1969:

..+ (< 1960),, + (1960 — 1969),,, + (1970 — 1979),,, + -

-t (.Byear<60 Iyear<60) + (Byeareo Iyear60) + (Byearm Iyear70) + o

..+ (—0.250 * 0) + (—0.433 % 1) + (—0.452 x 0) + -

o+ (—0.433%1) + -

C.1.3. Pre-Weatherization of Weatherization Assistance Program (WAP) and Energy Efficiency
Rated Dwellings Coefficient and Variable (8.1, Bel.)

The AHS and RECS databases do not contain any data on the U.S. representation of dwellings
that have participated in a Weatherization Assistance Program (WAP) or are energy efficiency
rated (the most common of which is ENERGY STAR). Estimates were made based on the
available data found within the AHS, RECS, and other noted resources. These estimates are
discussed below and are meant to help give our best estimate for the effects of pre-WAP and
ENERGY STAR dwellings in the U.S. dwelling stock.

C.1.3.1. Pre-Weatherization of Weatherization Assistance Program (WAP)

The databases do not directly state the U.S. representation of dwellings that have participated
in a Weatherization Assistance Program (WAP) or a household’s eligibility for WAP. The
eligibility for WAPs is based on household occupancy, income, and location. Currently, WAPs
use 200 % of the poverty line as the eligibility criteria [87], but this has varied between 125 %
and 150 % [31]. In addition, each state or territory may elect to use the U.S. Department of
Health & Human Services (HHS) Low-Income Home Energy Assistance Program (LIHEAP) criteria
of 60 % of state-median income to determine WAP eligibility [87]. For our estimate, we used
200 % of the 2021 poverty line. To estimate the number of dwellings eligible for WAP, the
location (state), the number of occupants, and household income were analyzed. There were
problems with this approach, however, as AHS does not have state-level information, and RECS
uses income brackets and a maximum number of seven occupants. The lack of state
information in the AHS could cause an overestimation of the WAP dwellings in the AHS dataset;
this is because the poverty line is separated by connected forty-eight states, Alaska, and Hawaii,
with both Alaska and Hawaii having higher income requirements than the forty-eight other U.S.
states. Unlike AHS, RECS does have state-level information, but the income bracket makes

200 % of the poverty line challenging to quantify accurately. The final calculations for the WAP
resulted in an estimate of 13.68 % (RECS: 14.46 % & AHS: 12.89 %) of all dwellings being eligible
to participate in the WAP. This estimate of WAP eligibility comes with the problem of
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calculating all dwellings that could be eligible, including all that have already participated in a
WAP.

C.1.3.2. Energy Efficiency Rated Dwellings

The U.S. representation of dwellings that are energy efficiency rated (one typical rating
program is ENERGY STAR) is not part of the AHS and RECS databases. The U.S. Census Bureau
had the number of U.S. dwellings as 142 153 010 units as of July 2021 [88], the ENERGY STAR
Impacts website scope and influence section states that more than “2.4 million ENERGY STAR
certified single-family, multifamily, and manufactured new homes and apartments have been
built to date, including more than 120 000 in 2021” [89]. The U.S. Environmental Protection
Agency (EPA) ENERGY STAR for dwellings program, which includes airtightness, has existed
since 1995. With the total number of U.S. dwellings and the rough estimate of the total number
of ENERGY STAR-certified dwellings, an estimate was made on the percent of the U.S. dwelling
stock that is ENERGY STAR certified (I, = 1.7 %). No changes were made to LBNL’s energy
efficiency-rated dwellings coefficient.

C.1.4. Climate Zone Coefficient and Variable (8.,1.,)

The AHS and RECS databases use the four U.S. census regions to describe the locations of
dwellings; the representation of dwellings can be seen in Table 1. The RECS database also
describes the locations of dwellings by Building America Climate Zones and International Energy
Conservation Code climate codes (IECC). If the four U.S. census regions are used to determine
the proportional climate effects for the NL rate calculation, then the climate zone coefficient
would be ., = 0.116. This coefficient was calculated by taking the average percent of U.S.
dwelling stock weighted representation from both AHS and RECS for the four U.S. census
regions and multiplying that by the average climate zone coefficient for all climate zones within
the census region. A map of the IECC climate zones, with the four U.S. census regions defined in
red that were used for the calculation, can be seen in Fig. 4. The average coefficient was a
better estimate than not including the climate zone effects. Still, it gives climate zones an equal
representation when averaging a given census region.
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Marine (C) Dry (B) Moist (A)

' 1 MIDWEST

NORTHEAST,

Warm-Humid
below white line

All of Alaska is in Zone 7 except for
the following boroughs in Zone 8;

Bethel, Northwest Arctic, Dellingham,

Southeast Fairbanks, Fairbanks N. Star, Zone 1includes Hawaii,
Wade Hampton, Nome, Yukon-Koyukuk, Guam, Puerto Rico, and
North Slope the Virgin Islands

Fig. 4 International Energy Conservation Code (IECC) climate zone map [90] with U.S. census regions shown in
red text and region division lines.

Since the RECS database contains the IECC climate zones as part of the survey responses
database, a more detailed calculation was performed to estimate a climate coefficient for the
NL model based on RECS data alone. Calculations were made using the summation of the
dwelling weight for each IECC climate zone (seen in Table 36). The weighting values of the
dwellings in each climate zone were then used to calculate the percentage of dwellings that fell
into their respective climate zones. This percentage was then multiplied by the LBNL coefficient
estimate for each of the zones, and the resulting values were summed up to find a final climate
zone coefficient estimate for the NL model of ., = 0.196. This climate zone coefficient
estimate should be a more accurate representation of the NL model; this coefficient was used
for the final NL calculations.

Table 36 NL model climate zone coefficient estimate based on RECS data.

IECC Climate Zones Coefficient Estimate (#) RECS Weight (#) Percentage of RECS (%)
A1l-2 0.473 16611229 13.45%
A3 0.253 15948187 1291 %
A4 0.326 26419549 21.39%
A5 0.112 27927798 22.61%
A 6-7 0 8226744 6.66 %
B 2-3 -0.038 14317434 11.59 %
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IECC Climate Zones Coefficient Estimate (#) RECS Weight (#) Percentage of RECS (%)
B 4-5 -0.009 5883618 4.76 %
B6 0.019 978829 0.79 %
C3 0.048 3054445 2.47 %
c4 0.258 3875771 3.14%
AK 7 0.026 209788 0.17%
AK 8 -0.512 47405 0.04 %

C.1.5. Foundation Type Coefficients and Variables (B a5 siab, B rloor1! floor1) Bfloor21 floor2)

The RECS database has the following foundation classifications: basement, crawlspace,
concrete slab, other foundation, and finished basement. LBNL’s NL model has coefficient
estimates for slab floors, conditioned basement/unvented crawlspace, and unconditioned
basement/vented crawlspace. The calculation for the representation of concrete slab
foundations is straightforward; the resulting representation can be seen in Table 1. Calculating
these values for conditioned basement/unvented crawlspace and unconditioned
basement/vented crawlspace is difficult. When calculating the conditioned basement/unvented
crawlspace representation, it was assumed only the finished basement would be included. For
unconditioned basement/vented crawlspace, all basements that are not finished and all
dwellings with crawlspace would be included. The AHS database contains the following
foundation classifications: for single-family dwellings, there is a basement under the dwelling, a
basement under part of the dwelling, a crawlspace, a concrete slab, and a setup in some other
way. Like the RECS dataset, the calculation for the representation of concrete slab foundations
can be seen in Table 1. Like the RECS dataset, the conditioned basement/unvented crawlspace
and unconditioned basement/vented crawlspace for the AHS dataset are more complicated.
When calculating the representation of conditioned basement/unvented crawlspace, it was
assumed to be all dwellings with a basement under all the dwelling, and for unconditioned
basement/vented crawlspace, it was assumed to include all dwellings with a crawlspace as well
as dwellings with a basement under part of the house. The results of the above-described
assumptions can be seen in Table 37. The calculation of the resulting NL model example can be
seen below.

ot (ﬂslablslab) + (ﬁfloorllfloorl) + (ﬁfloorzlfloorz) + -
ot (—0.037 * 0.2753) + (0.109 = 0.1918) + (0.180 * 0.3082) + ---

Table 37 NL model foundation type variables.

NL Model Foundations Classifications

AHS 2021 (%)

RECS 2020 (%)

Average (%)

Slab Floors 28.87 26.18 27.53
Conditioned Basement/Unvented Crawlspace 17.58 20.79 19.18
Unconditioned Basement/Vented Crawlspace 32.92 28.72 30.82
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C.1.6. HVAC Duct Location Coefficients and Variables (B condl cond> Bauct1! duct1, Baucezl ductz)

The AHS and RECS databases do not contain data on the U.S. representation of the location of
HVAC ductwork in dwellings. To calculate an estimated normalized leakage related to the
location and prevalence of ductwork in U.S. dwellings, values for the percentage of homes with
ducts in conditioned space (cond.), unconditioned attic or basement (uncond.), and crawlspace
(crawl) based on Home Energy Score inspection and energy audit data were used [36] (see
Table 38). The ductwork location percentages given by LBNL were multiplied by the weighted
percentage of dwellings with forced air systems to get a final location percentage that
accounted for homes without ductwork. These final weighted state-level values for conditioned
space, unconditioned attic or basement, and crawlspace ductwork locations were then
averaged for a U.S. average duct location distribution. This U.S. average duct location
distribution is cond.: 27.08 %, uncond.: 37.01 %, and crawl: 8.15 %. The LBNL calculated variable
coefficients for conditioned space (cond.), unconditioned attic or basement (uncond.), and
crawlspace (crawl) were unchanged.

Table 38 Percentage of homes with ductwork in various locations.

RECS LBNL Calculated (%) Values w/ Dwelling w/o Ductwork Included (%)
State Name Cond. Uncond. Crawl Cond. Uncond. Crawl % w/ ducts
Alabama 9% 55 % 36% 8% 46 % 30% 83.46 %
Alaska 14 % 32% 54 % 5% 12% 20% 36.91%
Arizona 8% 89 % 4% 6% 71% 3% 79.66 %
Arkansas 5% 88 % 7% 4% 70 % 6% 79.21%
California 2% 88 % 9% 1% 57 % 6% 65.32 %
Colorado 51% 43 % 6% 40 % 34 % 5% 78.07 %
Connecticut 14 % 83 % 2% 9% 51% 1% 61.98 %
Delaware 68 % 25% 7% 56 % 21% 6% 82.03%
District of Columbia 68 % 25 % 7% 41 % 15 % 4% 60.82 %
Florida 4% 91 % 5% 3% 58 % 3% 64.22 %
Georgia 14 % 74 % 12 % 12% 64 % 10% 86.49 %
Hawaii 14 % 32% 54 % 0% 1% 1% 2.45%
Idaho 48 % 42 % 10 % 37% 32% 8% 76.34 %
lllinois 70 % 26 % 5% 55 % 20 % 4% 78.47 %
Indiana 72% 23 % 4% 63 % 20 % 4% 88.05 %
lowa 87 % 11% 2% 76 % 10 % 2% 87.74 %
Kansas 71% 25 % 4% 66 % 23% 4% 92.46 %
Kentucky 9% 55 % 36% 8% 48 % 31% 87.49 %
Louisiana 5% 88 % 7% 4% 68 % 5% 77.53 %
Maine 14 % 83% 2% 6% 38% 1% 46.16 %
Maryland 68 % 25% 7% 56 % 21% 6% 82.51%
Massachusetts 11% 89 % 0% 6% 51% 0% 57.16 %
Michigan 77 % 15 % 8% 65 % 13% 7% 84.62 %
Minnesota 87 % 11% 2% 65 % 8% 1% 74.62 %
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RECS LBNL Calculated (%) Values w/ Dwelling w/o Ductwork Included (%)
State Name Cond. Uncond. Crawl Cond. Uncond. Crawl % w/ ducts
Mississippi 9% 55 % 36 % 7% 45 % 30 % 82.25%
Missouri 79 % 17 % 4% 67 % 14 % 3% 85.20 %
Montana 48 % 42 % 10 % 32% 28 % 7% 66.20 %
Nebraska 71% 25% 4% 63 % 22% 4% 89.13 %
Nevada 1% 88 % 11% 1% 71% 9% 80.79 %
New Hampshire 14 % 83 % 2% 8% 45 % 1% 54.47 %
New Jersey 17 % 79 % 4% 11% 50 % 3% 63.75 %
New Mexico 1% 88 % 11% 1% 62 % 8% 71.00 %
New York 16 % 81% 3% 7% 38% 1% 46.79 %
North Carolina 9% 74 % 18 % 8% 65 % 16 % 88.07 %
North Dakota 87 % 11% 2% 57 % 7% 1% 65.51 %
Ohio 72% 23 % 4% 59 % 19 % 3% 82.38 %
Oklahoma 5% 88 % 7% 4% 71% 6% 80.69 %
Oregon 14 % 32% 54 % 9% 20% 34% 63.32 %
Pennsylvania 20% 77 % 2% 13 % 49 % 1% 63.09 %
Rhode Island 14 % 83 % 2% 7% 44 % 1% 52.50 %
South Carolina 9% 74 % 18 % 8% 64 % 16 % 86.61 %
South Dakota 87 % 11% 2% 69 % 9% 2% 79.30 %
Tennessee 7% 46 % 48 % 6% 40 % 41 % 86.37 %
Texas 5% 94 % 1% 4% 75 % 1% 79.84 %
Utah 48 % 42 % 10 % 44 % 38% 9% 91.15%
Vermont 14 % 83 % 2% 7% 43 % 1% 51.44 %
Virginia 53% 41 % 6% 44 % 34% 5% 83.75%
Washington 14 % 32% 54 % 8% 18 % 30% 56.38 %
West Virginia 68 % 25% 7% 50 % 18 % 5% 73.73 %
Wisconsin 77 % 19 % 4% 61% 15 % 3% 79.12 %
Wyoming 48 % 42 % 10 % 33% 29% 7% 69.17 %

Note: This table shows the percentage of homes with ducts in conditioned space (cond.), unconditioned attic or
basement (uncond.), and crawlspace (crawl; assumed all vented), based on LBNL study as well as the Home Energy
Score inspection and energy audit data. With calculated values when including dwelling without ductwork.

C.2. Normalized Leakage (NL) Model Calculation

With all variables and coefficients calculated or identified, the normalized leakage (NL) model
was used to calculate the leakage for the six-year categories for the three given floor areas. If a
user of these models wanted to adjust the leakage of models they are using for a project, the
above information can be used to adjust their project specific leakage. An example calculation
can be found below; Table 39 contains the NL model results for all years built and floor area
ranges identified.
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Example calculation for less than 1600 square foot dwellings built before the 1960s:

ln(NL) = ﬁareaArea + ﬁhH + ﬁyearlyear + BILIIL + ﬁele + ﬁczlcz + ﬁslablslab + ,Bfloorllfloorl
+ .Bfloorzlfloorz + .Bcondlcond + .Bductllductl + .Bductzlductz te
In(NL) = (—0.00208 * 104) + (0.064 * 4.99) + (—0.250 = 1) + (0.420 * 0.1368)
+ (—0.384 % 0.0168) + (0.196 * 1) + (—0.037 * 0.2753) + (0.109 % 0.1918)
+ (0.180 * 0.3082) + (—0.124 * 0.2708) + (0.071 * 0.3701)
+ (0.181 % 0.0815) + 0
In(NL) = (=0.216) + (0.319) + (—0.250) + (0.05746) + (—0.00648) + (0.196)
+ (—0.010) + (0.0209) + (0.0555) + (—0.0336) + (0.026) + (0.0148)
In(NL) = 0.173

NL = 80'173
NL = 1.19
Table 39 Normalized leakage by construction year and floor area.
Year Built Floor Area Less Than Floor Area Between 148.5to | Floor Area Greater than
148.5 m? (1600 ft?) 222.9 m? (1600 to 2399 ft?) 222.9 m? (2400 ft?)

Before 1960 1.19 1.02 0.79
1960-1969 0.99 0.85 0.66
1970-1979 0.97 0.83 0.65
1980-1989 0.79 0.68 0.53
1990-1999 0.61 0.52 0.41
2000 and later 0.53 0.45 0.35

The LBNL's updated normalized leakage (NL) model (with the above coefficient and variable
estimation) resulted in an overall higher normalized leakage than the original suite of dwellings
for all year-built groups. The above documentation of the estimates and assumptions made to
calculate the coefficients and variables for the NL model were done to the best of the team’s
ability and are detailed above so that if a user would like to adjust these values per their needs
and knowledge, they have the tools and understanding to do so.
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