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S| Methods

1. Development of a nationally representative set of combined building energy and indoor air quality

(IAQ) models for U.S. residences in th010s

We first developed a set of combined building energy and IAQ models to represent the majority of the U.S.
resdential building stock in the 2010s. The 2010s model set is an updated version of the REIAQ model set
that we previously developed to be representative of ~80% of the U.S. housing stock as of approximately
the late 1990s or early 2006sThe original REIAQ model framework was based on the same home
characteristics used in Peysdt al. (2006), which developed a collection of matine IAQ models (albeit

without energy models) to represent ~80% of the U.S housing stock based on the.$9%nhergy

Il nformation Administrationoés (EI Ads)%InRnissvorldwent i al [
generated an wated model set for the 2010s using housing characteristics fromthe 301U Ad6s RECS
databaseData for the 2015 RECS (the latest that is available) were collected between August 2015 and
April 2016 and publicuse microdata was published online in sum2@18°. RECS is acollection of

detailed statistical information on household energy characteristicsirfglefamily homes, units in
multifamily buildings, and mobile homes. TB815 RECS collected data from more than 5,600 households

that were selected to be statistigattpresentative of the 118.2 million housing units occupied as primary
residences inhe 50 states and the District of Columbia

1.1 Sample selection

We used the same RECS sampling approach as Persily et al. (2006) to develop a collection of housing units

to represent ~80% of the U.S. housing stock in the 2010s (with 2015 serving as the representative housing
stock year).Sample selection was conducted for each of the four building types in RECS individually,
including detached singamily homes, attached singlamily homes, manufactured homes, and
apartments. Several defining variables are used in RECS to characéetizbudding type, each with a

number of subvariables (Table&sl). For example, Foundation type is a variable with threevadbbles
consisting of o6finished baskaeeame mt .0unA ifna stherdi ala
to define all possible combinations of variables and then select the most prevalent units that represent at
least 80% of the housing stock of each building type. In the factorial design, variables are labeled as
Afifacs, 0 each withvdiisabl¢ee, poabebéad asbil evel s, 0 t
of these levels across all factors. The variables andausbles used are the same as those used in Persily

et al. (2006¥, with a few exceptions.

The resulting number of possible combinations for each building type as defined in Table S1 is as follows:

540 attached and detached siA@mily homes (i.e., combination of 6 factors with 2, 3, 532and 3

levels); 40 apartments (i.e., combination of 4 factors with 2, 2, 5, and 2 levels); and 20 manufactured homes
(i.e., combination of 3 factors with 2, 5, and 2 levels). The goal of our sampling approach was to reduce the
number of unique homes sutfimt we could manually construct a minimal amount of home models that

still represent at least 80% of the U.S. housing stock. To do so, each of the 5,600+ homes in the 2015 RECS
database was given a categorical numeric score for each factor (i.e. eydvéedgld on their characteristics
ofeachsutvy ari able (i.e., |l evel) as defined in Table S
Al1o for year buil t <1 920816). Taeambin&ions df these scares werebthem | t 2
used togenerate a characteristic ID for each home in the RECS database based on the ranges of levels
defined in Tabl e S1 (-sdoryginglefanil ormel \8itA attacbed garagd, boe s a
basement, built between 199009, forced air heating/coolingnd a floor area of 14923 nf). Each

unique characteristic ID represents a uniqgue home; duplicate characteristic IDs represent homes that, while
they are actually different in the RECS database, have sufficient overlap in fundamental characteristics that
they can be used to reasonably represent the same baseline home in the simplified model set. Each home in
the RECS database also has a weight assigned to it that defines how many homes it represents nationwide.
These weighting values for each RECS housinig were then matched by characteristic ID to define a
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single housing unit that represents multiple homes in the database with identical combinations of levels
resulting from the factorial analysis, and then weighting values were summed across horitEntictd
characteristic IDs. For each building type, the resulting characteristic IDs were then sorted in descending
order based on their summed total weight.

Table S1 Selected home characteristics for factorial design for each building type

Variables Sub-variables Variables | Sub-variables
(Factors) (Levels) (Factors) (Levels)
Single Famil
(attache% and de%/ached) APENETE
Forced air \I(\Igs # of units %45
<149 Forced air No
Floor Area (m?) 149223 Yes
>223 Floor Area <93
<1950 (m?) 093
19501969 <1950
Year built 19701989 19501969
199062009 Year built 19701989
20162015 19902009
Garage Yes 20162015
No Manufactured homes
Finished
Basement . No
] = Forced air
Foundation Unfinished Yes
Basement
No Basement | Floor Area <149
1 (m?) 0149
# of stories 2 <1950
03 19501969
Year built 19701989
19902009
201062015

FigureS1 shows the percentage of unique combinations of characteristic IDs for each of the four building
types that were included to obtain a representative sample size, which, similar to Persily et &, (2006)
defined as at least 80% of the U.S. housing stock. Tablshows the total number of housing unit
combinations that were selected that represent ~80% of the U.S. housing stock within each of the four
building types as of 2015, as well as the fractibhomes that each sample represents. For Apartments and
Manufactured homes, 23 and 6 individual homes were needed to represent the 80% of the housing stock
type, respectivelyHowever, none of the selected homes were built after 2010. Therefore, fof daede

building types, one additional home is added to be able to account for apartments and manufactured homes
built after 2010. The result is a set of 217 unique housing units defined using the most prevalent
combinations of characteristics in Tablewlhich combined represent approximately 81.3% of the U.S.
housing stock in 2015. Approximately 50% of these defined units are detached homes, 36% are attached
homes, 11% are apartments, and 3% are mobile homes.
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Figure S1 Sample size vs. percentage bbusing units in the 2015 RECS database analysis

Table S2 Number of selected housing units and percentages of housing units represented in the
2015 RECS database analysis

House type Si?;gle % Represented
Detached (DH) 107 80.7%
Attached (AH) 79 82.0%

Apartments (APT) 24 81.0%
Mobile Homes (MH) 7 83.2%
Total 217 81.0%

1.2 Developing baseline floor plans

After identifying the basic home characteristics to repres@06 of the housing stock in 201&e

identified key variables neededdevelop baseline floor plans in BEopt for energy and airflow modeling,
including the home type, number of floors, basement type, garage existence, heated floor area, number of
bedrooms, number of bathrooms, and forced air system existence. In BEoptaeltiedehomes and
manufactured homes were modeled as-ftaading structures without any adjacent units; attached homes
and apartment units are modeled assuming an existence of adjacent units in the form of two sidewalls. All
manufactured homes and apanttseare modeled as os®ry homes. Detached and attached sifayialy

homes are modeled as entwvo-, or threestory homes depending on their characterization in the 2015
RECS data. Any homes with more than three stories are modeled asttiiyebomedor simplicity.
Manufactured homes and apartment units were modeled with no attached garage; however, some attached
and detached homes have attached garages in RECS database. Attached garages were modeled for these
two home types as having a floor area48fl nt for homes <223 fand 53.5 rhifor homes > 223 fn
(following procedures in Persily et al. 2006Because all attached homes are modeled as homes with two
side walls connected to adjacent homesaaly, their attached garages are modeled as connected to the
lowest story above to the basement, if it exists. Adlcited garages are modeled as adjacent unconditioned
spacesTo calculate the heated floor area of each of the 217 baseline homeshwittiiffierent home types,

we used the same floor area categories derived in Persily et al. (2006)$3)ahllae floor areas assigned

to each category are calculated as the dwelling weighted average of all RECS homes for each home type
and floor area categy such that each home model is generally representative of the average size home in
each category.



Table S3 Estimated floor areas for different home types and various floor area categories

Home Tvpe Floor area category, Floor area in model,
yp m? (ft?) m? (ft?)
<149 (1599) 110.4 (1188.4)
Detached 149 223 (16062399) 181.9 (1958)
>223 (2400) 320.8 (3453.2)
<149 (1599) 106.7 (1148.8)
Attached 1497 223 (16062399) 180.5 (1942.6)
>223 (2400) 275.2 (2962.5)
<93 (1000) 68.3 (735.4)
Apartments
>93(1000) 117.7 (1267.2)
Manufactured <149 (1599) 98.6 (1061.7)
>149 (1600) 197.6 (2126.9)

Single-family homesn the U.Sarecommonlybuilt with one of three foundation types: basement, slab, or
crawlspace. The 2015 RECS dataset only provides data on whether the housing unit is built over a basement
or not, and also if a basement (if it exists) is a finished (i.e., conditioned) oistiefin(i.e., unconditioned)

space. Therefore, we also used the previous 2009 RECS databath providel more specificdata on

different foundation types, to assign an appropriate type of foundation for each representative éieime mo

in BEoptbased on geographic locatioie also used data from the Census Bureau, Characteristics of New
Housing®, to make assumptions for single family homes without basement foundations. The type of
foundation for each home model was selected based on the most prevalent foundation type in either the
U.S. census division (for 2006 REC&tg or the U.S. census region (for the Census Bureau data), along
with the year of construction assigned to each baseline home. Jaklemmarizes the foundation data
derived from these two sources. All manufactured homes are modeled with crawlspaceaarthatnt

buildings are modeled with concrete slabs. All attics and garages are also considered unconditioned spaces.



Table S4. Foundation type for homes without basements for different construction years and

locations based on Census Bureau and REZD09 data

RECS RECS Census RECS Census RECS Census
U.S. U.S. 2009 2009 Bureau | 2009 | Bureau | 2009 Bureau
Census Census
Division Region >1950 19501969 19701989 19902009 20162015
SOUt.h South Crawlspace Slab Slab Slab Slab Slab Slab
Atlantic
West
South South Crawlspace Slab Slab Slab Slab Slab Slab
Central
Mountain West Crawlspace Slab Slab Slab Slab Slab Slab
Sei oL South Crawlspace i) Slab Slab Slab Slab Slab
Central space
West
South South Crawlspace Slab Slab Slab Slab Slab Slab
Central
South
. South Crawlspace Slab Slab Slab Slab Slab Slab
Atlantic
Pacific West Crawlspace Slab Slab Slab Slab Slab Slab
M'ddl.e Northeast | Crawlspace Slab Slab Slab Slab Slab Slab
Atlantic
West Crawl
North Midwest | Crawlspace Slab Slab Slab Slab Slab
space
Central
South
. South Crawlspace Slab Slab Slab Slab Slab Slab
Atlantic
New Northeast | Crawlspace Slab Slab Slab Slab Slab Slab
England
East South Crawl
Central South Crawlspace space Slab Slab Slab Slab Slab
East North Midwest | Crawlspace Slab Crawl Crawl Slab Slab Slab
Central space space
Pacific West Crawlspace Slab Slab Slab Slab Slab Slab
East North Midwest | Crawlspace Slab Crawl Crawl Slab Slab Slab
Central space space
M'ddl.e Northeast | Crawlspace Slab Slab Slab Slab Slab Slab
Atlantic
New Northeast | Crawlspace Slab Slab Slab Slab Slab Slab
England
Mountain West Crawlspace Sy Slab Slab Slab S Slab
space space
West Crawl
North Midwest | Crawlspace Slab Slab Slab Slab Slab
space
Central

Another variable that was needed to develop the 217 baseline floor plans in BEopt is the number of
bedrooms and bathrooms in each housing unit. The 2015 RECS dataset provides information about the
number of bedrooms, other rooms, bathrooms, and half loatisrd=or each of the 217 home models, the
percentage of the housing units with each number of the mentioned room types was calculated. A weighted
average of the number of each room type reported for each of the 217 baseline homes was then calculated
and rainded to the nearest whole number to use in each representative home model floor plan in BEopt.
Similar to the method was used in Fazli and Stephens (2048 firgd manually built 217 base model

S6



geometries in BEopt and run the models to generate 217 XML input files. BEopt XML files provide a
complete description of a single building wian element for every input found in the BEopt interface

Later, using an automated scripting process these 217 base modelgeometries were edited to
incorporate other important home characteristics that werenassto vary by climate zone and year of
construction, with each of the 19 cities having a different proportion of homes assigned by vintage, types
of heating and cooling system, building envelope insulation levels, and thermostat settings.

The primary baracteristics of each residence from the baseline collection (i.e., floor area, year built,
number of floors, foundation type, whether or not they have a forced air distribution system, and the
presence or lack of an attached garage) with assigned wejgladue are shown in the Appendix of this SI
(Tables Al through A4).

1.3 Location of dwellings

Next, the collection of 217 model homes was used to assign baseline home model geometries across 19 of
the most populous U.S. cities that also cover all ASHRAE climate zones and all 9 U.S. census divisions.
These same 19 cities were used in both Fazl&ephens (2018)and Persily et al. (2016) At this point,

2012 was selected as the representative year for fts26odel set primarily because we had previously
obtained hourly ambient air quality datand actual year meteorological dafsfor each of these 19
locations in 2012. Thus, while the model set degeloped to represent the housing stock as of 2015 using
2015 RECS data, the remaining inputs, incigdwveather, air quality, angopulation movemerfactors,

are chosen to represent the year 2012. We expect only minor discrepancies in using théssdnio d
marker years to represent the housing stock as of the ~2010s because only a small fraction of the overall
housing stock was constructed between 2012 and 2015. According to the 2012 U.S. Census, the total U.S.
population was 313,993,272, distribdii@mong the 9 U.S. Census Division as showrainle S5.

Table S5. U.S. population distribution amongnine Census Divisions in 2012*

- Population in

Census Divisions 2012
New England 14,584,723
Middle Atlantic 41,275,538

East North Central 46,568,813
West North Central 20,749,482

South Atlantic 61,215,000
East South Central 18,631,214
Mountain 22,595,566
Pacific 50,927,422

Total 313,993,272

We used the same estimates of the relative proportion of dwellings in each of the 9 Census Divisions, as
well as the allocation of dwellings among the 2 or 3 selected metropolitan areas that represent each U.S.
census divisin, as Persily et al. (2018) The total mmber of dwellings that were modeled in this study

using the 2015 RECS dataset was 118,205,582 homes. These homes are distributed between the 19
representative cities using the dwelliwgighted values for each representative 217 baseline homes from
the 2.5 RECS dataset and also the division covered percentages the same used for population distribution.
TableS6 shows the distribution of both palption and dwellings among the 19 representative cifiies.
proportion of each time of individual home model across each of the 9 U.S. Census Divisions are shown in
the Appendix of this Sl (Tab$sA-6 through A9). The assignment of these baseline honoelels among

the 19 representative cities results in a total,db24 home models in the form of BEopt XML files (i.e.,

217 homes x 19 cities = 4123 home models).
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1.4. Detailed building characteristics in the 2010s model set

Table S6. Population and dwelling number for 19 cities

Cities gcljsp.ulation # of Dwellings
2012
Atlanta, GA 17,568,705 6,693,420
Birmingham, AL 5,589,364 2,272,808
Boston, MA 11,609,440 3,758,845
Buffalo, NY 9,163,169 3,232,384
Chicago, IL 40,561,436 16,459,013
Cincinnati, OH 6,007,377 2,437,672
Corpus Christi, TX 7,489,103 3,062,002
Dallas/Fort Worth, TX 29,956,411 12,248,008
Denver, CO 11,953,054 4,851,485
Los Angeles, CA 36,209,397 11,311,605
Miami, FL 18,609,360 7,089,894
Minneapolis, MN 8,569,536 3,608,754
Nashville, TN 13,041,850 5,303,219
New York, NY 32,112,369 11,327,905
Phoenix, AZ 10,642,512 4,319,564
Seattle, WA 14,718,025 4,597,825
St. Louis, MO 12,179,946 5,129,149
Washington, DC 25,036,935 9,538,706
Worcester, MA 2,975,283 963,322
Total 313,993,272 | 118,205,582

Next, detailed home characteristics were assigned to each of the resul23ghéme models based

primarily on location, vintage, and floor area.

1.4.1 Building envelope airtightness
Assumptions for the airtightness of the building envelope as a function of year of construction, building

fl

oor

ar ea,

and

geographic

| ocat i
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wer e

derived

Residential Diagnostics Database (ResBB)which contains air leakage data from over 147,000 U.S.
homes,including singlefamily detached and attached homes, rfalthily homes, and manufactured
homes. FigureéS2 shows the average Normalized Leakage (NL) values from ResDB for homes with
different floor areas, year of construction, and geographic location. The NL data demonstrate that, as
expected, newer (and larger)rhes tend to have tighter exterior building envelopes compared to older (and
smaller) homes, which ultimately influences air infiltration through the envelope. Fiiralso
demonstrates that envelope airtightness also varies with climate zone. NexsebREapt estimates air
infiltration through the building envelope using air changes per hour at an {adtwwor pressure
difference of 50 Pa (i.e., AGhH) to define the envelope airtightness, NL values from Fi@2Zavere
converted to ACkb using typicalpressure and flow relationships from fan pressurization tests that was
previously used in Fazli and Stephens (20185 shown in Equatiori-4 3 and TableS7.
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Table S7. Estimates of exterior building enclosure airtightness (ACkb) based on vintage, floor
area, andclimate zone

ASHRAE Climate Zones
Year built 1A 2A 2B 3A 3B 4A 4C 5A 5B 6A
ACHso (1/h) - Floor Area > 147 i
<1950 19 19 12 16 12 17 16 14 13 13
19501970 16 16 10 13 10 14 13 11 10 10
19701990 13 13 8 11 8 11 11 9 8 8
19962010 9 9 5 7 5 7 7 6 5 5
20102020 6 6 4 5 4 5 5 4 3 3
ACHso (1/h) - Floor Area < 147 rh
<1950 24 24 14 20 14 21 20 17 15 15
19501970 20 20 12 16 12 18 17 14 13 13
19701990 17 17 10 13 10 15 13 11 10 10
19902010 11 11 6 9 6 9 9 7 T 7
201062020 7 7 4 6 4 6 6 5 5 5

1.4.2 Building envelope and duct system thermal performance

The building envelope and duct system thermal performance of each housing unit was assigned based on
both vintage and locatiofshown in the Appendix of this Sl; Table-A. Building envelope thermal
performance characteristics, including insulation levels for walls, roofs, and floors-ealdé$ and solar

heat gain coefficients (SHGC) for windows, as well as insulation levels for duct systems located outside of
conditionedspace, for homes built before 1990 were assigned using prior surveys of typical U.S. building
construction data for years of construction between 1940 and“4¥¢Same as in).

For the newer home models representing those built between 1990 and 2009, building envelope and duct
system thermal performance characteristics were assigned using requirements from the 2000 International
Energy Conservation Code (IEC&3 assuming that new homes built to the 2000 IECC reasonably
represent the average of homes built between 1990 and 2009. For the newest home models representing
those built after 2010 (i.e., 2092015), assumptions for building engpk and duct systerthermal
performance characteristics in each location were assigned based on datdefedtatoption of building

codes from the Building Codes Assistance ProgtanWe used minimum requirements for building
envelope thermal performance for each location based on theeddnygrgy codes for year 2012 for each

state, as shown in Figu83 (taken directlyfrom the BCAP databake
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n meets or exceeds the 2015 IECC or equivalent
n meets or exceeds the 2012 IECC or equivalent
meets or exceeds the 2009 IECC or equivalent
m meets or exceeds the 2006 IECC or equivalent

AS MPR no statewide code or precedes the 2006 IECC

H?AL‘J) mv
Figure S3 Statewide adoption of residential energy codes in effect in year 2012. Image sourée:

1.4.3 Heating and cooling systems

Each of the 217 baseline home models was first categorized as havioighwngrimary types of heating
and/or cooling systeniseither with or without central forceair distribution systemis based on the most
common type listed in the 2015 RECS dataset. Subsets of these two types of heating and/or cooling systems
were furher defined for each of thel23 home models using the 2015 RECS dataset asIw&ECS,
central heating systems are listed as either gas, electric, or oil furnacesourag heat pump systems.
Homes without central heating systems were listed iag legjuipped with either a gas or oil boiler, or with
electric baseboard heat. For cooling systems, central faiced-conditioning was assumed for homes
with central forceehir heating systems, except for heat pump systems, which provide both teeating
cooling inanintegrated systepandfor homes with room air conditioners (i.aq central airconditioner).

We assumed that all central foreaid distribution systems were located in unconditioned spaces with 10%
duct leakage to the exterior for simplicity (same a¥.ilNo wholehouse mechanical ventilation systems
are modeled in this study, although they have been increasing in popularity in recent years.

From there, the nominal efficiency of heating and cooling equipment in each home was assumed based on
the year of construction. Two main sources were used to estimate the heating and cooling equipment
efficiencies for different years of construction. Thetfis Home energy Saver (HES), which is developed

by Lawrence Berkeley National Laboratory (LBNL) and provides comprehensive documentation to use for
calculating energy use in residential buildings. HES provides a shipmedgitted nominal efficiency for
different types of heating and cooling systems for years between 1970 antf.Zi® second is an EIA

report that characterizes major residential and commercial heating, cooling, and water hegimgreq
installedbetween 2009 and 2051t is wort h noti ng Gahsaetd wef UuEsleAd ptrhog
for HVAC technologies, which may beconsistent wittassumptions for the projectéslels of warming

in RCP 8.5 as it assumes some increased market incentives and federal R&D compared to the standard
reference scenario. Howevehe difference between the advanced case and reference case in the EIA
projections for HVAC equipment are rather smadisultingin only a few percentage points higher
efficiencies for most equipment. Given the difficulties in accurately projecting ang kif
appliance/equipment efficiencies and uptake doubt that tbse differencepresent an unreasonalsiet

of assumptionsWe also used estimates of equipment life expectancy for each system type to predict the
efficiency of heatingand cooling system$or 2012 in older home vintages that were likely to have
equipment replaced by modern equipment (at the time of replacement) béteegarar of construction

and the model year (2012) (Tal88). We used the same assumptions for heating and cooling s$tatmo
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set points based on climate zam@those used in Fazli and Stephens (26183ing data from the 2009
U.S. DOE RECS, asshown in Table S9

Table S8 Assumed nominal efficiency of heating and cooling equipment falifferent vintages of
construction in the 2010s model set

Equipment types Unit Life expectancy | <1950 11%56% 11%33% 12%%% 22%:505
Fumnace gas A('i/OU)E 16-27 78 78 78 | 83 | 85
Furnacd oil A(':O/tj)E 2033 76 76 76 | 8o | 81
Furnace AFUE 1530 98 98 98 98 | o8
- electric (%)
eating
systems|  Boileri gas A(Fo/loJ)E 20-30 75 75 75 80 | 84
Boileri ol A(F%U)E 1828 75 75 75 83 | 83
Heatpump | HSPF 9-22 7.4 7.4 74 | 74 | 81
Unit heated - (%) 1530 100 100 100 | 100 | 100
electric
Heat pump SEER 9-22 12 12 12 12 14
Cooling | Centralair | oo 11-25 12 12 12 12 | 14
systems condltlon.er
Room air EER 6-13 10 10 10 10 | 11
conditioner

Overall, the representative home model set consists of ~49% detached homes, ~36% attached homes, ~11%
apartments, and ~3% manufactured homes. Residences were distributed approximately evenly between the
first four categories of construction vintage (i22%, 21%, 26%, and 25% for homes built before 1950,
19501969, 197601980, and 199@009, respectively), and only 6% of the homes were constructed in the

fifth category (2012015). Just over half (51%) of the sindéamily homes have a basement and 49% of

have slab or crawlspace foundations. Among skfeeily homes with basements, 66% of them have a
finished (conditioned) basement and the rest have unfinished basements. Furtherfocesdraliris the

dominant type of heating and cooling system, with 75% coverage. Most of the representative model homes
(68%) use gas as the main heating fuel, while 31% of the housing units use electric as the main heating
fuel. Only ~1% of the homes use oil foedting. Conversely, 66% of homes use electricity as the main
source for stoves while the rest using natural gas.

Table S9. Assumptions for heating and cooling thermostat set points by climate zone based on data
from 2009RECS

. . Heating set point Cooling set point
Climate zone Cities °C) °C)
Hot-dry/mixed-dry Los Angeles, Phoenix 19.6 24.5
Hot-humid Atlanta, Corpys (_Zhristi, Dallas 205 243
Miami
Birmingham, Cincinnati,
Mixed-humid Nashville, New York, St. Louis, 19.7 22.0
Washington
Boston, Buffalo, Chicago,
Very cold/cold Denver, Minneapolis, Seattle, 18.6 23.0
Worcester
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2. Updating the nationally representative set of combined building energy and indoor air quality

(IAQ) models for U.S. residences in th2050s

Next, we updated the set of combined building energy and indoor air quality (IAQ) models from the 2010s
to represent the majority of the U.S. residential building stock in the 2050s, as described below.

2.1 Population demography changes

Several methods dve been developed for making future population projections, including trend
extrapolation, cohortomponent, structural models, microsimulation, and spatial diffifSitin National
projections are usually done with the cohmetnponent model in which the initial population is projected
into the future by adding new births, subtracting deaths, adding people moving int@uthiey c
(immigrants), and subtracting people moving out (emigrafits\We rely on statéevel population
projedion data for the year 2050 provided by ProximityOne, which develops geodemoggaphamic
data and projection¥ using the cohostomponent method along with U.S. r@es Bureau dat® to
estimate future populations for U.S. states, metropolitan areas, and couh#@ebtal projected U.S.
population in 2050 is 394,771,64&able S.0). The population distribution amortge 9 U.S. Census
Division indicates thathe Pacific divison will have the highest population growth and the East North
Central division is predicted to have the least amount of population growth by 2050.

Table S10. U.S. population projection among Census Divisions in 2050

Census Divisions Population in | Percentage increase
2050 compared to 2015
New England 15,723,793 7%
Middle Atlantic 43,038,658 4%
East North Central 48,214,021 3%
West North Central 24,423,686 16%
South Atlantic 83,799,698 32%
East South Central 21,103,339 12%
West South Central 56,530,224 45%
Mountain 34,062,572 45%
Pacific 67,875,653 29%
Total 394,771,644

2.2 Changes in the residential building stock size between 2010s and 2050s

By the 2050s, millions of new residential buildings will be added to the current housingustbalsmaller

number of existing homes will go through retrofits or will be demolished. The number and location of
newly constructed homes between the 2010s and 2050s were estimated using population projections for
2050s and making assumptions for demmtitrates for existing residencésdditionally, existing homes

that are not demolished but are renovated will undergo changes to their building envelopes and/or
heating/cooling systems that can affect energy use and IAQ.

We rely on statistics from the Joint Center for Housing Studies (JCHS) at Harvard University to estimate
demolition and renovation rates. The JCHS tabulated the number of remodeling projects reported by
homeowners for the years between 1995 and 2015 aci&ted by the type of improvement projéttwe
considered their data on the number of insulation improvements made to residential badticigg a
reasonabléndicator of those types anergyrelatedretrofits that are likely to alter heating and cooling
needs and air infiltration (e.g., replacing kitchen countertops does not influence these factors). Using their
data, we assumed thabfn 2015 to the 2050s, 1.3% of all U.S. residenuesyearreceive retrofits
consistent with AonBHslagi bhei mpmevdmeat sour ce,
these retrofitted residences across those homes built prior to 201@€i@#ssume new homes built after

we
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2010 do not receive substantive retrofits by the 2050s) (Fft)e For existing homethat receiveetrofits,

we assumed th#te air infiltration rate is decreased 25% asan approximate midpoint between 20% and
35% reported irf’ and between 13% and 40% reported®iff for standard energy retrofits (deep &ye
retrofits are not consideredndthat ceiling insulationwill be upgraded téECC 2020srarequirements
for thermal performanc@vhich varies regionallyWe alscassimed that the retrofitted homes will replace
their HVAC system with more efficient systenas discussed in Section 2.3 of this SI

Table S11. Assumed distribution of building retrofits between 2010s and 2050s among four vintages
of existing homes

Year Built Homeowners Percentage of Percentage of reporting
Reporting Projects reporting projects projects distributed
(000s) in 2015 between four year built
Before 3,751 ~17% 17%
1950
19501970 4,826 ~22% 23%
19701990 6,343 ~29% 30%
19902010 6,514 ~30% 30%
20102019 503 ~2% -
Total 21,937 ~100% 100%

For housingunit demolition rates, we rely on a report by the U.S. EIA, which stated that a reasonable
assumption for the survival rate (i.e., the percentage of households that are present in the current projection
year that were also present in the preceding year) id &m©98.7% for singldamily homes, 99.5% for
multi-family homes (i.e., apartments), and 96.6% for mobile hafthé&or simplicity, we assumed 99.7%
survival rate for all residential buildings in our model set, regardless of building type. $able
demonstrates the number ekidential buildings before and after applying the demolition and retrofit rates

to the existing buildings and considering the new residences built after 2015.

Table S12. Number of dwellings in 2050 considering demolition, retrofit and new constructions

# of existing Based on Deﬁ:c:)?i;ion # of homes w/ # of homes w/o
dwellings RECS 2015 in 20505 retrofit in 2050s retrofit in 2050s

Before 1950 | 21,134,084 9,335,092 7,383,729 1,951,364
19501969 24,750,277 - 9,989,750 14,760,527
19701989 34,278,233 - 13,030,109 21,248,124
19902009 35,793,026 - 13,030,109 22,762,917

. New Demolished
#;\(/)Jeﬁllji;[]lgse (;Eglszgéis) additions homes Total # of homes
after 2015 replacements

20102029 2,249,961 12,233,686 5,208,986 19,692,633

20302050 - 17,225,280 6,590,006 23,815,285

Similar to the approach for tl2®15housing stock modgeR or 3 metropolitan areas are selected to represent
eachU.S. Census Dision. The total number of dwellings that were modeled for 2050s14a$664,557

homes. Tis number of homesvas calculated using the dwellingeighted values from IECC 2015 and
subtracting demolished homes from the number of the olil@agehomes and adding néconstruced

homes between 2015 and 2050 to meet the neeoistiofadditional poplation growth in the futureand
replacement of demolished homes. Later, these homes are distributed between the 19 representative cities
using the division covered percentages used for population distribution in 2015.SIa8kdbows the
distribution ofboth population and dwellings among the 19 representative cities in 2050s.

S14



Table S13. Population and dwelling projection for 19 cities in 2050

Cities U.S. Zggglaﬂon # of Dwellings
Atlanta, GA 28,742,358 9,370,863
Birmingham, AL 2,961,828 4,079,342
Boston, MA 5,846,234 5,785,446
Buffalo, NY 10,830,212 2,802,700
Chicago, IL 43,145,645 16,317,367
Cincinnati, OH 6,390,113 8,846,834
Corpus Christi, TX 9,915,130 15,377,257
Dallas/Fort Worth, TX 39,660,520 12,552,199
Denver, CO 19,064,891 5,998,087
Los Angeles, CA 50,530,587 12,607,509
Miami, FL 30,444,867 1,092,134
Minneapolis, MN 9,251,777 6,539,632
Nashville, TN 6,910,932 2,771,385
New York, NY 37,954,528 6,250,390
Phoenix, AZ 16,974,600 18,712,217
Seattle, WA 20,539,155 3,581,733
St. Louis, MO 13,149,621 4,261,465
Washington, DC 40,960,364 6,497,879
Worcester, MA 1,498,281 4,220,119

Total 394,771,644 147,664,557

Furthermore, based ahe RECS 2015 datasehe floor area of newer singfamily homes in the U.S. is,
onaverage, greater than older hom&&e estimated the average floor area of skfighaily homes in 2020
(to represent homes built between 2@0B0)and 204Qto represent homes built between 228%0)by
linear projection of historical trends in averagmfl areas (Figure S4).
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Figure S4 Floor area of single family homes in 2020 and 204&timatedusing historical RECS
2015 data
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2.3 Changes in the residential building stock characteristics between 2010s and 2050s

Next, we defined two new categorieshafilding vintages to represent homes built between the 2010s and
2050s: those built between 202830(which we represent as homes built in approximately paaadthose

built between 203050 (vhichwe represenashomes builin approximately 2020 Weused projections

of statewide adoption of future International Energy Conservation Codes (IECC) in each climate zone for
these two representative yeairs.(2020 and 2040) to define future housing stock characteristics such as
insulation levels for exteor walls, roofs, and floors, window -Malues and solar heat gain coefficients
(SHGC), and envelope air leakage. A list of home characteristics for each construction year (i.e. >1950,
19501970, 19761990, 19962010, 20162030, 20362040) and city is praded inthe Appendix of thiSlI

(Table A-5). Figure S5 shows the projection of IECC minimum requirements for residehntiadlings,
including ceiling, woodframe wall, and floor Rralues, envelope airtightness (A&H and Uvalues and

SHGC forfenestration To complete these projectionse compared the energy code adoption trémahs
20092018in the 19 stateepresented by our model setdforecasetdcode adoption by each state in future
years using an approach similar to that describéd iECC adoption in different states was categorized as
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Figure S5 Projection of IECC minimum requirements for residential buildings
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Table S14 summarizesvhich year of future IECC each of the 19 modeled locations is projected to adopt
by 2020 and 2040.

Table S14. Projectedresidential IECC adoption by 2020 and 2040
Adoptio  Adoptio

Projected Projected
n n

Location la rate IECC, IECC,

g 2020 2040
(years) class

Atlanta, GA 7year V&Y 5012 2033
slow

Birmingham, AL 4 year (I;/Ioderat 2015 2036

Boston, MA 1 year Timely 2018 2039

Buffalo, NY 4 year 2"°derat 2015 2036

Chicago, IL 1 year Timely 2018 2039

Cincinnati, OH 7year V&Y 2012 2033
slow

_(Ig)czrpus Christi, 4 year (l;/loderat 2015 2036

%a(lllas/Fort Worth, 4 year tI;/Ioderat 2015 2036

Denver, CO - - 2009 2009

Los Angeles, CA 1 year Timely 2018 2039

Miami, FL 4 years 2"°derat 2015 2036

Minneapolis, MN 4 years (I\a/loderat 2015 2036

Nashville, TN 7years oY 2012 2033
slow

New York, NY 4 year ('\e"Oderat 2015 2036

Phoenix, AZ 7years V&Y 2012 2033
slow

Seattle, WA 1 year Timely 2018 2039

St. Louis, MO 7years &Y 2012 2033
slow

Washington, DC 4 year 2"°derat 2015 2036

Worcester, MA lyear Timely 2018 2039

Similarly, we used a recent EIA report on residential and commercial building technology fotetmsts
project HVAC system characteristics (i.e., fuel type and nominal efficiency) for the two ngyerieteof

homes built between the 2010s and 2050s, again using 2020 and 2040 to represent homes built between
20152030 and 203@050, respectively (Tablgls).
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Table S15. Assumed type and efficiency of heating and cooling equipment for different vintages of
future construction (2010s to 2050s)

Equipment Type Equipment Fuel 20162030 203062050
Furnace Gas 92*/85** 95*/85**
o]] 83 85
. : Gas 90 94
Heating System
2=y Boiler oil 84 87
Heat pump .
HSPE Electricity 8.6 9
HegtErlJEuFrznp Electricity 15.3 16.5
Cooling System AC Electricity 14*/14.4*  155%16*
RC Electricity 12.3 13

* Equipment efficiency for cities located in northern U.S. climate zones

** Equipment efficiency for cities located in the rest of the country
Moreover, the approach we took in assuming the predominant fuel type for future homes was to duplicate
the same mdominant fuel type present in the most recent home vintages (HCS5: i.e2@M8.€or the
baseline model set and 202030 for the future model set). This was based on RECS 2015 and assumes
that the most prevalent fuel type in ~2015 continues to be #eeint® the futurewhich does not
consider aggressive fuel changes (such as electrification) but rather represents a conservativagusiness
usual approach.

3. Energy and indoor air quality (IAQ) modeling of the current and future housing stock

After defining the building stock model setge used the automated REIAQ workflow to run energy and
IAQ simulations for the current and future housing stock model set using input data for 2012 and the mid
2050s, respectively.

3.1 Hourly meteorological data i2010s and 2050s

We used actual meteorological year (AMY) data for each of the modeled 19 cities for the yearn2€i 2,

was the most recent year for which hourly outdoor pollutant data were also available at the time of the
development of the original REQ model set. Historical weather files are purchased from White Box
Technologies for all 19 citie¥. For the future climate scenariwe used hourly outputs from a previous

study that predicted future hourly weather conditions in the 2080sy the Weather Research and
Forecasting (WRF) Modéfwith a 12 km by 12 km resolution following assumptions of the Representative
Concentration Pathways (RCP) 8.5 from the Intergovernmental Panel onteClthange (IPCC) Fifth
Assessment Report ARBJRCP 8. 5 used to be r ensscenario,assumingan a ih
increase in greenhouse gas emi ssions,; howewver , re
asusual 0 s c enissionscontinsd toincease globaftyFgure S6shows predicted changes in

the annual distribion of hourly dry bulb temperature from 2012 (AMto 2050s (WRF RCP 8.5
predictions irt®). For reference, the average increase in ambient dry bulb temperatures across our 19 model
cities is ~25 °C between 2012 and 2050s.
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Figure S6. Distributions of hourly dry bulb temperatures in 2012 (using AMY) and 2050s (using
WRF with IPCC RCP 8.5%)

3.2 Hourly outdoor pollutant concentration data in 2010s and 2050s

Similarly, we used the same hourly outdoor pollutant data for the yHa that was used in our previous
study?. Briefly, hourly outdoor pollutant data for BN NO, and Q in each location were culled from the

U.S. EPA Air Quality System (AQS) online repository for each of the 19 represemabdel locations

for the year 2012 Data were visually inspected for missing values and, when there were gaps in the hourly
data, hourly data from the next closesbnitoring station werselected if availablelf small gaps still
remained and the number of missing data resultegsmithan 95% of the total expected number of hourly
data points, then linear interpolation was used to estimate any missing observations. Approximations of
hourly outdoor ultrafine particle (UFP) concentrations were made based on associations with NO
concentrations using correlations reported by Azimi et’alAmbient concentrains of volatile organic
compounds (VOCs) and aldehydes were assumed to be cohsbaigihiout the year, as hourly data are not
widely available for these compounds. The geometric mean ambient concentrations-frain 48rples
collected in about 300 hags in the Relationships of Indoor, Outdoor, and Personal Air (RIOPA) study
were useds these constant ambient concentratiriacluding 3.9, 2.3, 0.21, 0.1, 0.53, ah@9 ppb for
formaldehyde, acatdehyde, acrolein, 1;8utadiene, benzene, and-ti¢hlorobenzene, respectively.

For the future model years (~20508) used predictions of future hourly pollutant concentrations from
applications of the Community MulBcale Air Quality (CMAQ) modeling system version 5.0 from Sun et
al. (2015)%*. CMAQ is a threadimensional comprehensive atmospheric chemistry and transpdel mo
developed by the EPA and the commurifty’. Sun et al. (2015) used the same 12 km by 12 km spatial
resolution as their WRF modgetfor their CMAQ simulations tpredict both hourly future meteorological
conditions and pollutant concentrations;luding PM s, NO,, Os, and severa/ OCs and aldehydes (i.e.,
formaldehyde, acetaldehyde, and benzeraain assuming RCP 8.5. We again estimated UFP
concentrations assuming correlations betweER Bnd NQ concentrations continue to hold.

Figure S7 shows the resulting annual average outdoor concentrations of these pollutants, averaged across
all 19 model locations, in the current climate scenario of 2012 (same*pand in the future climate
scenario of ~2050s. Not surprisingly, ambient concentrationsobf gallutant, except £ is expected to
decrease by the 2050s compared to 2012.
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Figure S7. Annual average outdoor concentrations of several pollutants, averaged across all 19
cities, in 2012 (from?) and 2050s (from®")

Figure S8 shows predicted changes in the annual distribution of hourly petwlmeentration of P,

UFP, NQ, and Q acrosgthe 19 model citiefrom 2012 (EPA, AQS) to 20508MRFCMAQ, RCP 8.5
data were extracted from model outputs from Sun et al. (Z015)
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Figure S8 Distributions of hourly Outdoor concentration of PM2s, UFP, NO,, and Oz from 2012
(EPA, AQS’) to 2050s (WRFCMAQ, RCP 8.5%) across 19 model cities
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